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Case History

Joint inversion of PP and PS reflection data for VTI media:
A North Sea case study

Vladimir Grechka*, llya Tsvankin*, Andrey Bakulin**, Jan Ove Hansen?,
and Claude Signer®$

ABSTRACT versely isotropic layers with a vertical symmetry axis
(VTI media). Since the subsurface structure is close

Despite the significant advantages of combining PP
and PS reflection data in anisotropic parameter estima-
tion, application of this approach has been hindered by
the inherent complexity of PS-wave moveout. To over-
come this problem, V. Grechka and I. Tsvankin sug-
gested a model-independent procedure to construct the
traveltimes of pure SS-wave reflections from PP and PS
data. Here, we apply their method and anisotropic mul-
ticomponent stacking-velocity tomography to a 2-D line
acquired over the lower Tertiary Siri reservoir in the
North Sea.

The computed traveltimes of SS reflections from sev-
eral horizons are used to estimate the effective SS-wave
normal-moveout (NMO) velocities, which are combined
with the NMO velocities of PP-waves in the tomographic
velocity analysis. Comparison of the vertical and NMO
velocities of the PP- and SS-waves provides clear evi-
dence of anisotropy in the section above the reservoir.
The interval parameter estimation is performed under
the assumption that the section is composed of trans-

to horizontally layered, the reflection data cannot be
uniquely inverted for the VTI parameters without ad-
ditional information (e.g., the vertical velocities found
from borehole data).

The parameter-estimation algorithm produces a fam-
ily of equivalent VTI models that fit the PP and PS (or
SS) traveltimes equally well. Although the range of vari-
ations in € and § for the equivalent models is rather wide,
it does not include isotropic media (¢ = § = 0), which im-
plies that accurate matching of both PP and PS data isim-
possible without accounting for anisotropy. To overcome
the nonuniqueness in the inversion of reflection data and
build a VTT depth model, we use P-wave check shots ac-
quired in the only borehole drilled on the processed line.
Throughout the section € > §, with the largest values of
both anisotropic coefficients observed in the depth range
0.7-1.5 km where € reaches almost 0.25. Time sections of
the original PS data computed using the VTT model have
a much higher quality than the conventional isotropic
sections.

INTRODUCTION

Building anisotropic velocity models is a critically important
element in the characterization and monitoring of many hydro-

carbon reservoirs (e.g., Thomsen, 1999; Bakulin et al.,2000). To
carry out anisotropic parameter estimation even in the simplest
case of vertical transverse isotropy (VTI media), one typically
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has to record multicomponent data and supplement PP-wave
moveout with reflection traveltimes of converted PS-waves
(e.g., Thomsen, 1999; Tsvankin and Grechka, 2000a, b). Pro-
cessing and inversion of PS-waves, however, are complicated
by such properties of mode conversions as reflection-point dis-
persal, polarity reversal, and moveout asymmetry with respect
to zero offset. The last problem, called the “diodic velocity”
by Thomsen (1999), is the most serious because it precludes
application of the conventional hyperbolic moveout equation
to converted waves.

As a result, velocity analysis of PS-waves is often per-
formed on common-image-point (CIP) gathers, which requires
prestack migration of at least part of the data after each veloc-
ity update. Another computationally less expensive method is
the so-called map migration (e.g., Iversen and Gjgystdal, 1996;
Iversen et al., 2000), in which kinematic ray tracing essentially
replaces prestack migration. Taking anisotropy into account,
however, may increase the cost of ray tracing by several orders
of magnitude (e.g., Tsvankin, 2001), which hinders the appli-
cation of map migration.

An alternative approach to velocity analysis of PS-waves
was recently suggested by Grechka and Tsvankin (2002b), who
showed that the traveltimes of PP- and PS-waves reflected from
the same interface are sufficient for constructing the travel-
times of the pure SS-waves for this reflector. Their algorithm
for computing SS traveltimes is exact and entirely data-driven,
so exact knowledge of the subsurface velocity field is not re-
quired. The obtained SS moveout is symmetric with respect to
zero offset and can be processed by velocity-analysis methods
developed for pure (nonconverted) modes.

Joint inversion of PP and SS traveltimes can be efficiently
performed using the so-called “stacking-velocity tomography,”
which operates with NMO (stacking) velocities for 2-D lines
and NMO ellipses for wide-azimuth 3-D surveys (e.g., Grechka
et al., 2000a, b). For anisotropic models composed of homo-
geneous layers or blocks separated by smooth interfaces, the
NMO ellipse of any pure-mode reflection at a given common-
midpoint (CMP) location can be computed by tracing only
one (zero-offset) ray (Grechka et al., 2000a, b; Grechka and
Tsvankin, 2002a). This makes tomographic iterative inversion
computationally feasible even for complex anisotropic models.
Grechka et al. (2000a, b) developed a P-wave stacking-velocity
tomography technique for VIT media composed of homoge-
neous layers separated by plane or smooth curved interfaces.
This algorithm was extended by Grechka, Pech, and Tsvankin
(2002, a companion paper in this issue) to multicomponent (PP
and SS) data in transversely isotropic (TI) media with arbitrary
tilt of the symmetry axis.

The results discussed above can be used to devise a com-
plete inversion/processing sequence for joint anisotropic veloc-
ity analysis of PP- and PS-waves. The processing flow includes
the following main steps:

1) Prestack horizon-consistent picking of PP and PS travel-
times on 2-D lines or 3-D data volumes and identifying
the events reflected from the same interface, as done in
the map migration of Iversen et al. (2000).

2) Computation of the traveltimes of the pure SS reflections
from the PP and PS data using the method of Grechka
and Tsvankin (2002b).

3) Inversion of the NMO velocities (in two dimensions) or

NMO ellipses (in three dimensions), zero-offset travel-
times, and reflection slopes of the PP- and SS-waves for
the interval anisotropic parameters (Grechka, Pech, and
Tsvankin, 2002).

Here, we apply the proposed methodology to estimation of
the interval VTI parameters of the section above the lower
Tertiary Siri reservoir in the North Sea. Even though the
data set includes long-offset PP and PS traveltimes, the ab-
sence of structural features with dips of at least 15°-20° makes
the inversion for the vertical velocities and Thomsen’s (1986)
anisotropic parameters ¢ and § nonunique (Tsvankin and
Grechka, 2000a; Grechka and Tsvankin, 2003a). We obtain a
family of kinematically equivalent VTIsolutions, and show that
isotropic models cannot fit both PP and PS data. Then P-wave
check shots are used to remove the ambiguity and estimate the
depth-varying parameters € and §.

PP AND PS TRAVELTIME DATA

The Siri survey includes three four-component (4-C) seabed
seismiclines and an 8.7 km x 17.6 km 3-D towed-streamer data
set that crosses the Norwegian-Danish North Sea border. The
scope of this study is limited to 2-D processing of a portion of
one of the 4-C lines. The initial P-wave velocity model was built
using the 3-D data and then supplemented with shear-wave
information obtained from a seabed line (Iversen et al., 2000).
A detailed description of acquisition, model-based (isotropic)
processing and interpretation, and the subsurface geology is
in Signer et al. (2000). The deepest interpreted horizon (top
Balder) is right above the top of the thin (~30 m) Siri reservoir
(Figure 1), and the structure of the overburden is close to being
horizontally layered.

Prestack PP and PS (PSV) reflection traveltimes for
all interpreted horizons in Figure 1 were obtained using
Schlumberger’s semi-automatic picker. The traveltime picks
were made on common-receiver gathers with the receiver in-
crement Ar =200 m; the source increment within each gather
was As=25 m. Figure 2 shows typical raw PP and PS travel-
time picks, which have several distinct features important for
our analysis.
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FiG. 1. Depth section above the Siri reservoir built by Signer
et al. (2000).
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1) The PP traveltime contours (Figure 2a) are almost sym-
metric with respect to zero offset. Their mild asymme-
try can be largely attributed to the fact that the sources
are located on the ocean surface, whereas the receivers
are placed on the sea bottom. Another possible source
of the traveltime asymmetry in Figure 2a is inaccurate
traveltime picking. These errors will be estimated while
performing velocity analysis.

2) The asymmetry of the PS traveltimes (see the discussion
of “diodic velocity” in Thomsen, 1999) with respect to
zero offset is much more pronounced (Figure 2b). The
method of Grechka and Tsvankin (2002b), however, op-
erates with local slopes on common-receiver gathers and
does not rely on the symmetry of the moveout function.
The most pronounced traveltime asymmetry of PS-waves
is observed in the area of increased lateral variation in
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FIG. 2. Raw picked traveltimes (in seconds) of the PP (a) and
PS (b) reflections from the top overpressure interface (see
Figure 1) above the Siri reservoir. Offset h(h=r — s) is either
positive or negative depending on the sign of the difference
between the receiver (r) and source (S) coordinates.

the traveltimes (indicative of lateral heterogeneity) near
CMP location xcmp = 8 km (Figure 1).

3) The traveltimes in Figure 2 were picked for a wide range
of offsets limited by hyax. pp & himax, ps~ 4 km, which yields
the maximum offset-to-depth ratio for the top overpres-
sure interface hy.x pp/Z of approximately 2.5.

If the subsurface structure is nearly horizontally layered, as
in the case of the Siri reservoir, the expected maximum off-
set Npax ss Of the constructed SS-traveltimes is approximately
related to that of the PP-waves as (Tessmer and Behle, 1988;
Grechka and Tsvankin, 2000b)

hmax,SS% 9 hmax,PP» (1)

where ¢ is the ratio of the S- and P-wave velocities,
9= @)

Although equation (1) is derived for isotropic media, it can be
used for qualitative analysis in moderately anisotropic VITme-
dia if g is defined as the ratio of the vertical velocities Vg)/Vpo.
For the overburden above the Siri reservoir, g~ 0.33 (see be-
low), which implies that for the top overpressure interface,
Nimax,.ss® 1.3 km and, therefore, hy,x ss/z2~0.82. Thus, to ob-
tain reliable estimates of SS-wave stacking velocities, it is nec-
essary to acquire long-spread PP and PS moveout data. This
conclusion is supported by the processing results below.

COMPUTATION OF REFLECTION TRAVELTIMES
FOR THE SS-WAVES

In constructing the SS traveltimes from those of the PP and
PS (PSV) reflections, we follow the general methodology of
Grechka and Tsvankin (2002b). The processing of this par-
ticular data set, however, requires some adjustments because
the sources and receivers are located at different depth levels
(the sources are on the ocean surface, while the receivers on the
ocean bottom). The processing flow used to obtain the shear-
wave reflection traveltimes from each interface is as follows.

Step 1. Slowness estimation

The traveltimes tpp(S, r) and tpg(s, r) for a certain reflector
are sorted into common-receiver gathers for a range of source
coordinates s (r is the receiver coordinate). Differentiation of
the traveltimes on common-receiver gathers with respect to
the source coordinate results in the horizontal slowness com-
ponents of the PP- and PS-waves [p3p(S, ) and ppg(s,r), “s”
stands for source] at the source locations.

Step 2. Downward continuation

The source positions are mapped (projected) onto the ocean
bottom along the rays specified by the horizontal slownesses
Ppp(S, 1) and pig(s, r). The vertical slowness components are
computed as

ae(s 1) = [oz — [PRe(s. D]

1
V2

and
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Ghs(s. 1) = / o [P )

where V,, =1.5 km/s is the velocity in the water. The vertical
and horizontal slowness components fully specify the corre-
sponding rays, which allows us to correct the traveltimes for
the raypath in the water. The depth of the ocean bottom is
taken to be equal to 60 m (Figure 1).

Step 3. Interpolation of source locations

We use interpolation to estimate the PP and PS traveltimes
tpp(S, 1), tps(S, ') and their slownesses pgp(S, ), Ppg(S,r) on a
regular grid of source positions (some of which coincide with
receiver positions) with fixed increment As=25 m.

Step 4. Building common-shot gathers

The traveltimes tpp(S,r) and tpg(s,r) are resorted into
common-shot gathers. This is needed to facilitate the search
(described in step 5) for the PP and PS arrivals with the same
ray parameters at the source location.

Step 5. Matching reflection slopes

For each PP-wave source-receiver pair (S, r), we search for
the PS-wave receiver coordinate p such that the PP-wave trav-
eling from s to r and the PS-wave traveling from s to p have
the same horizontal slowness (ray parameter) at the source s:

Ppp(S. 1) = Pps(S, p).

Steps 1-5 are designed to build a table (for all P-wave sources s
and receiversr ) containing the source and receiver coordinates
of the PP and PS rays that are excited at the same location and
have the same reflection point (Grechka and Tsvankin, 2002b).

Step 6. Computation of SS traveltimes

Consider two reciprocal PP rays, one of which is excited at s
and recorded at r, while the other is excited at r and recorded
at s (Figure 3). These rays have the same traveltime but, in
general, the ray parameters at the source and receiver locations
differ. Therefore, we can describe such reciprocal rays by the
parameter vectors

[s.r.tep(s, 1), Ppp(s, )] and [r, s tep(r,s), Ppp(r, s)].

Next, the table generated at the previous step is used to
find two PS-rays, one excited at s and the other at r, that
have the same reflection point R as does the PP reflection in
Figure 3:

[s. o1, tes(S, 1), Pps(S, p1)] and
[r. p2. tes(r. p2). Pps(r. £2)].
where
Ppp(S, 1) = Pps(S. p1).
Pep(r. s) = Phs(r, 02).

Note that the points with the coordinates s, r, p;, and p; are lo-
cated at the ocean bottom (step 2). Then, according to Grechka

and Tsvankin (2002b), the traveltime of the SS reflection ex-
cited at p; and recorded at p;, is given by

tsd o1, 02) = tps(S, p1) + tps(r, p2) —tep(s,1).  (3)

It is important to emphasize that the PP traveltimes in equa-
tion (3) are reciprocal with respect to the source and receiver
positions,

tpp(S, r) = tpp(r, S), (4)
which makes the SS traveltimes tsg( o1, p2) also reciprocal,

tsdp1, p2) = tsd p2, p1)- %)

In contrast, the PS-wave traveltimes in equation (3) generally
do not remain the same if the source and receiver positions are
interchanged.

As an example, the computed SS-wave source and receiver
coordinates p; and p, and the corresponding SS traveltimes
tss(p1, p2) for the top overpressure interface are shown in
Figure 4. We observe the following features of the SS (SVSV)
traveltime field:

1) Despite the mild asymmetry of the PP traveltimes in
Figure 2a, both the SS-wave source and receiver positions
and traveltimes in Figure 4 are symmetric with respect to
zero offset. The symmetry of the SS data was enforced by
replacing equation (3) with

tsdp1, 02) = tps(S, p1) + tes(r, p2)
— %[tpp(s, r) + tpp(r, S)] (6)

e,

b (1 p,)
5+ D
tpp(s, T) bop (T, 8)

FiG. 3. Matching the pairs of reflection slopes ppp(s,r) and
PRs(S. p1), and pPhp(r,s) and ppg(r, p2) allows us to find the
source-receiver coordinates p; and p, of the pure SSray with
the trajectory p; Rp,. The constructed SS-ray has exactly the
same reflection point R as the PP-ray sRr and the PS-rays s Roy,
r Rp, (after Grechka and Tsvankin, 2002b).
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This artificial adjustment should also help to suppress
the noise that likely contributed to the asymmetry of the
picked PP traveltimes.

2) The computed shear-wave offsets cluster in the range
0.4-1.2 km, with little coverage for larger offsets
(Figure 4a). Hence, the maximum offset-to-depth ratio
reaches 0.8 (see the previous section), which is marginally
acceptable for SS-wave velocity analysis. The SS travel-
times for other horizons have similar offset-to-depth ra-
tios (not shown here).

VELOCITY ANALYSIS OF PP AND SS DATA

The picked traveltimes of PP-waves (such as those in
Figure 2a) and computed traveltimes of SS-waves (such as
those in Figure 4b) can be used to estimate their associated
zero-offset times (tpy and tg) and stacking (moveout) veloc-
ities (Vamo,p and Vimo.s). Since the sources and receivers for
SS-waves are obtained on an irregular grid (see Figure 4a),
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FIG. 4. (a) Computed positions of the shear-wave sources and
receivers and (b) SS traveltimes (in seconds) for the top over-
pressure interface (see Figure 1).

there are several different ways of binning the SS data into
CMP gathers. Since each gather averages information over a
certain lateral distance, we elected to form composite gathers
that include offset-traveltime pairs with the midpoints within
a certain interval AXcyp. Clearly, increasing AXcyp should im-
prove the stability of velocity estimates but reduce the number
of gathers and the lateral velocity resolution along the line. By
performing velocity analysis for a range of values of AXcmp,
we found that AXxcmp =0.5 km provides both sufficient sta-
bility and acceptable lateral resolution in estimating stacking
velocities.

Figure 5 shows the obtained zero-offset traveltimes and
stacking (NMO) velocities for the top of the Balder forma-
tion (i.e., the top of the Siri reservoir). Velocity analysis of SS

8 9
CMP (km)

FiG. 5. Results of the velocity analysis for the top of the Balder
formation: (a) tpo(XCMp), (b) Vnmo,P(XCMP), (C) tSQ(XCMp), and
(d) Vamo.s(Xcmp)- The error bars correspond to the 95% confi-
dence intervals.
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traveltimes was carried out for all gathers containing ten or
more source-receiver pairs. (Note the absence of results for
Xcmp =6 km in Figures Sc and 5d.) The SS traveltimes are
missing near the beginning of the line where the procedure
of Grechka and Tsvankin (2002b) could not be performed be-
cause the needed PP and PS traveltime picks were not available
(see Figures 2 and 4).

The error bars in Figure 5 were calculated assuming ran-
dom (Gaussian) distribution of the traveltime picks around the
best-fit hyperbolas. Although the data may be also distorted
by systematic picking errors (for example, errors associated
with incorrect identification of PP and PS events), those errors
are difficult to evaluate or remove without additional infor-
mation. The CMP gathers with errors significantly higher than
those at adjacent locations (e.g., the shear-wave velocity pick at
Xcmp = 7.5 kmin Figure 5d) were excluded from the anisotropic
parameter estimation. In many cases, the larger error bars are
associated with picking problems; the high level of noise in the
input data may render the whole parameter-estimation proce-
dure meaningless. Thus, only the most reliable portion of the
data for CMP locations from 7-10 km was used for the param-
eter estimation.

Before describing the parameter-estimation results, we iden-
tify the properties of the estimated moveout velocities and
traveltimes indicative of the presence of anisotropy. The zero-
offset traveltimes tgy and tp( of the SS- and PP-waves for the top

8 9 10 11
CMP (km)

Balder (Figure 5) and other interfaces can be used to find the
ratio of the vertical velocities Vg and Vp, (assuming negligible
dips):

Vg tpo

=g =7 (7)

Vpo tg
Also, velocity analysis yields the ratio of the corresponding
NMO velocities Vimo s and Viomo p:

Vnmo S
= —. 8
Gnmo Vnmo, P ( )

Note that all velocities represent effective (i.e., not interval)
quantities estimated for a particular reflection event.

Figure 6 shows the ratios gy and Qymo for the reflections
from several interfaces marked in Figure 1. It is remarkable
that for all examined events gym, (0n average ~0.45) is con-
sistently and significantly greater than go(~0.3); note that gymo
and gy are equal to each other in a homogeneous isotropic
layer. In principle, the difference between gumo and gy can
be caused by anisotropy, heterogeneity in isotropic media
(Grechka and Tsvankin, 2003b), or a combination of these two
factors. Appendix A shows, however, that even if the vertical
variation of the interval S-wave velocity were orders of mag-
nitude greater than that of the P-wave velocity, the obtained
condition

8 9
CMP (km)

FiG. 6. The ratios gy (circles) and Qumo (triangles) defined in equations (7) and (8) for the following horizons marked in
Figure 1: (a) mid Miocene, (b) intra Oligocene, (c) base Oligocene, (d) top overpressure, (e) h8, and (f) top Balder.
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could be hardly satisfied in realistic vertically heterogeneous
isotropic models. Therefore, we suggest that anisotropy is the
only plausible explanation for the consistent deviation of gnmo
from g in Figure 6.

Assuming that the interfaces are horizontal and the medium
has VTIsymmetry, we can find an approximate relationship be-
tween the anisotropic coefficients that explains the difference
between the observed ratios gy, and gy. For demonstration,
let us treat the medium above each reflector in Figure 6 as a
single homogeneous layer. Then, using the known expressions
for the NMO velocities in VTT media (e.g., Tsvankin, 2001),
equation (8) can be rewritten as

g _Vsm/l—i—Zo_g«/l—i—Zo
"0 T oo/ T £28 1+ 28

(10)

where
o= (%)2(6 —4). (11)

Substituting the estimates gymo = 0.45 and gy =0.3 into equa-
tion (10) and dropping the quadratic terms in the anisotropic
coefficients leads to the relationship

€ ~ 0.06 + 1.255. (12)

Clearly, at least one of the anisotropic parameters cannot van-
ish, so matching of both PP and SS data requires the subsurface
model to be effectively anisotropic. Below, we refine the crude
estimate (12) of the effective ¢ and § by performing a more
elaborate inversion for the interval anisotropic coefficients.

ANISOTROPIC PARAMETER ESTIMATION

The most important issue to be addressed prior to the inver-
sion is identification of the anisotropic parameters constrained
by the available data. The low energy observed on the trans-
verse displacement component (not shown here) suggests that
either the medium is azimuthally isotropic (i.e., VTI or purely
isotropic) or the line coincides with a vertical symmetry plane.
Therefore, in the absence of wide-azimuth acquisition, it is nat-
ural to assume VTI symmetry in the inversion. Another indi-
cation that the VTI model is likely to be adequate is the pre-
dominantly horizontal layering above the reservoir, with dips
less than 2°-3° (Figure 1).

Since the structure is almost horizontal and is assumed to
be composed of VTTI layers, PP and PS reflection data can be
inverted for the NMO velocities and anellipticity parameter
n=(e —38)/(1+25), but not for the vertical velocities Vpy and
Vg and the coefficients € and § (Tsvankin and Grechka, 2000a;
Grechka and Tsvankin, 2003a). In general, PP and PS reflection
traveltimes in horizontally layered VT1 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.

Inversion of reflection data for the interval VTI parameters

The input data include the PP traveltime picks and the com-
puted SS traveltimes in the range 7 < Xcmp < 10 km from the
mid Miocene, intra Oligocene, base Oligocene, h8, and top
Balder horizons (see Figure 1). It is assumed that the model
is composed of homogeneous VTI layers separated by planar
interfaces of arbitrary dip.

First, we apply the tomographic algorithm of Grechka, Pech,
and Tsvankin (2002) that operates with the zero-offset travel-
times, reflection slopes (i.e., ray parameters), and NMO veloc-
ities (in two dimensions) of PP- and SS-waves. For each trial
set of the interval VTI parameters, we reconstruct the dips and
depths of the interfaces using the zero-offset traveltimes and
ray parameters, as described in Grechka, Pech and Tsvankin
(2002). Then, the best-fit solution is found by minimizing the
objective function

Fay= Y [VEL (e N 1) = VQnmo(Xewr, N,
Q.Xcmp,N
(13)

where m is the vector of unknown medium parameters that
contains the interval vertical P- and S-wave velocities (Vpy and
Vg) and the anisotropic coefficients € (the coefficient § is fixed).
Q denotes the mode (PP or SS),n=1,2, ..., 5 is the reflector
number, Vg mmo(Xcmp, N) are the measured PP- and SS-wave
NMO velocities (such as those shown in Figures 5b and 5d),
and Véf_‘:fmo(XCMp, n, m) are the NMO velocities calculated for
a given set of the model parameters m.

Figure 7 displays the inversion results for five layers above
the top Balder obtained for a fixed value of § (§ =0 in all lay-
ers). The error bars for the interval parameters, corresponding
to 95% confidence intervals, were inferred from the errors in
the zero-offset traveltimes and NMO (stacking) velocities (see
Figure 5). Figure 8 shows inversion results similar to those in
Figure 7, but this time obtained for a fixed § =0.1. Despite
the substantial differences in all inverted parameters except
for the reflector dips (found to be negligibly small), both mod-
els fit the data equally well. Indeed, the mean values of the
least-squares objective function (13) for the two models dif-
fer by only 2%. Therefore, it is impossible to distinguish be-
tween these models using the combination of PP and PS travel-
times, which confirms the conclusions of Tsvankin and Grechka
(2000a) and Grechka and Tsvankin (2003a).

With the reflector dips being so small (Figures 7¢ and 8e),
we assume that all interfaces are horizontal and apply the con-
ventional Dix formula to obtain the interval NMO velocities.
Then, those velocities are combined with the ratios of the in-
terval vertical P-wave and S-wave velocities to estimate the
interval VTI parameters. After smoothing the effective NMO
velocities, we performed this inversion for all CMP locations
between 7 and 10 km; as before, the anisotropic parameter §
was fixed to ensure a unique result.

The coefficients ¢ of several equivalent anisotropic mod-
els obtained at four different CMP locations are plotted in
Figure 9. All the models provide an excellent fit to the picked
PP and PS traveltimes (the standard deviation of the com-
puted traveltimes from the measured values does not exceed
0.3% for the top Balder reflection, see below). Although the
estimated interval values of € in each layer do change some-
what along the line, no statistically meaningful lateral variation
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of € is observed (the standard deviation of € for a given § is
about 0.03).

Fitting of the original PP and PS traveltimes

The inversion results may be verified by comparing PP and
PS moveouts computed for the equivalent anisotropic mod-
els with the input traveltime picks (such as those in Figure 2).
Figure 10 displays typical ray-traced and measured (picked)
PP and PS traveltimes for common midpoints between 7 and
10 km. In agreement with the above analysis of NMO veloc-
ities, the PP traveltimes for two distinctly different inverted
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FiG.7. Inverted interval VTI parameters Vpq (a), Vg (b), and €
(c), and the reflector depths (d) and dips (e) for CMP locations
7 km < Xcmp < 10 km. The parameter § = 0 is fixed throughout
the section.

VTI models fit the picks (dots) with high accuracy (Figures 10a
and 10c). The average standard deviation of the computed
PP traveltimes from the picked values for CMP locations
7 km < Xcmp <10 km is only 6 ms, or about 0.3% of the av-
erage PP zero-offset traveltime. It is important to note that
although the inversion was based on the zero-offset travel-
times and NMO velocities, the quality of fit in Figures 10a and
10c does not deteriorate at long offsets, reaching 1.7z (z is the
reflector depth).

Figures 10b and 10d demonstrate that the inverted VTI mod-
els closely match the measured PS traveltimes as well. The
standard deviation of the computed PS traveltimes from the
corresponding picks is 12 ms, which is also 0.3% of the aver-
age converted-wave zero-offset traveltime. The absolute devi-
ations for the PS-waves are larger than those for the PP-waves
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because the PS data are noisier and have lower frequencies.
Thus, we conclude that the family of VT models obtained by
our parameter-estimation procedure provides a good fit (given
the level of noise) to the picked PP and PS traveltimes in the
full range of available offsets.

The time section of PS-waves generated for this line using the
laterally homogeneous VTI model from Figure 7 correspond-
ing to § =0 has a much higher quality than does the conven-
tional isotropic section (Figure 11); similar results were ob-
tained for other equivalent VTI models. In particular, the
anisotropic processing substantially improved the image of the
top of the reservoir and provided a crisp picture of faulting
in the shallow part of the section. A more detailed discussion
of the influence of anisotropy on converted-wave imaging and
amplitude-variation-with-offset (AVO) analysis for this data
set can be found in Grechka, Tsvankin, Bakulin, Hansen, and
Signer (2002).

Constraining the inversion using check-shot data

The inherent nonuniqueness of the inversion of PP- and
PS-wave reflection traveltimes in horizontally layered VTI me-
dia can be overcome if independent estimates of at least one
model parameter (Vpg, Vg, €, §, or reflector depth) are avail-
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able. The most common source of such additional information
is check shots or well logs obtained in boreholes. Here, we com-
bine reflection data with P-wave traveltimes measured along
well Siri-1 located close to Xcyp = 10 km (data courtesy of Sta-
toil).

Figure 12 shows the doubled vertical P-wave traveltimes tpg
(circles) recorded at five depth levels in well Siri-1. Since the
smallest depth of the check shots corresponds approximately
to the base of Oligocene, we had to extrapolate the travel-
times for the shallow part of the section and interpolate them
between the measurements. The solid line in Figure 12 is the
time-to-depth conversion curve used for the parameter estima-
tion described below. The standard deviation of the check-shot
data points from this curve is 5 ms, which is close to the stan-
dard deviation of the PP-wave reflection traveltime picks from
the best-fit hyperbolas.

Once the reflector depths (the crosses in Figure 12) have
been determined, the NMO velocities and zero-offset travel-
times of PP- and SS-waves can be inverted for the VTI param-
eters Vp, Ve, €, and 8. The results displayed in Figure 13 were
obtained by combining the interval NMO velocities (estimated
using the Dix equation) and zero-offset traveltimes at CMP lo-
cation Xcymp = 10 km with the reflector depths from Figure 12.
The standard deviations in the interval values of € and § do
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FIG. 9. Interval parameter e estimated for CMP locations (a) 7 km, (b) 8 km, (c) 9 km, and (d) 10 km. The values of § used to
generate each e curve are marked on the plots.
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FIG.10. Comparison of traveltimes picks (dots) with the modeled traveltimes for the reflections from the top of the Balder formation
at two CMP locations (7.5 and 9.5 km): (a) and (c) are PP traveltimes, (b) and (d) are PS traveltimes. The solid and dashed lines
correspond to the traveltimes computed for the inverted models marked by the dots in Figures 7 (§ =0) and 8 (§ = 0.1), respectively.
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not exceed 0.03. Clearly, § varies with depth, which violates the
artificial assumption of constant § used in the inversion above.

The largest interval values of € and § are observed in the
middle part of the section, with € reaching almost 0.25 in the
Oligocene layer. Although § becomes small in the layer imme-
diately above the reservoir, the values of € ~0.17 indicate that
anisotropy in this layer is quite significant for both P-waves and,
particularly, PS-waves (the corresponding interval o is about
0.5). Also, note that throughout the section € > §, which means
that the parameters n and o are positive. This result is consis-
tent with the predominantly positive values of n obtained in
other case studies for VT media (e.g., Alkhalifah et al., 1996;
Tsvankin, 2001).
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FiG. 12. P-wave check-shot data (circles) acquired in well
Siri-1; the traveltimes were doubled for comparison with re-
flection data. The solid line marks the interpolated and ex-
trapolated traveltime; the crosses correspond to the zero-offset
reflection traveltimes tpy for several horizons at common mid-
point Xcmp = 10 km.
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Since the interval vertical velocities Vpg and Vg and the
anisotropic coefficients € and § describe the VTI model (for P-
and SV-waves) at the well location, they cannot be extrapolated
along the line without using additional borehole data or making
some assumptions about the lateral variation of the medium
parameters. For example, the absence of statistically meaning-
ful variations of e(xcmp) (Figure 9) suggests that its interval
values shown in Figure 13b can be used to estimate the param-
eters Vpo(Xcmp), Vaoo(Xemp), and §(Xemp) for the whole range
of CMP locations. Since the dips in this section are so small,
another possible assumption is to fix the reflector depths at the
values shown in Figure 12 (i.e., make the reflectors horizontal)
and estimate the vertical velocities and anisotropic coefficients
along the line. Neither of these assumptions, however, can be
fully verified based on the available data.

DISCUSSION

Accounting for subsurface anisotropy might require chang-
ing some model-building approaches adopted by the oil indus-
try. The results of this study allow us to speculate about pos-
sible ways of using multicomponent surveys for constructing
an accurate anisotropic depth model. Whereas P-wave imag-
ing is prone to significant depth uncertainty in the presence
of anisotropy, combining PP and PS data might help to esti-
mate the vertical velocities and reflector depths. If the subsur-
face contains dipping structures, anisotropy leads to both depth
and lateral mispositioning of reflecting horizons. Tsvankin and
Grechka (2000a, b) showed that if reflector dips in VTI media
exceed 15°, traveltimes of the PP-and PS-waves can be inverted
for all relevant parameters including the vertical P- and S-wave
velocities. Imaging with the estimated VTI velocity field can
provide accurate spatial locations of the exploration targets.

For models composed of nearly horizontal VTI layers, as
in the case of the Siri reservoir, surface PP and PS data can-
not be uniquely inverted for the vertical velocities and Thom-
sen parameters. Still, the methodology described here is more
general and flexible than approaches that artificially select a
particular VTT model by assuming a priori that § =0 (Nolte
et al., 1999; Sayers and Johns, 1999). Knowledge of regional
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FiG. 13. Inversion of the reflection and check-shot (see Figure 12) data at CMP location Xcup = 10 km: (a) interval vertical velocities
Vg (dashed) and Vp, (solid); (b) interval anisotropic coefficients § (dashed) and € (solid).
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lithology can help to constrain at least one of the medium pa-
rameters (e.g., the parameter & or one of the vertical velocities),
which is sufficient to eliminate the ambiguity in the inversion
of reflection data. Alternatively, while drilling of the first well
in a certain field is in progress, logging-while-drilling (seismic-
while-drilling) may provide the P- and S-wave velocities and
reflector depths along the borehole. This information can be
used in the inversion of surface data to estimate the anisotropic
coefficients in the upper part of the section and to obtain a
more accurate solution for the deeper horizons (i.e., updating
the model in real time). After the well has been drilled, it is
possible to construct a VTI depth model consistent with both
surface seismic and borehole data.

The anisotropic subsurface model determined from multi-
component data has a wide range of applications, from depth
imaging to reservoir characterization and monitoring. To pre-
dict such reservoir properties as pore pressure and fluid sat-
uration, it is common to employ empirical relationships for
the P- and S-wave velocities. In the presence of anisotropy,
however, those techniques are difficult to implement because
the velocity at each spatial location is directionally dependent.
For example, most existing AVO algorithms operate on (inci-
dence) angle gathers rather than in the offset domain (Castagna
and Backus, 1993). Therefore, if the overburden is anisotropic,
even the first step of AVO analysis (mapping the data from off-
sets to the corresponding incidence angles) requires account-
ing for anisotropy above the target horizon. Distortions in the
conventional AVO inversion are also caused by amplitude fo-
cusing phenomena in the anisotropic overburden and by the
anisotropic terms in the reflection coefficient (Tsvankin, 1995,
2001). The influence of anisotropy above the Siri reservoir on
AVO analysis and imaging is discussed by Grechka, Tsvankin,
Bakulin, Hansen, and Signer (2002).

Therefore, the methodology used here can be instrumen-
tal in improving the results of AVO analysis and other
reservoir-characterization methods by providing an accurate
spatially varying anisotropic velocity field. Also, the estimated
anisotropic parameters are closely related to the petrophysical
parameters and stress conditions of the reservoir.

CONCLUSIONS

1) This study confirms the feasibility of obtaining accurate
prestack traveltime picks on 2-D multicomponent field
data. Despite the presence of picking errors, the quality of
the picked traveltimes was sufficient for velocity analysis
and anisotropic model-building.

2) The 2-D version of the methodology of Grechka and
Tsvankin (2002b) for constructing pure SS-wave reflec-
tion traveltimes from PP and PS data was successfully
tested on field data. It should be emphasized that this pro-
cedure does not require knowledge of the velocity field.

3) The parameters of the assumed VTI model were
determined from joint stacking-velocity tomography
of PP- and SS-waves (Grechka, Pech, and Tsvankin,
2002). A relatively low computational cost and the
possibility of gaining analytic insight into the constrained
parameter combinations are the major advantages of
stacking-velocity tomography over more conventional
tomographic algorithms, which operate directly with
traveltimes. In particular, restricting the input data

to stacking (moveout) velocities increases the com-
putational speed of the forward-modeling part of the
tomographic algorithm by several orders of magnitude.

4) Since the model was close to horizontally layered, the
combination of PP and PS reflection traveltimes could
not constrain the four relevant interval VTI parameters:
the P- and S-wave vertical velocities Vpy and Vg, and
the anisotropic coefficients € and §. Therefore, instead of
trying to find a single “best-fit” solution, we obtained a
number of equivalent anisotropic models that fit reflec-
tion traveltimes equally well and produce high-quality
time images of the subsurface.

5) Independent information about the reflector depths
obtained from borehole data (i.e., P-wave check shots)
was used to remove the ambiguity in parameter estima-
tion and build a VTI model suitable for depth imaging.
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APPENDIX A
INFLUENCE OF LAYERING ON THE VERTICAL AND STACKING VELOCITIES

Suppose the overburden above the Siri reservoir is isotropic
and vertically heterogeneous. The goal of this appendix is
to show that realistic vertical velocity variations cannot pro-
duce the observed discrepancy between the ratios gy and Gnmo
(Figure 6):

9o

gnmo

_ VS) Vnmo,P ~ 2

~ 2 (A-1)
Vnmo, S VPO 3

The effective vertical velocity Vqo (Q=P or Q=19) is de-

fined as the ratio of the reflector depth z to the one-way zero-
offset traveltime 7q:

> Az,
Voo = — .

= =) (A-2)
Q0 2 AZn/Voon

n
where Az, are the layer thicknesses, Vo, are the interval
velocities, and n is the layer number. In contrast, the effec-
tive stacking (NMO) velocity is determined from a different

type of interval-velocity averaging specified by the Dix (1955)
formula:

Vg

1. A-5
Vnmo, S PO - ( )

Clearly, in the presence of vertical heterogeneity alone, the
terms Vsy/Vamo.s and Vimo.p/Vpo in equation (A-1) tend to
compensate each other, and the ratio gy/gnmo is expected to
be relatively close to unity. Below, we examine several interval
vertical-velocity functions Vpy(z) and Vg)(z) and show that the

ratio go/Gamo ~ 2/3 in equation (A-1) should be considered as
highly anomalous for realistic isotropic models.

Example 1: Constant gradients of Vpy and V)

We begin with the simplest type of vertically heterogeneous
isotropic media in which both interval velocities Vpy(z) and
Vg (2) are linear functions of the depth z (Figure A-1a). The
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According to the Cauchy-Schwartz inequality, the ratio Vome o/ 5 |
Vqo is always greater than or equal to unity (Grechka and 5 K ! :
Tsvankin, 2003b). In the special case of constant Az, Vimo, o/ 1 2 3 .0.8 1
Vqo reduces to the square-root of the ratio of the arithmetic Interval Vg, and V,, (km/s) Effective g /g .,
and harmonic averages of the interval velocities Vg n; it is well
known that this ratio cannot be smaller than unity.

Therefore, the effective velocities in equation (A-1) satisfy
the inequalities

FiG. A-1. (a) Linear interval velocity functions Vpy(z) =1.5+
0.5z (dashed line) and Vg(z)=0.2+4 0.4z (solid line); (b)
the corresponding ratio gy/Onmo (solid line) and the value
00/ %nmo = 2/3 (dashed line).
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FIG. A-2. Same as Figure A-1, but with depth-dependent
random variations added to the interval velocities Vpo(z) =
1.5+4 0.5z and Vg(2) =0.2+ 0.4z

P-wave velocity at the ocean bottom (i.e., at zero depth) is
Vpo(0) =V,, = 1.5 km/s, whereas the chosen value for S-waves
Vg (0) =0.2 km/s was obtained by Muyzert (2000) for under-
water sediments. The vertical gradients for P- and S-wave ve-
locities are selected in such a way that Vp¢(z) and Vg(z) at
the depth z=2 km are close to the interval velocities for the
horizon immediately above the top of the Balder formation
(Figure 7).

Figure A-la shows that for the depth range from z=0 to
z=2 km, the S-wave interval velocity Vg increases by a fac-
tor of 5 compared to a factor of 1.7 for the P-wave velocity.
Although the vertical heterogeneity for S-waves is much
greater than that for P-waves, it still cannot make the ratio
00/ Gnmo smaller than 0.92 (Figure A-1b). Therefore, vertical ve-
locity gradient is clearly insufficient to reduce the ratio gy/%amo
to values close to 2/3.

Example 2: Random variations of Vpy and V)

To make the interval velocity variations more realistic, we
add a random component to the linear velocity functions
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FIG. A-3. Same as Figure A-2, but the S-wave velocity model
contains a layer with an extremely low S-wave interval velocity
Ve (z)=25m/s for 0 <z<20 m.

(Figure A-2a). The random variations, however, have a
relatively minor influence on the ratio gy/gamo (compare Fig-
ures A-2b and A-1b). Thus, high-frequency components of the
interval P- and S-wave velocities cannot explain the observed
low values of gy/Gnmo-

Example 3: Extremely low underwater S-wave velocity

The ratio gy/0nmo can be reduced by increasing the magni-
tude of the shear-wave velocity heterogeneity. For example, it
is possible for the velocity Vg near the ocean bottom to be as
small as 25 m/s (Figure A-3a). Such uncommonly low velocities
were reported by Ayres and Theilen (1999) in unconsolidated
ocean-bottom sediments. Although the ratio gy/gumo does drop
below2/3 at small depths, it quickly increases with depth to val-
ues exceeding 0.8 as the influence of the rapid velocity varia-
tion in the shallow part of the section becomes less pronounced
(Figure A-3b). Therefore, we conclude that it is hardly possible
to find a realistic vertically heterogeneous isotropic model for
which the ratio gy/gnmo Stays as small as 2/3 over a wide depth
range.



