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Estimation of azimuthal anisotropy from VSP data
using multicomponent S-wave velocity analysis

Roman Pevzner', Boris Gurevich?, and Milovan Urosevic'

ABSTRACT

Observation of azimuthal shear wave anisotropy can be useful
for characterization of fractures or stress fields. Shear wave
anisotropy is often estimated by measuring splitting of individ-
ual shear wave events in vertical seismic profile (VSP) data.
However, this method may become unreliable for zero-offset
(marine) VSP where the seismogram often contains no strong
individual shear events, such as direct downgoing shear wave,
but often contains many low-amplitude PS mode converted
waves. We have developed a new approach for estimation of
the fast and slow shear wave velocities and orientation of polar-
ization planes based on the multicomponent linear traveltime
moveout velocity analysis. This technique is applicable to zero-
offset VSP data, and should take advantage of the presence of a

large number of shear wave events with the same apparent
velocity (which, for a horizontally layered medium, should
be close to the interval velocity). The approach assumes that
the VSP data are acquired in a vertical well drilled in an ortho-
rhombic medium with a horizontal symmetry plane (including
horizontal transverse isotropy). The main idea is to estimate the
dominant apparent velocity for a given polarization direction by
measuring the coherency of the seismic signal of a large number
of events as a function of the apparent velocity. The algorithm
was tested on marine three-component (3C) VSP acquired in the
North West Shelf of Australia, and on land 3C VSP acquired
with different sources in the same borehole located in Otway
Basin, Victoria. These tests show good agreement between
anisotropy parameters (magnitude and orientation) derived from
the VSP and cross-dipole sonic log data.

INTRODUCTION

Observation of shear wave anisotropy is widely used for such
purposes as characterization of fractures, orientation of fracture sets
(Crampin, 1985, Horne et al., 1997, Horne, 2003), and estimation of
stress field parameters (Turner and Hearn, 1995, Johnson and
Rasolofosaon, 1996).

Shear wave (S-wave) azimuthal anisotropy can be evaluated from
multicomponent seismic measurements using the shear wave split-
ting (Crampin, 1985). In an orthorhombic medium with a horizontal
symmetry plane that is not tetragonal, two shear waves with differ-
ent velocities can propagate along the vertical direction, and the
polarizations of these two waves are aligned with the two horizontal
symmetry axes of the medium. The difference between the veloci-
ties of these waves can be estimated by measuring the increase of
the time delay between them with the depth. This method is parti-

cularly effective if the data are acquired with a controlled shear
wave source. If two orthogonally polarized shear wave sources
(Sx, Sy) and two-component (2C) recording (Rx, Ry) are available
(so called 2C X 2C acquisition geometry), one can obtain seismo-
grams containing either only fast or only slow wave using the
Alford (1986) rotation, i.e., reorienting both sources and receivers
to match the symmetry axes of the medium.

Originally, the Alford rotation was developed for land seismic
surveys acquired with S-wave sources. The same method is also
applicable for vertical seismic profile (VSP) geometry. However,
possible changes of orientation of the symmetry axes of the layers
with depth can cause complications: at each interface where such
change occurs, each fast or slow shear wave propagating across the
interface will split again, and thus the number of the waves will be
doubled. To overcome this problem, Winterstein and Meadows
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(1991) proposed a layer-stripping approach, which was further
developed by Thomsen et al., (1999).

In practice, 9C (3C receivers plus three polarized sources
(Sx, Sy, Sz)) and 2C x 2C acquisition geometries are seldom used
in VSP acquisition due to the much higher cost of such surveys.
Most zero-offset VSP surveys are acquired with P-wave sources,
which can also generate S-waves (Lash, 1985; Yang et al., 2007).
Intensity of these S-waves and their polarization depend on both the
type of the source and near-surface heterogeneities. In offshore
zero-offset VSP, all shear waves are converted PS events. Several
shear wave polarization analysis techniques have been developed
for such cases (Turner and Hearn, 1995, Lavely and Bates,
1996). These techniques mainly originate in global seismology,
where observation of shear wave splitting without having a con-
trolled shear wave source is typical. For instance, Bowman and
Ando (1987) proposed a so called rotation-correlation method
based on maximization of the crosscorrelation function between
orthogonal components containing the fast and slow shear waves.
Silver and Chang (1991) proposed to model shear wave splitting by
projecting the initial shear wave onto the fast and slow directions
and introducing time shifts. In this case, orientation of the fast and
slow waves and time delay between them could be derived from
parameters of the operator which can correct 2C records for pres-
ence of anisotropy. Such approaches usually involve independent
analysis of a single 2C or 3C geophone record and will not benefit
directly from multilevel VSP acquisition.

In general, most of the existing approaches suffer from interfer-
ence between multiple shear wave events. Low signal-to-noise ratio
(S/N) for shear waves makes the analysis of time delays of indivi-
dual events difficult and unreliable. Bakulin and Mateeva (2008)
propose an approach based on a virtual source method to simulate
the response of controlled shear wave sources from horizontal
components of 3C receivers. This approach takes advantage of
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the presence of numerous differently polarized events. However,
it still requires a 2C X 2C VSP acquisition setup. Gaiser et al.,
(2009) demonstrated applicability of a similar approach for creating
shear wave pseudosources from horizontal receivers for 3D VSP
data acquired with a P-wave seismic vibrator.

In this paper, we introduce an alternative approach to estimation
of the fast and slow shear wave velocities, and the orientation of the
polarization planes, based on multicomponent velocity analysis.
This technique is applicable to zero-offset VSP data acquired with
a single source, and should benefit from presence of a large number
of interfering shear waves.

MULTICOMPONENT VELOCITY ANALYSIS

Our approach is to apply a technique similar to standard velocity
analysis, well known from common midpoint (CMP) data proces-
sing (Taner and Koehler, 1969), but applied to traces in a given
depth interval on horizontal components of a 3C VSP seismogram.

We assume that zero-offset VSP data are acquired in a vertical
borehole drilled in a horizontally stratified medium. We also assume
that layers are orthorhombic with a horizontal symmetry plane,
including horizontal transverse isotropy (HTI). Parameters of
azimuthal anisotropy (including orientation of symmetry axes in
the horizontal plane) can vary from layer to layer. We also assume
that the horizontal components of the multicomponent VSP data are
oriented prior to the analysis, and each component keeps its orienta-
tion constant for all depth levels.

The main idea is to estimate the velocity of a large number of
events as a function of the polarization azimuth of these events. This
is done by computing the overall coherency of all the events on a
seismogram as a function of the polarization azimuth and velocity
(slope in time-depth domain). General data analysis workflow is
schematically shown in Figure 1 and consists of the following steps:

1) We select the seismograms of the two hori-
zontal components H,(t,z) and H,(t,z)
belonging to a certain depth interval (¢ is

Analysis window

time, and z is receiver depth), as illustrated
in Figure 1la.
2) For the whole range (0—180°) of azimuths, we

H, component ™.

compute the horizontal component H(a, ¢, z)
rotated to the azimuth a (Figure 1b):

H(a,t,z) = H,(t,z) cos(a)

z

¥ +Hy(1.2)sin(a). (1)

b) H, CO?\EOL) + H, sin(a) t d) o e-) o
3) To determine the apparent velocity as a func-
Az = tion of the azimuth, we need to compute the
) v t & | — > (Via,2) velocity spectrum in the chosen depth inter-
Zi(v.0) — > val (Figure 1c). This can be done by comput-
--------------- y \ ing the coherency of the seismic signal
1 v 90° z along a linear time-distance curve #(z) = ¢,

Figure 1. Principal workflow of the multicomponent velocity analysis. (a) Oriented
horizontal components of 3C VSP seismogram; (b) analysis window containing hori-
zontal component oriented at azimuth « (this cartoon represents the horizontal compo-
nent corresponding to the fast direction); (c) apparent velocity spectrum for one azimuth
a; (d) azimuthal velocity spectrum derived from a set of single azimuth velocity spectra
by stacking along time axis; (e) azimuthal velocity spectrum computed for all depth

analysis windows combined into 3D volume.

+Az/V where t, is a reference time, Az is
the vertical distance from the top of the depth
interval, and V is the apparent velocity. This
is similar to the approach used for estimation
of the velocity of refracted waves proposed
by Landa et al., (1995). Note that this is
different from the stacking NMO velocity
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analysis for reflection seismic data, where the time-distance
curves are hyperbolas.

NMO velocity analysis is often performed using the semblance
coherency measure. However, semblance is not particularly sui-
table for our purposes, because it does not take into account the
energy of the events. If there is a coherent event with a certain
apparent velocity, and is polarized in a certain plane, then it will
have an equal impact on the velocity spectrum computed for any
azimuth, except for the one that is orthogonal to the polarization
plane. To emphasize stronger events, we propose the following
modified semblance function:

R @

where D; = H(a, ty + Az;/V + (j — N/2)At, Az;) is a jth sam-
ple in the window with samples on trace i along the traveltime
curve (after rotation), M is the number of traces in the depth
interval analyzed, V is current scanning velocity, Az; is the dis-
tance from the top of the depth window used for the semblance
computations, f, is reference time and Ar is sampling interval.
This formula differs from the semblance function by the fourth
power in the numerator, which gives larger value for stronger
events.

4) Computed velocity spectrum has to be stacked along the time
axis (by scanning a range of ¢, values) to determine a dominant
apparent velocity of many events. If there are two sets of
coherent events representing the fast and slow shear waves
in a given depth interval, this stacked “azimuthal velocity
spectrum” — as a function of apparent velocity and azimuth
of polarization — will have two different maxima, separated
by 90° along the azimuth axis.

5) By performing this analysis in a sliding window along the VSP
observation interval, we will obtain a 3D volume X, (V, a,z)
(Figure le). Interactive picking of the corresponding extrema
on depth slices gives the fast and slow shear wave velocities
and azimuths as a function of depth.

SYNTHETIC EXAMPLE

To test the method described above, we generated a simple syn-
thetic seismogram simulating a 2C VSP record obtained in a single
constant velocity azimuthally anisotropic layer with a fixed orienta-
tion of the principal axes (Figure 2). We assume that a large
number of downgoing S-waves can propagate in this layer along
the borehole (with raypaths parallel to the receiver line). In real data
these can be downgoing PS waves, multiples, etc.; however, their
nature is not important for the analysis approach. Each S-wave
event can be either a fast or slow wave, characterized by corre-
sponding polarization and velocity; no other S-waves can exist in
such media. Under these assumptions, we do not need to use com-
putationally expensive 3D anisotropic finite-difference methods or
trace rays to generate the synthetic example.

To simulate the presence of two sets of interfering shear waves,
we populated each of the two orthogonally oriented horizontal com-
ponents with a number of linear downgoing events with either “fast”

r “slow” S-wave velocity. One of the horizontal components

contains only “fast,” another — only “slow” events. The events have
random time delay uniformly distributed between O and overall
record length, and random amplitudes uniformly distributed
between —1 and 1. In this synthetic example, we ignore all factors
affecting amplitude decay with depth, so every event preserves its
amplitude within the layer. Impulse seismograms of these horizontal
components were convolved with the zero-phase Ormsby wavelet
and rotated in the horizontal plane. This was done to obtain two
horizontal components; each of them contains both fast and slow
waves. In this synthetic example, receiver depth is referenced to
the top of the anisotropic layer and time is referenced to the time
of arrival of the P-wave to the first receiver.

The following list summarizes the source and receiver acquisition
parameters of the VSP, and the medium properties:

e receiver depth range: 700 m

e receiver depth spacing: 10 m

e impulse: Ormsby, 5-10-30-70 Hz

e record length: 2.8 s (only first 1 s of the record is shown in
Figure 2)

e sampling rate: 2 ms

e number of events: 500

e compressional wave velocity: 3000 m/s

e fast shear wave velocity: 1500 m/s; azimuth of polariza-
tion: 30°

e slow shear wave velocity: 1350 m/s; azimuth of polariza-
tion: 120°

e P-wave and S-wave velocities and S-wave orientations con-
stant over the entire depth range

The synthetic data were processed with the 2C velocity analysis
algorithm. The principal tuning parameters of the algorithms are
similar to those of the standard NMO velocity analysis, and include
the size of the time window for computing the semblance function
and the velocity scanning range (the azimuth scanning range is
always from 0° to 180°). The size of the sliding depth window
for computing velocity spectra will influence azimuth/velocity/
depth resolution. Figure 3 shows the azimuthal velocity spectrum
obtained with a 200-m depth window (Figure 3a) and with a 400-m
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Figure 2. Synthetic zero-offset VSP data example, horizontal-
components oriented in south-north (H1) and west-east (H2)
directions.
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depth window (Figure 3b); the time window length for semblance
computation is 60 ms. Extrema representing the fast and slow shear
waves are clearly pronounced in both panels and correspond to the
correct velocity and azimuth values. For this constant velocity case,
we observe that increase of the depth window improves the velocity
and azimuth accuracy. In practice, velocity varies with depth, so
increase of the depth window should result in decrease in the reso-
lution in vertical (depth) direction.

FIELD DATA EXAMPLE 1: MARINE
ZERO-OFFSET VSP (RIG SOURCE)

We applied the multicomponent velocity analysis to a marine rig
VSP data set acquired in the Exmouth subbasin, in the North West
Shelf of Australia. Strong azimuthal P-wave anisotropy was pre-
viously reported as possible explanation of azimuthal variation
of NMO velocities in this area (Hung et al., 2006). Shear wave
anisotropy was also observed in a cross-dipole shear sonic log
recorded in the same well (Figure 6d). The aim of our analysis
is to estimate the shear wave splitting from VSP data and compare
the results to both sonic log data and surface seismic data. The geo-
logical medium around the borehole is represented by horizontally
layered, mainly siliciclastic deposits, with dips not exceeding 1°-2°
(Sidi and Duncan, 2007).

Acquisition parameters and data conditioning

VSP data were acquired within a 891-2388-m depth interval with
receiver depth spacing of 15 m. A nonoriented 3C VSP tool was
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Figure 3. Azimuthal velocity spectrum obtained for the synthetic
data example with depth window size of 200 m (a) and 400 m (b).

used for the survey. The borehole is almost vertical, with maximum
lateral deviation from the wellhead of ~31 m toward the source
point position located 65 m away from the wellhead. An airgun
array was used as a seismic source. Record length is 5 s, and sam-
pling rate is 1 ms.

In order to prepare the data for the multicomponent velocity anal-
ysis, several preprocessing steps were implemented. Horizontal
components of the data were oriented using hodogram-based polar-
ization analysis of the direct P-wave. Results of the orientation are
presented in Figure 4a. Due to the small source offset, this proce-
dure is not very robust and may affect the quality of the shear wave
polarization azimuth estimation. Amplitude decay compensation
was performed using single-function divergence correction (time
raised to the first power) applied to all of the traces. This method
is chosen in order to preserve the relative amplitude on all compo-
nents. Ideally, the velocity analysis should be performed on a record
containing downgoing shear waves only. To subtract downgoing
P-waves, we applied 2D spatial filter in z-f domain with a very sharp
directivity pattern (240 m or 17 traces sliding depth window, mean
alpha-trimmed with 30% rejection). Finally, an Ormsby bandpass
filter (5-10-50-90 Hz) was applied to suppress high-frequency
noise. The result of the preprocessing is shown in Figure 4b.
The residual wavefield on the horizontal components shows a large
number of interfering downgoing shear waves, partially covered
with other events. S/N for these waves is insufficient for analysis
of individual events.
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Figure 4. Oriented raw (a) and preprocessed (b) horizontal-
components of 3C rig VSP data acquired in the North-West Shelf
of Australia. H1 is oriented in the radial direction (towards the
source), H2 in the transverse direction.
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Shear wave anisotropy estimation

A multicomponent velocity analysis was applied to the prepro-
cessed data set. The time window for computing the semblance
function was selected to be 60 ms, and velocity spectra were com-
puted for the whole receiver range with the step of 20 m. We used
0-2500 ms record time range for computations.

An example of the azimuthal velocity spectra showing presence
of one shear wave only is presented in Figure 5a. Only one extre-
mum is visible; it corresponds to PSy-waves polarized approxi-
mately in the vertical source/receiver plane.

For receiver depths below 1600 m, the peaks representing fast
and slow shear waves are clearly pronounced. This is illustrated
in Figure 5b-d by examples of azimuthal velocity spectra obtained
for depths of 1700 and 1900 m. We found that the optimum depth
window is about 200 m because it provides acceptable resolution
in both velocity/azimuth and depth (Figure 5b). However, for depth
intervals below ~1.9 km we increased the depth window to 280—
300 m to simplify interpretation of the spectrum (Figure 5c and 5d.

Results of the multicomponent velocity analysis and comparison
with cross-dipole sonic log data obtained in the same borehole are
presented in Figure 6. In addition to fast and slow shear velocities,
and azimuth of their polarizations, we show the depth dependency
of the Thomsen’s anisotropy parameter computed with respect to
the horizontal symmetry axis (assuming HTI symmetry, Thomsen,
2002). A reasonably good match between shear wave velocities and
anisotropy parameter obtained from VSP and log data is observed.
Velocities obtained from the VSP data analysis
represent values averaged in a depth window

D5

of the observed azimuthal seismic anisotropy is anisotropy of the
stress field and related opening and closure of microcracks or
compliant grain contacts (Nur, 1971, Sayers, 2002, Scott and
Abousleiman, 2005, Gurevich et al., 2011). Indeed, this area is
known for large differences between maximum and minimum hor-
izontal stresses (Hillis and Reynolds, 2003).

FIELD DATA EXAMPLE 2:
LAND ZERO-OFFSET VSP

Unlike marine VSP, where no shear waves can be generated by
the source, land VSP records often contain strong shear waves
whether the data are acquired with conventional P-wave sources
such as explosives, weight drops, or vertical vibrators. However,
without dedicated shear wave sources (such as horizontal SH vibra-
tors), polarization of these shear waves is controlled by the S-waves
produced by P-wave sources and P-waves that convert to S-waves.
This feature should be beneficial for the multicomponent velocity
analysis.

The algorithm was applied to CRC-1 borehole drilled in Victoria,
southeast Australia within the scientific program of the CO2CRC
Otway Project conducted by the Cooperative Research Center for
Greenhouse Gas Technologies (CO2CRC) (Urosevic et al., 2010).
This is the first Australian demonstration project of CO, geoseques-
tration and consists of a number of CO,-rich gas injections (80% of
CO, and 20% of CH,) into different geological formations of
Otway basin. To monitor any possible leakages of the gas into other

of at least 200 m, so they cannot follow all a) c)
the detail observed in log data. Absolute values 1300 Z=1400m, AZ=200m 1900 £~ 1900m, AZ=200m
of the velocities are systematically higher for the
results of VSP data analysis. This may have been 2 1200- . g %o /
caused by possible problems with log data pro- % E 1700 - ’\ -
cessing. The match between Thomsen’s shear '2;3 1100 - - '§ 1600 - ) } -
wave anisotropy parameters obtained with the 2 ° 1500 / /
two methods is very good. Azimuths of polariza- «= 1000 @ = ’ — )
tion of fast and slow waves also show good g <""/ --'"D £ 1400, Cf \
agreement between seismic and log data, but <% 900 - - § 1300.- .
we expect lower accuracy for VSP due to the
poor quality of the horizontal components 800(') 50 100 150 12006 50 100 150
orientation due to the fact that the lateral source Azimuth (°) Azimuth (°)
offset from the wellhead is very small.

P-wave anisotropy estimations (Hung et al., b) 2 1700m. AZ = 200m d) 2 1900m. AZ= 280m
2006) in the same area show 2%—4% variation 1400 ~ i 1900 - —
between surface seismic stacking velocities in . 1800 -
the slow and fast directions with the “fast” azi- g 1300 - / “““““ N0 Q
muth of about 130°. The cumulative nature of the > \E; 1700 —~
stacking velocities suggests that the magnitude g 1200- = = S 1600 -
of the anisotropy is consistent with the borehole £ £ 1500- aN— =
data. Indeed, if we convert interval S-wave veloc- g 1100 > radl ?, P =
ities into rms velocities (extending the top isotro- g g 1400 { )
pic layer from the uppermost receiver to the sea 2 1000 - & 1300
surface using a constant S-wave velocity), cumu- 00 ) ) ) 1200 ) ) )
lative y will range from 0% to 4%, reaching 4% 0 50 100 150 0 50 100 150
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at about 2.2 km depth. This is consistent with the
values reported by Hung et al., (2006) for
P-waves for the same depth.

Given that there are no noticeable fractures ob-
served in the image logs, the most probable cause

Figure 5. Azimuthal velocity spectra obtained for the marine rig VSP data. (a) Mea-
sured depth 1400 m, depth window size 200 m; (b) measured depth 1700 m, depth
window size 200 m; (c) measured depth 1900 m, depth window size 200 m;
(d) measured depth 1900 m, depth window size 280 m.
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formations and to attempt to detect changes in the reservoir proper-
ties, a comprehensive monitoring and verification program was
developed. The seismic part of this program includes several
repeated 3D surveys (in the years 2000, 2008, 2009, and 2010).
Simultaneously with two of the surveys (2008 and 2010), 3D
VSP surveys were also acquired. Several zero offset and offset
VSP surveys were also acquired in two boreholes (Naylor-1 and
CRC-1) in 2007-2010. Investigation of seismic anisotropy is
important for the project, because it could affect seismic imaging
and could also be potentially used for monitoring purposes. Pres-
ence of azimuthal shear wave anisotropy for the Otway basin was
previously reported by Turner and Hearn (1995).

Acquisition parameters and data conditioning

During January 2010, two zero offset VSP surveys were acquired
in CRC-1 borehole with a three-week long interval using two
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Figure 6. Comparison between fast and slow shear wave velocities
obtained from (a) VSP data analysis and (b) cross-dipole sonic log,
(c) Thomsen’s parameters, and (d) azimuths of polarization planes
determined from marine zero-offset VSP and cross-dipole sonic
log data.

different sources: weight drop and IVI minibuggy. Parameters of
the surveys were

e VSP down hole tool: 3C Schlumberger VSI, 8 downhole
shuttles

e Source: Vibroseis, IVI minibuggy, at 9000 lbs, 12.5 s sweep
10-150 Hz (ZVSP, OVSP) or weight drop, concrete breaker
Hurricane Force 9, operational weight 720 kg (ZVSP)

e Record length: 3 s

e Acquisition depth interval: 517-1900 m

* Receiver depth spacing along borehole: 15 m (for 517-
1455 m depth range) and 7.5 m (for 1455-1900 m
depth range)

e Zero-offset VSP shot point location: Azimuth 105.5°, off-
set 89.7 m

The objective for the repeat zero-offset VSP was to evaluate
performance of these two sources; no changes in the subsurface
were expected. However, because these were two separate VSP sur-
veys, the downhole tool was independently pulled down and up for
each survey. Thus, repeated shear wave anisotropy analysis can
provide estimates of errors related to two independent estimates
and the differences in orientation of the horizontal components
using polarizations of the direct P-wave.

For the VSP surveys in the CRC-1 well, the tool orientation data
were not available. Thus, as in the marine VSP example, we had to
orient VSP data via analysis of the polarization of the direct P-wave.
Figure 7 shows both horizontal components rotated into radial and
transverse coordinates based on this orientation analysis. Down-
going waves are represented by the direct P-wave, converted PS-
waves, low-frequency source-generated S-waves, and tube waves.

In general, the presence of a direct shear wave should provide us
with a significant amount of shear wave energy to conduct the
multicomponent velocity analysis. In order to precondition the data,
we applied only a band-pass filter (15-25-40-90 Hz), spherical
divergence correction and top muting (40 ms below the direct
P-wave arrival).

Shear wave anisotropy estimation

Azimuthal velocity spectra were computed for both the weight
drop and vibroseis data sets using a 200 m running depth window,
the first 2 s of the record and a 60 ms time window to compute the
semblance function. An example of such spectra for one of the
depth levels (720 m) is presented in Figure 8. One can see that,
despite some minor differences, these plots demonstrate very simi-
lar azimuthal velocity spectra. Extrema corresponding to the fast
and slow shear waves have azimuths of ~140° and ~50°, respec-
tively. Minor mismatch between the azimuths obtained in the
two surveys can possibly be explained by imperfect orientation
of the data. Interestingly, while the separation between the extrema
on azimuthal spectra computed for the weight drop data is almost
exactly 90° (~47.5° for the slow and ~137.5° for the fast wave), the
separation between the extrema computed for vibroseis is ~100°
(~50° and ~150° respectively). We speculate that this could be at-
tributed to the distorting effect of tube waves. Indeed, analysis of the
seismograms shows that the level of tube wave noise is significantly
higher on the vibroseis data. Tube waves (symmetrical radial mode)
should have radial polarization (with respect to the borehole axis);
however, observed polarization on VSP data can be affected by the
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construction of the tool and its coupling (Mjelde, 1992). Multilevel
Schlumberger VSI tool would most likely have all of the shuttles
oriented in similar directions in the horizontal plane for each bore-
hole position of the tool, and also would produce continuous
changes in their orientation along the borehole. This means that tube
waves are expected to have similar polarization for all receiver
points in the vicinity of the receiver level used for the azimuthal
velocity analysis. Keep in mind that, for this particular depth
level (720 m), the velocity of the fast shear wave (~1.3 km/s) is
quite close to the tube wave velocity (~1.4 km/s), so we could
expect the extremum corresponding to the fast wave in Figure 8a
(vibroseis) to be contaminated by presence of the tube wave.

The results of the velocity analysis for all levels as well as S-wave
parameters measured using cross-dipole log data are presented in
Figure 9. In cases where it was impossible to identify presence
of both fast and slow shear waves on the velocity spectra, only
one extremum was picked. Having repeated VSP measurements
for this borehole, it is possible to roughly estimate the accuracy
of the estimates. The standard deviation for the velocity values
is ~30 m/s, which is about 2% of the absolute velocity value.
Estimates of the fast and slow S-wave polarization azimuths (for
the depth interval 600-1300 m) are much less robust; the standard
deviation for the values obtained for the two experiments is
about 12°.
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Figure 7. Oriented horizontal components of 3C zero-offset VSP
data acquired in CRC-1 borehole, Otway basin, Victoria. (a) Data
set acquired with IVI minibuggy vibroseis; (b) data set acquired
with weight drop data. H1 oriented in radial direction (towards
the source); H2 oriented in transverse direction. Note difference
in the level of tube noise (marked with the white arrow).

As in the marine example, a good match between the shear wave
velocities and corresponding anisotropy parameters obtained from
log and VSP data is achieved. The best match is achieved for
anisotropy parameter y (again, computed assuming HTI symmetry),
the poorest — for azimuths of polarization.

In the depth interval of 600—-1300 m, significant azimuthal shear
wave anisotropy was observed, reaching values of 0.05-0.1. Fast
and slow shear wave azimuths are ~140° and ~50°, respectively.
This corresponds to the maximum and minimum horizontal stress
orientation directions obtained from the analysis of breakout and
drilling-induced tensile fractures (Nelson et al., 2006), and from
dominant faulting orientation (Williamson et al., 1990). This
suggests that the anisotropy of the stress field is the main cause of
the seismic anisotropy. A reasonable agreement between the
results obtained from the analysis of the weight drop and vibroseis
data is observed.

Below the 1300 m level, it is hard to identify the two shear waves.
There are several possible reasons for this. Approximately at this
level, the CRC-1 borehole intersects a major fault oriented in a
northwest-southeast direction which could affect stress field para-
meters in the vicinity of the borehole. Other possible reason is the
lower quality of orientation of the data for the lower part of the bore-
hole (due to smaller P-wave incidence angles).
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Figure 8. Azimuthal velocity spectra obtained for the zero-offset
VSP data acquired in CRC-1 borehole, measured depth of
720 m, (a) vibroseis data, (b) weight drop data.
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DISCUSSION

Most VSPs acquired by contractors for the oil and gas industry
are zero-offset single source surveys. The proposed multicompo-
nent velocity analysis can be used to detect the presence and esti-
mate parameters of azimuthal shear wave anisotropy in such cases.

The proposed technique is based on the analysis of the apparent
velocity of a number of different events as a function of the azimuth
of their polarization. As such, this technique is not affected by the
complexity of the overburden unless it significantly changes the
direction of propagation of shear waves in the analyzed interval.

The proposed multicomponent velocity analysis is an interactive
technique, and is similar to the standard interactive stacking velocity
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Figure 9. Comparison between fast and slow shear wave velocities
obtained from (a) VSP data analysis and (b) cross-dipole sonic log,
(c) Thomsen’s parameters, and (d) azimuths of polarization planes
determined from CRC-1 zero-offset VSP acquired with weight drop
and vibroseis data and cross-dipole sonic log data. Abbreviations
‘WD’ and ‘Vib’ are used to denote VSP data acquired with weight
drop and vibroseis sources, respectively.

analysis used in CMP data processing. If waves other than S-waves
are present in the data, then they will create additional extrema in
the azimuthal velocity spectra. If velocities of these waves for a
given depth interval are close to the velocities of the shear waves,
then they can distort the results like the tube waves discussed above.
However, for simple cases, the processing can be automated. Ad-
ditionally, it should be possible to use not only downgoing, but also
upgoing shear waves if they are propagating along the borehole.

Possible changes in the orientation of the principal directions of
the medium with depth can also be handled by the method. Vertical
resolution is determined by the length of the depth window used for
the analysis. The presence of several depth intervals with different
orientations of principal directions within one vertical analysis
window could create additional extrema and result in blurring of
the image. Length of the depth window is a tradeoff parameter
between accuracy in determination of velocities and azimuths of
the waves on one hand, and vertical resolution on the other.

In our description of the method, we have assumed that the VSP
data were acquired in a vertical well in media with horizontal sym-
metry planes. The current version of the multicomponent velocity
analysis is equally applicable when the direction of propagation of
all shear waves is coincident with the trajectory of the borehole and
the symmetry planes are orthogonal to the direction of propagation.
This limitation can be relaxed, as the difference between apparent
and layer velocity remains below 1% for angles between the bore-
hole and the direction of wave propagation of up to 8°. However,
the approach is not applicable to offset VSP data acquired in areas
with steep dips. To observe the shear wave splitting along the bore-
hole, the method requires media to be monoclinic, HTI, or orthor-
hombic with the symmetry axes to be coincident with the borehole
trajectory (there is no shear wave splitting for tetragonal media
along the symmetry axis of 90° rotations). When this condition
is violated (i.e., for a tilted TI medium), we should still be able
to observe the presence of all shear waves. However, it would not
be possible to compute the anisotropy parameter y without addi-
tional constraints.

Another limitation of the approach is that it requires the presence
of both polarized shear waves. For instance, if all shear waves
(including the one generated by the source and PS conversions)
are polarized along only one principal direction, it would not be
possible to detect the shear wave anisotropy. This problem can
be overcome by an appropriate positioning of the source point with
respect to the expected orientation of the symmetry axes.

Accuracy of the method should be dependent both on properties
(degree of azimuthal anisotropy) of the medium, and the parameters
of the survey (such as S/N achieved). Our Otway example shows
that the approach should provide small errors in absolute velocity
values; in our example the error is about 2%. Azimuths of polar-
ization of the fast and slow shear waves can be derived with
significantly poorer accuracy; standard deviation for azimuths
computed between the two successive surveys is over 10°.

We believe that the quality of the orientation of the horizontal
components for 3C receivers is the key factor affecting the accuracy
of the multicomponent velocity analysis. In those cases when
orientation of horizontal components is performed using polariza-
tion of the direct P-wave, factors affecting quality of the orientation
change gradually with depth. This can result in incorrect estimations
of S-wave polarization; however, estimates of the fast and slow
velocity will be less affected. Problems with precise orientation
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are a common issue for all methods of anisotropy estimation from
zero-offset VSP data.

CONCLUSIONS

We have presented a new approach for estimation of shear wave
azimuthal anisotropy from 3C VSP data analysis. This approach is
based on the analysis of apparent velocities of differently polarized
shear events recorded over given depth intervals. The proposed
technique:

e provides a possibility to analyze zero-offset VSP data ob-
tained with standard acquisition technique, even in a marine
environment

¢ benefits from the presence of large number of low-amplitude
shear wave events

« allows us to evaluate changes in azimuth of polarization
plane with depth

¢ is simple in both implementation and application to data.

Field data tests show good agreement between anisotropy param-
eters derived from VSP and from cross-dipole sonic log data for a
marine VSP data example and a good repeatability of the results
when applied to a repeated land VSP survey acquired with different
seismic sources.
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