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amongst many others) and in many other areas of the crust
(Crampin et al., 1985). Crampin and Love11 (1991) reviewed
these developments. It has long been speculated that the
study of shear-wave anisotropy can be used to characterize
fractured reservoirs (Crampin, 1987; Lewis et al., 1991).
Higher oil production in fractured reservoirs is often associated with higher fracture intensity and, hence, greater shearwave anisotropy. Thus observed shear-wave anisotropy may
be directly correlated with oil production (Lewis et al., 1991).
Cliet et al. (1991) reported the correlation of shear-wave
anisotropy with oil production rates in a multioffset threecomponent VSP survey in the Romashkino Field, Russia.
Davis and Lewis (1990) and Lewis et al. (1991) also correlated the degree of shear-wave anisotropy with oil production in a three-dimensional and three-component reflection
survey in Silo Field, Wyoming. Thomsen (1988) suggested
that reflection amplitude anomalies (between the two split
shear waves) constituted a sensitive measure of local difference in azimuthal anisotropy, useful for detecting fractured
reservoirs. Confirming this suggestion, Mueller (199 1) identified lateral fracture concentrations from the differential
amplitudes of split shear waves in the Giddings Field of central Texas and indirectly demonstrated the correlation of
anisotropy with oil production.
Here, we present another example showing how the degree
of shear-wave splitting in multicomponent reflection surveys
can be correlated with oil production in the Austin Chalk in
South Texas. We compare the characteristics of shear waves,
specifically the variations of amplitude and velocity and the
variations of polarization and time delay, on the three survey
lines. We show that the variations of amplitude and time
delay can be correlated with oil production in the study area.
We discuss the processing sequence for different situations
and compare the effects of different processing techniques on
evaluating shear-wave splitting.

ABSTRACT
Three lines of shear-wave reflection surveys are processed to
show the variation of shear-wave splitting with azimuths and offset.
Signal amplitudes and time delays between the split shear waves
correlate with fracture density and related oil production in the survey area.
The three lines, 1 and 2 in Dimmit County and 3 in Frio and La
Salle Counties, were, respectively, parallel, perpendicular and at
about 40” to the regional fracture strike. The time delays of the split
shear waves measured from the stacked sections of the faster (Sl)
and slower (S2) split shear waves of Line 1 are small, and events in
both Sl and 52 sections have strong amplitudes and show good continuity. These features correspond to the absence of commercial oil
production nearby. There is a trend of increasing time delays
between split shear waves from the Sl and S2 stacked sections of
Line 2 and Line 3. The events in the Sl sections of both lines clearly
show better continuity than the corresponding events in the S2 sections. These features correlate with Line 2 being close to, and Line 3
being within, the producing Austin Chalk acreage. The trend of
time-delay variation along Line 3 also correlates with the distribution of producing oil wells along that line.
The use of complex-component analysis and the linear-transform
technique simplifies the processing sequence for examining
anisotropy in shear-wave reflection data. They allow the generation
of both stacked amplitude and stacked polarization-log sections of
the split shear waves, and the split shear waves in the amplitude sections are optimized in comparison with conventional rotation techniques. The stacked polarization logs can be used not only for identifying local variations of polarization, which are often associated
with local variations of crack geometry, but also for better imaging
the subsurface structure, as is demonstrated for Line 3.

This paper interprets multicomponent shear-wave reflec. . tion data acquired by Amoco Production Company in 1986
in South Texas to investigate the use of shear-wave splitting
for characterizing fractured reservoirs. Over the last few years,
observations and applications of shear-wave splitting have
become well-documented in sedimentary basins (Crampin,
1985; Alford, 1986; Crampin et al., 1986; Thomsen, 1988;
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REGIONAL OIL PRODUCTION

AND

FRACTURE SYSTEM

The study area includes parts of Dimmit, Zavala, Frio and
La Salle Counties (Figure la) of Texas. The subsurface structures are near-horizontal layers. The primary oil and gas
plays in the area are in Cretaceous rocks, including the Olmos
Sandstone, San Miguel Sandstone and Austin Chalk (Ames,
1990). In the southwest of the area, oil and gas are produced
from the Olmos Sandstone on trend with production in North
Webb County (Snedden and Kersey, 1982); in the northeast,
oil and gas are produced from the San Miguel Sandstone and
the Austin Chalk on trend with production in Zavala and Frio
Counties (Layden, 1976; Stapp, 1977).
Of these major formations, the Austin Chalk has attracted
continuous interest since the initial oil discovery in the 1920s
(Stapp, 1977). Recently, interest in the Austin Chalk was
renewed with the advent of horizontal drilling technology
(Kuich, 1989; Ames, 1990). The producing wells along the
trend of the Austin Chalk are shown in Figure la. The chalk
outcrops in the northwest comer of the map in Figure la and
dips into the subsurface towards the southeast. In Dimmit,
Zavala, Frio and La Salle Counties, the chalk is located at
8000-10 000-ft depth with a thickness of 700-1000 ft (Scott,
1977; Stapp, 1977). The strike of the Austin Chalk is northeast and the regional structural setting is parallel with that in
the Gulf Coast Basin. Weeks (1945) and Dravis (1979)
reviewed the regional geology and sedimentology of the
Austin Chalk.
The Austin Chalk was formed from a fine-grained carbonate mud containing skeletal remains of algae with the porosity
in the subsurface as low as 6% (Corbett et al., 1987). With
such low porosity, reservoir development is almost wholly
dependent on accessing fractures and successful drilling
depends on identifying and penetrating highly-fractured
zones in the chalk (Kuich, 1989; Mueller, 199 1).
There are two major fracture systems in the Austin Chalk,
textual and fault-related fractures. Both fracture systems are
believed to be uniformly oriented and parallel to the strike of
the structures (Stapp, 1977). There are three major reasons
for this. Firstly, according to Scott (1977), the Austin Chalk
was deposited on a relatively flat surface in deep water environments and is expected to have uniform facies. Secondly,
the textual fractures are created by the downwarping of a flat
depositional surface in response to subsequent deposition of
great thicknesses of Tertiary sands and shales. This downwarping stretched the Austin Chalk uniformly along the dip
direction of the structure creating the textual fractures.
Thirdly, all large subsurface faults in the Cretaceous strata
are parallel to the strike of structure and have similar displacement. There is no evidence of age difference in the various fault zones (Corbett et al., 1987) and all movements are
assumed to be contemporaneous and the regional stress field
to be uniform.
Although, as suggested above, the strike of fractures in the
Chalk is expected to be uniform, the fracture intensity in dipmeter logs and field mapping is not uniform. This is probably due to minor differences in the local stress, and variations

of the content of skeletal algae remains so that fracturing is
marginally easier in some areas than in others (Scott, 1977;
Stapp, 1977; Corbett et al., 1987). Thus, fractures form clusters and swarms which are the major exploration targets for
horizontal drilling (Kuich, 1989; Mueller, 1991).
The same uniform stress fields as in the Austin Chalk also
reoriented the pore space in the Tertiary overburden along
the strike of the fractures (Mueller, 1991). Thus, an overall
uniform anisotropy symmetry direction is expected in the
entire basin with possible minor local variations. This situation, together with the “layer-cake” structure provides a
uniquely favourable environment for studying shear-wave
splitting in seismic reflection surveys.
ACQUISITION SYSTEM

AND

DATA CHARACTERISTICS

Field data acquisition
Figure lb shows the locations of the survey lines and well
distributions. Line 1, striking N39OE, is parallel to the strike
of the subsurface faults and subsurface fractures. There were
few exploration wells drilled in this area of southwest Dimmit
County. Line 2, striking N5 1 OW, is approximately perpendicular to the fracture strike; Line 3, striking approximately
north-south, is at about 39” to the fault and fracture strike.
These two lines are located near the intersection of Dimmit,
Zavala, Frio and La Salle Counties, where the area had been
heavily drilled (Figure lb). Significant oil fields operated in
this area are the Pearsall Field in Frio County (Champion,
1936) and the Big Wells Field in Dimmit and Zavala
Counties (Layden, 1976). Recent horizontal drilling in the
Austin Chalk was also mainly carried out in this area (Kuich,
1989; Ames, 1990; Mueller, 1991).
The data were recorded in a four-component shear-wave
survey with 121 in-line and 121 cross-line channels both for
in-line and cross-line source orientations. Four-component
techniques (Alford, 1986; Mueller, 1991) were tested along
Line 1 to determine the optimum acquisition parameters
listed in Table 1. The different parameters of the in-line and
cross-line arrays are due to field restrictions.
Shot data matrix
Figure 2 shows one shot data matrix from each survey line
illustrating the changes in field data for different line
azimuths. Each shot record has four components, which are
displayed in a data matrix with common source components
as rows and common receiver components as columns,
where in-line components are marked X and cross-line components, Y.
Comparison of the diagonal elements (XX and YY) with
the off-diagonal elements (XY and YX) of the four-component data matrix shows that both Line 1 and Line 2 (Figures
2a and 2b) have strong coherent shear-wave events in the
diagonal elements but almost no coherent signals in the offdiagonal elements. In contrast, Line 3 (Figure 2c) has strong
coherent shear-wave events with approximately equal energy
in both diagonal and off-diagonal elements. This illustrates the
effects of shear-wave splitting in a basin having azimuthal
June 1993
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Fig. 1. (a) Distribution of producing oil wells in the Austin Chalk, adapted from Scott (1977) and Mueller (1991). (b) Locations of the three reflection
lines and horizontal oil wells (courtesy of Amoco Production Company).
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anisotropy with uniform symmetry directions. Lines 1 and 2
are parallel to the vertical planes of symmetry, so that the inline source excites in-line receiver and the cross-line source
excites cross-line receiver and there is little cross-coupling.
Line 3, in an intermediate direction, results in the in-line and
cross-line source orientations exciting both split shear waves
and there is strong cross-coupling.
Comparison of the in-line receiver components (XX and
YX) with the cross-line receiver components (XY and YY)
shows that all three lines have larger coherent noise in the
in-line receiver components than the cross-line receiver components in the section above 3.0 s. This coherent noise is
mainly S-to-P converted waves. The XX components show
the largest coherent noise while the YY components show
almost no coherent noise.

Note that polarization filtering has been applied prior to
display, which flags the noise and noncoherent polarizations
as unspecified polarizations represented by the white background. In Figure 3a, the noncoherent polarizations between
the in-line-source components (XX and XY) and cross-line
source components (YX and YY) are muted (Li and
Crampin, 1991d), while in Figure 3b polarizations of 0” + 5”
are muted.
The polarization log of Line 1 (Figure 3a) shows two events,
green (in-line polarization of 0’) and red (transverse-horizontal, cross-line polarization of 90”), indicating that the in-line
and cross-line polarizations from the source are preserved.
This implies either a plane-layered isotropic structure or, as
here, an anisotropic structure where the reflection lines are
along directions of vertical symmetry planes. In contrast, the
polarization log of Line 3 (Figure 3b) shows blue and orange
events with polarizations of -51 O and 39” from the in-line
direction, anticlockwise for negative angles and clockwise
for positive angles. This is a typical example of shear-wave
splitting with a source orientation intermediate to the symmetry planes of azimuthal anisotropic media.

Polarization variations
Li and Crampin (1990, 199 lc, d) presented complex-component analysis of shear-wave splitting, where polarization
attributes and colour-coded displays are used to interpret the
variations of shear-wave polarizations. Here, we examine the
characteristics of polarization logs in survey lines with different azimuths, obtained by applying the linear-transform
technique (LTT) to the four-component seismic data matrices
(Li and Crampin, 1991 b, d, 1993). Figures 3a and 3b show
polarization logs after LTT has been applied to the data matrices of Line 1 (Figure 2a) and Line 3 (Figure 2c), respectively. The polarization log of Line 2 shows similar features
to that of Line 1, and is not shown here.

PROCESSING LINES 1

AND

2

Lines 1 and 2 are, respectively, parallel and perpendicular
to the presumed crack strike. Figures 2a, 2b and 3a show that
the two split shear waves along Lines 1 and 2 are separated
so that conventional processing techniques can be applied to
each component separately (Lynn and Thomsen, 1990; Li
and Crampin, 199 la; Mueller, 199 1). As the off-diagonal
elements contain very little signal energy (Figures 2a and
2b), they can be omitted at an early stage of the processing.
Table 2 summarizes the processing sequence used for Lines
1 and 2.
Note that even when the polarizations are separated, the
velocities of the two shear waves will be different and will
vary with offset. Li (1992) suggested velocity and moveout
equations for CDP gathers in anisotropic media. Assuming
small spreads, the effects of varying moveout velocities are
thought to be negligible (Li and Crampin, 1989; Li, 1992).
However, the traces need to be carefully muted for wide offset data, as was done here.

Table 1. Acquisition parameters.
RECEIVER GROUP:
Group spacing: 165 ft;
Group length: 330 ft;
Phones/group: 24;
Geophone groups centred on the station;
In-line and cross-line receiver groups colocated.
SPREAD:
Split spread shooting with 121 geophone groups;
Spread length: 19 800 ft;
Far offset: 9900 ft;
60 geophone groups to each side.

Robust average scaling (RAS)
Amplitude balancing is usually necessary in processing
vibrator data. Traces at small offsets typically have large
amplitudes which decrease sharply with increasing offset,
and a trace-by-trace amplitude scaling to balance amplitudes
is often applied. Such simple trace-by-trace amplitude scaling tends to alter the relative amplitudes between different
components. However, relative amplitudes must be preserved for extracting polarization angles and for investigating the amplitude variation between the faster and slower
split shear waves. A four-component scaling can maintain
the relative amplitudes among the components but cannot
properly balance the amplitudes between traces from the
same component within the same shot record or in a CDP

SOURCE:
In-line source array: 6 vibrators with 82.5 ft spacing;
Cross-line source array: 3 vibrators with 165 ft spacing;
Source array centred on the station;
Sweep frequency: 8-32 Hz;
Sweep length: 22 seconds;
Number of sweeps per vibrator point: 12.
RECORDING:
Recording length: 30 seconds;
Sampling interval: 2 ms;
No notch filter;
Shot every second station;
Maximum CDP fold: 31.
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Fig. 3 (Cont’d). (c) Final stacked polarization logs of Line 3.

gather. To overcome this problem, an optimum amplitudebalancing technique called robust average scaling (RAS) has
been used (processing sequence in Table 2).
The conventional algorithm for amplitude balancing scales
the maximum or average amplitude of every trace to a given
reference level within a shot record, or CDP gather. Since
this reference level is irrelevant to the true amplitude level of
. . a trace, the relative amplitudes among different components
can be freely changed by applying such scaling. If the reference level is the true amplitude level of the stacked trace of a
CDP gather and every unstacked trace in the gather is scaled
to this reference level, the amplitudes between traces within
the CDP gather are balanced and the relative amplitudes
among different components are also preserved. This can be
realized by the following sequence. Normal-moveout correction is applied, the unbalanced CDP gather stacked, and the
average amplitude of this stacked trace calculated; this average amplitude is taken as an optimum estimation of the true
amplitude level of the CDP gather and used as a reference
level to balance the NMO-corrected CDP gather. After it is
balanced, the CDP gather is stacked again. We call this
sequence robust average scaling or RAS.
CJEG

Figure 4 shows a comparison of CDP stacking results, (a)
with and (b) without applying RAS. The data are selected
from the XX-component in Line 1. Comparing Figure 4a
with 4b shows that the continuity of events and the signal-tonoise ratio are both substantially improved by applying RAS.
Note that Figure 4b is very different from Figure 4a. After
checking amplitude values in the gather, we find that the
noisy zero-offset trace almost dominates the gathers with
amplitudes hundreds of times larger than other traces; the
stacking results without trace equalization are thus dominated by the noisy zero-offset trace (Figure 4b). To overcome the problem, a simple trace equalization may be used
before stack, similar to the processing of one-component Pwave vibrator data. However, such simple trace-by-trace
scaling may be wholly inappropriate for multicomponent
data, as stated before, and a satisfactory solution is to use RAS.
Statics and velocity analysis
In addition to amplitude scaling, reflection surveys also
require corrections for statics. In order to measure time
delays correctly, we need to maintain the relative time shifts
between different components. To simplify the problem, it is
197
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often assumed that the faster and slower split shear waves
have the same field statics and the same residual statics
although, since shear-wave splitting is due to the polarizations reacting differently to the anisotropic structure, this
assumption can only be a first-order approximation.
Assuming equal statics, the problem is to ensure that the
same statics are applied to all components. Here a constant
velocity of 3000 ft/s was used for field data statics and residual statics were derived from the YY component. The velocity and statics sequence was iterated once to refine the pilot
traces for picking the residual statics (see Table 2).
Velocity analysis is also a common problem for processing reflection data. The faster and slower split shear waves
have different stacking velocities (Thornsen, 1988; Li and
Crampin, 1989; Li, 1992) and it may be necessary to carry
out two separate passes of velocity analysis for Sl and S2.
Figure 5 shows the average differences of Sl and S2 stacking
velocities for the three lines. Figure 5 shows that the differences in the stacking velocities of Line 1 are generally small
and it is not necessary to use two separate velocity sets for
Sl and S2 in processing Line 1. However, the differential
stacking velocities for Line 2 (and Line 3) are large, particularly after 1.5 s, and two separate velocity sets are necessary
in processing Line 2 (and Line 3).

and YY components, we can obtain the final stacked Sl and
S2 sections for Line 1, as shown in Figures 6a and 6b,
respectively. For Line 2, which is perpendicular to the crack
strike, the XX component is the S2 component and the YY
component is the Sl component. As with Line 1, the final
stacked Sl and S2 sections can be obtained by two separate
passes of the final stacking sequence in Table 2. The results
are shown in Figures 6c and 6d. Comparison of Lines 1 and
2 in Figure 6 shows that the overall data quality of Line 2 is
not as good as that of Line 1.
PROCESSING LINE 3

Line 3 shows pronounced shear-wave splitting. Separating
split shear waves provides an extra challenge in addition to
the problems discussed above. In azimuthally anisotropic
media with a uniform symmetry axis, as here, the conventional
technique for separating shear-wave splitting in reflection
surveys is numerical rotation of the horizontal components
of the record section in order to minimize the energy in the
cross-diagonal elements of the data matrix (Alford, 1986).
Similar results can be obtained by rotating analytically
(Murtha, 1988; Lewis et al., 1991). Li and Crampin (1991b,
1993) suggest the more flexible linear-transform technique
(LTT) as an alternative to the conventional rotation technique. Here, we apply both the rotation technique and LTT
to Line 3 in order to evaluate their relative merits and to
establish an optimum sequence for processing shear-wave
reflection data in presence of anisotropy.

Final stacked results
After obtaining satisfactory stacking velocities and residual statics we can follow the final stacking sequence in Table
2. For Line 1, which is parallel to the assumed strike, the XX
component contains the fast split shear wave (Sl) and the
YY component contains the slower split shear wave (S2).
Carrying out the final stacking sequence separately for XX

Rotation analysis
The process of rotation analysis can be summarized as follows. Firstly, the data editing sequence in Table 2 is applied
to all the four components. Secondly, the velocity and statics
sequence in Table 2 is applied to the YX component or XY
component to determine the stacking velocities and residual
statics. Note that the XY and YX components are expected
to be approximately equal in noise-free azimuthal anisotropic
media containing uniform symmetry (same crack orientation) throughout the depth range (Figure 2~). In such cases, a
single pass of the velocity and statics sequence is sufficient
to choose off-diagonal records for preparing stacked data
matrices for rotation. Thirdly, the rotation sequence in Table 3
is applied to all four components separately. At this stage,
the stacked data matrix can be used to determine the rotation
angle and this angle used to rotate the shot data matrix to
separate the four-component data into two-component, Sl
and S2, data sets. The last stage is to apply the velocity and
statics sequence then the final stacking sequence outlined in
Table 2 to the Sl and S2 components separately to obtain the
final stacked Sl and S2 sections.
Figure 7 shows a portion of the stacked data matrix for
Line 3 after the third stage of processing but prior to rotation.
,The split shear waves are mixed together and mistie of
events may not be observed in the data matrix. By rotating
the stacked data matrix by 5” intervals over the range 0” to
180°, we can determine the optimum rotation angle (40”

Table 2. Conventional processing sequences.
DATA EDITING:
Geometry input;
Trace editing;
Data statics using velocity 3000 fth.
VELOCITY AND RESIDUAL STATICS:
.CDP sort;
Velocity analysis;
NM0 correction;
Four-component scaling:
balancing trace by off-diagonal records;
Stacking: form pilot traces for statics estimation;
Residual statics picking;
Solve for surface consistent residual statics;
Iterate above sequence.
FINAL STACKING:
CDP sort;
NM0 correction;
Robust average scaling (RAS);
Residual statics application;
Stack;
Display.
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(b)

Fig. 4. Effects of robust average scaling (RAS): (a) stacking with RAS; (b) stacking without RAS. Data selected from XX component of Line 1.

from in-line direction) which minimizes the off-diagonal elements in the stacked data matrix. This angle agrees with the
polarization logs as shown in Figure 3b. Thus, a rotation
angle of 40” can be used to separate the four-component shot
records into two-component Sl and S2 shot records. Figure 8
.‘-shows the matrix of shot records in Figure 2c rotated by an
angle of 40”. The events in the diagonal elements in Figure 8
are improved in comparison with Figure 2c. The final
stacked Sl and S2 sections are shown in Figure 9 with good
continuity of events. Mistie of events is observed, as at the
events at 2.0 s and 3.0 s in Figure 9.

The process involving LTT is straightforward. Firstly,
LTT is applied to the shot data matrix to transform the four
components (XX, XY, YY and YX) into the three LTT components: Sl , S2 and the polarization log. Secondly, the conventional processing sequence in Table 2 is applied separately to the S 1, S2 and polarization components to give the
final stacked Sl, S2 and polarization sections.
Figure 10 shows the output after applying LTT to the shot
data matrix in Figure 2c. Comparing Figure 10 with Figure 8
shows that the energy in the off-diagonal sections obtained
by LTT are substantially less than obtained by the conventional rotation. This indicates that the split shear waves are
optimized better by LTT than by rotation. This is because in
the implementation of the rotation used here the rotation
angle is constant, whereas LTT allows a sample by sample
and trace by trace variation of polarization angle (Li and
Crampin, 199 1 b, 1993).
In reflection data, polarizations may change with offset (or
incidence angle) due to the variations expected for different

Linear-transform technique (LTT)
The linear-transform technique contains four linear transforms which effectively transform the complicated shearwave motions in the recording coordinate system into linear
motions in the transformed coordinate system. Then, the
polarization estimation and split shear-wave separation can
be easily made from these linearized components (Li and
Crampin, 199 1 b, 1993).
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0.0

Figure 11 shows the final stacked Sl and S2 sections of
the LTT. Comparison of Figure 11 with the stacked sections
using the rotation technique in Figure 9 shows that overall
quality of the final stacked sections using LTT is slightly
better than those using the rotation process; for example,
compare the events in the box between 2.5 s to 5.0 s between
stations 399 and 499.
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Polarization logs
After using LTT to separate the data matrix into Sl- and
S2-wave components, we obtain the polarization-log components (Li and Crampin, 1991d, 1993). The polarization log is
the result of applying LTT polarization analysis which can
be used for monitoring the polarization variations. Figure 3b
shows the polarization log after applying LTT to the shot
data matrix in Figure 2c. Applying polarization filters (Li
and Crampin, 1991d) and following the conventional sequence
in Table 2, we obtain the stacked polarization log. Such
polarization logs with colour-coded displays can then be
used to interpret local variations of polarization and subsurface structure.
Variation of polarization with offset can be identified in
polarization logs (Li and Crampin, 1991d). As shown in
Figure 3b, changes in polarization along almost all major
reflection events can be observed. Without making allowance
for such local changes, Sl and S2 cannot be properly separated. Polarization changes can also be caused by random
noise, by shear-wave singularities (Crampin, 1991) or by
interactions with the shear-wave window (Booth and Crampin,
1985). In such cases, particularly if it falls into the same frequency band as the signal, the noise may be difficult to eliminate. Directly stacking CDP gathers with mixed or improperly separated Sl and S2 waves, or with noise polarizations,
may degrade the anisotropy information, as demonstrated by
Li and Crampin (1989). LTT resolves this problem by allowing local variations of polarization and by introducing polarization filter for polarization logs, since the polarization of
noise almost always differs from the polarization of the signal,
and the noise polarization can be easily eliminated by applying polarization filters before stacking. However, one must
be very careful in defining such a filter because of its sensitivities. Hodogram analysis must be carried out for selected
traces in order to define a suitable filter.
Polarization filters may be designed as orthogonal fan filters as shown in Li and Crampin (199 Id) in order to enhance
orthogonal shear-wave motions. Here, a band-pass polarization filter from 5” to 85” is applied to all the polarization
records of Line 3. The final stacked polarization logs of Line
3 is shown in Figure 3c, corresponding to the sections in
Figures 9 and 11. Note that a background green polarization
(i.e., 0’) appears in Figure 3c. This is because after stacking,
polarization angles of noncoherent events are attenuated
‘towards 0” and polarization colours are shifted towards
green. Polarization logs of Lines 1 and 2 are not shown here
because the two lines are along the anisotropy symmetry
direction and there is no shear-wave splitting in these two
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Fig. 5. Comparison of average differences in stacking velocities
between the faster and slower split shear waves along the three
reflection lines: Line 1 - broken line; Line 2 - dotted line; and Line 3 solid line.

directions of propagation through an anisotropic symmetry
system. Local variation in fracture geometry and variation in
layering can also introduce changes in polarization direction.
Focusing on the overall averaging anisotropic information,
conventional rotation techniques tend to ignore such local
variations in polarizations. However, LTT aims both to preserve these local variations in polarization direction and to
obtain best stacked Sl and S2 sections.
CJEG

200

June 1993

SHEAR-WAVE SPLITTING IN REFLECTION SURVEYS

a
(1,

702

652

602

552

Sl
502

452

402

352

302

a

0 2.0
ALK
WN

B
83.0

ER
6.0

702

652

602

552

s2
502

452

402

352

302

v)

p 2.0
5
$3.0

SMACKOVER
6.0

LINE 1
Fig. 6. Final stacked Sl and 52 sections of Line 1 and Line 2 using the processing sequence in Table 2. Line 1: (a) Sl section (XX component); (b)
S2 section (YY component).
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Table 3. Processing sequences for separating split shear waves:
comparison of rotation technique with the linear-transform technique
(LTT).
ROTATION SEQUENCE:
CDP sort;
NM0 correction;
Robust average scaling;
Residual statics application;
Stack;
Rotation angle estimation:
rotation analysis, or other techniques;
Apply rotation angle to shot data;
Separate data into Sl and 52 data sets.

Differences in stacking velocities

LTT:
Apply LTT to shot data;
Separate data into Sl , 52 and polarization components.

lines. Note that mistie of events may still be observed when
the survey line is along the symmetry direction, while in
isotropic medium there is neither shear-wave splitting nor
mistie of events.
Both structural and anisotropic information can be obtained
from polarization logs as suggested by Li and Crampin
(199 Id, 1993). Firstly, polarization logs of shear waves can
be used to image the subsurface structure, displaying the
amplitude and phase of seismic waves. This is because
shear-wave reflections from the same interface at adjacent
stations tend to show similar polarizations, as shown in
Figure 3. Comparing Figure 3c with Figures 9 and 11 shows
that overall features of the subsurface structure in polarization logs are similar to those in the amplitude sections, except
that typically, as in Figure 3c, most events in polarization
logs have better continuity than those in the amplitude sections. This is another feature of the often noted stability of
shear-wave polarizations (Crampin, 198 1).
Secondly, local variations of polarization can be determined from polarization logs. As shown in Figure 3c, from
right to left and from top to bottom, a blue colour and a weak
red-orange colour appear on almost all major polarization
events. [Note that without layer-stripping (Winterstein and
Meadows, 1991) vertical changes of polarization cannot be
.‘?detected because all polarizations observed at the surface
will be associated with anisotropic symmetry in the near-surface layers.] The polarizations can be estimated from the
blue and red-orange events, which represent two approximately orthogonal motion -5 1” and 39” from the radial
direction (north-south), N5 1 “W and N39”E, respectively.
VARIATION

OF

attributes. Other attributes can aid the interpretation but are
often more subtle and difficult to interpret. The polarization
variation in the three reflection lines and its applications
have been discussed above. Here, we examine the variation
of other attributes along the three reflection lines.

SHEAR-WAVE ATTRIBUTES

Several shear-wave attributes have been used to characterize shear-wave anisotropy. These include differential stacking velocity, shear-wave polarizations, amplitude variations,
mistie of events in Sl and S2 sections and cumulative and
interval time delays. Among these, polarization, event mistie
and time delay are the most reliable and commonly used
CJEG

Figure 5 shows a comparison of the (smoothed) difference
in the stacking velocities of the faster and slower shear
waves along the three lines. These differences in stacking
velocities increase with depth. Before 1.0 s, velocity differences in the three lines are all small and negligible. After 1.0
s, the difference in Line 1 remains small while the difference
in Line 2 sharply increases until 1.5 s and the difference in
Line 3 gradually increases after 1.5 s. Note that the turning
points on the velocity difference curves correspond to strong
coherent events in the stacked sections as seen in Figures 6
and 11. In summary, Line 1 shows the smallest differences in
the stacking velocities, whereas Line 2 shows the largest and
Line 3 is intermediate between the other two.
Mistie of events
Figure 12 shows a comparison of stacked Sl and S2 sections for the three lines to display the mistie of events. The
events in the Sl and S2 sections of Line 1 (Figure 12a) show
almost no mistie. Mistie of events in the stacked Sl and S2
sections can be observed in Lines 2 and 3 in Figures 12b and
12c, respectively. The reflection events in Line 2 corresponding to the Olmos Sandstone have a mistie of about lo-15 ms
by visual examination, while reflection events at the
Georgetown Formation have a mistie of 20-40 ms. Larger
misties can also be observed in Line 3.
Amplitude variation
In media with uniform crack orientations, as here, variation in fracture intensity will cause difference in impedance
contrast corresponding to the two split shear waves, Sl and
S2. Similarly, the Sl and S2 amplitudes may vary over the
depth range as the fracture intensity varies (Li and Crampin,
1992). Such differential amplitude variation between Sl and
S2 can aid in interpreting fracture variations as demonstrated
by Mueller (199 1).
Overall amplitude variations in the three lines can be compared in the stacked sections in Figures 6 and 11. The shallow events above 1.6 s in the S2 section of Line 1 (Figure
6b) show slightly better continuity than those in the Sl section (Figure 6a). For deeper events at 2.0 s and below, events
in both Sl and S2 sections in Figures 6a and 6b show similar
amplitudes and similar continuity. Events in both shallow
and deeper parts of the Sl section of Line 2 in Figures 6c and
6d show stronger amplitudes and better continuity than those
in the S2 section. In Line 3, no obvious variations of differential amplitudes in Sl and S2 sections can be observed and
the overall features of Sl and S2 sections are similar in
Figures 9 and 11.
To examine the differential amplitude variations in more
detail, we window the Sl and S2 sections over the Austin
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Chalk and Georgetown Formation for all three lines in
Figure 13. The windowed Sl and S2 sections of Line 1 show
similar amplitude features to those in Figures 6a and 6b. The
windowed Sl and S2 sections of Line 2 show significant difference between Sl and S2 in both amplitude and continuity
of events. The windowed Sl and S2 sections of Line 3 show
subtle changes in magnitude and continuity of events for Sl

and S2 arrivals which are not shown in the sections in
Figures 9 and 11. The events corresponding to the Austin
Chalk in Sl section of Line 3 show slightly larger amplitude
and better continuity than those in the S2 section. There are
also subtle changes in events at 2.7 s. Comparing Figures
13b and 13c shows that the variation in amplitude in Line 3
is not as significant and obvious as in Line 2.
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Fig. 7. Stacked data matrix prior to rotation from Line 3 using the rotation sequence in Table 3.
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trace. (a) Sl section of the fast split shear wave; (b) S2 section of the slower split shear waves.
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Fig. 12. Comparison of mistie of events between faster (left) and slower (right) split shear waves in the final stacked sections. (a) Line 1.

Time-delay variations
Figure 14a shows the cumulative time delays of the
Georgetown Formation below the Austin Chalk. It is calculated from the cross-correlation of the Sl and S2 sections for
a 400 ms window from one cycle above the top of Austin
Chalk. The average delays in the three Lines 1, 2 and 3 are
about 10 ms and 25 ms for Lines 1 and 2 and 50 ms for Line
._ 3 between stations 1 and 400, decreasing to about 35 ms at
station 1000. Figure 14b shows the interval time delays
between the Olmos Sandstone and the Austin Chalk for all
three lines. For Line 1, the interval delays vary from 0 to 10
ms along the line, for Lines 2 and 3, from 10 ms to 20 ms.
We take the ratio of the cumulative time delay to the traveltime of the raypath to estimate the cumulative percentage
shear-wave anisotropy. The Georgetown Formation appears
at about 2.5s as shown in Figures 6 and 11. Thus, the cumulative shear-wave anisotropy is less than 0.5% for Line 1 and
about 1.5% for Line 2 and varies from 2.5% to 1.5% from
north to south along Line 3. Similarly, the interval percentage shear-wave anisotropy between the Olmos Sandstone
and the Austin Chalk can be estimated as less than 0.5% for
Line 1 (as there is very little shear-wave splitting), 1% for
Line 2 and 1.5% for Line 3.
C J E G 209
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Variation of shear-wave anisotropy
Strong anisotropy above the Austin Chalk along Lines 1
and 2 is evident as shown in Figures 5, 12 and 14. The differences in stacking velocity (Figure 5) increase sharply at
about 1.5 s corresponding to the Olmos Sandstone along
Lines 2 and 3; the mistie and time delay (Figures 12 and 14)
along Lines 2 and 3 corresponding to the Olmos Sandstone
are about 20-40 ms. In the current analysis, we assumed that
this anisotropy above the Austin Chalk has the same symmetry direction as the anisotropy within the Austin Chalk. This
is consistent with the geological evidence reviewed earlier
and the seismic response in Figure 2.
Anisotropy in the Austin Chalk along Lines 2 and 3 is
shown in Figure 14b as the variation of interval time delays
between the Olmos Sandstone and Georgetown Formation.
These time delays are small (less than 20 ms), scattered and
difficult to measure, but the results appear to agree with
Mueller (199 1). Regional variation in anisotropy is also evident, as indicated by the mistie of events in Figure 12 and the
time delays in Figure 14. The average anisotropy in Line 1 is
June 1993
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Fig. 12 (Cont’d). (b) Line 2.

small, less than 0.5%. This is consistent with variations in
other attributes such as the small differential stacking velocities in Figure 5 and the small differential amplitude variations in Figure 6. There is increasing anisotropy from the
southerly to the northerly ends of Lines 2 and 3. The average
anisotropy is 1.5% in Line 2 and varies from 1.5% to 2.5%
along Line 3. This is also consistent with’variations in differential stacking velocity in Figure 5 and differential amplitude
in Figure 13.
Note that there are exceptions to the trend of amplitude
variations. For example, the reflection events of the S2 section of Line 1 show slightly stronger amplitudes and better
continuity than those in the Sl section (compare Figures 6a,
6b and 13a). This is probably caused by the presence of more
coherent noise on the XX component (particularly from converted waves and surface waves) than on the YY component,
as shown in Figure 2. Although stacking can attenuate such
noise it cannot totally eliminate it and the stacked YY section may give slightly lower noise levels than the stacked
XX section. Here, since Line 1 is parallel to the crack strike,
the XX component is the Sl component, which is thus more
highly affected by coherent noise.
CJEG

There are also exceptions to trend of variation in stacking
velocity differences. For example, in Figure 5, Line 2 shows
a slightly larger difference in stacking velocity than Line 3
although Line 3 has larger anisotropy, the likely cause being
that the differential stacking velocity is a measurement of
apparent anisotropy. [Note that the slower split shear wave
tends to have a larger stacking velocity than the faster split
shear wave (Thomsen, 1988; Li, 1992).] Variations in stacking velocity differences are a less reliable measure of subsurface properties than other attributes.
Correlation with oil production
Variation of anisotropy in the three lines can be approximately correlated with oil production. Figure 1 b shows well
locations in the study area. Few wells have been drilled near
Line 1 and the line is more than ten miles from neighbouring
production. Line 2 is at the edge of the Pearsall and Big
Wells Field operating in Frio, northern Dimmit and Zavala
Counties and there are some ten wells within a mile of the
,line. Line 3 is through the centre of the Pearsall Field and
several tens of producing wells have been drilled along or
near the line. Comparing Figure 1 b with Figures 14a and 14b
shows that the overall oil production along or near the three
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Fig. 12 (Cont’d). (c) Line 3.

reflection lines approximately correlates with the anisotropy
(time delays) observed along the three lines, where Line 1 with
smallest time delays has little production nearby, Line 2 with
intermediate time delays shows intermediate production and
Line 3 with largest time delays has largest production nearby.
. - Variation of anisotropy along Line 3 can also be correlated
to oil production along or near the line. Figure 14c shows the
distribution of horizontal wells within 1 mile either side of
the line. Most wells are distributed in the northern part of the
line with station numbers less than 700. There are only two
wells at the northern end (station numbers less than 100) and
only one well at the southern end of the line (numbers
greater than 800). Time delays along Line 3 in Figures 14a
and 14b show similar variation. In Figure 14a in the northern
part (numbers less than loo), the delay rapidly builds up to
55 ms, remains at about the same level until station 400 and
then uniformly decreases to about 35 ms at station 1000
towards the south. Thus, the trend of variation of time delays
broadly correlates with the overall trend of well distribution
along the northern part of the line. The interval time delay in
Figure 14b shows a similar trend of variation.
CJ EG

The overall trend of the variation in the stacked polarization logs of Line 3 in Figure 3c may also be correlated with
the oil production along the line. Corresponding to a high
production area from stations 399 to 449, the polarizations
exhibit more scatter (more white background in the lateral
variations) and the polarization events from the Austin Chalk
are less continuous and often broken in lateral variation. As
demonstrated by Mueller (199 l), this is indicative of areas of
fractured chalk, where good production may be expected.
Note that the white background is associated with noise
and the noncoherent polarization events of 0” + 5”. Dimmed
and broken S2 events can be caused by broken and noncoherent polarization events which, after stacking, are attenuated towards 0”. Clearly, the identification of broken and
scattered polarization events in the colour-coded sections is
easier than identification of dim, broken S2 events in amplitude sections. We should point out that such variations are
subtle and complicated (Yardley et al., 1991). Only when the
nature of such variations in the polarization are better understood, from more case studies, can such an interpretation be
confidently made.
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Fig. 14. (a) Comparison of cumulative time delays above the Georgetown Formation between the faster and slower split shear waves measured
from the stacked sections of the three reflection lines in Figures 6 and 11: Line 1 - broken line; Line 2 - dotted line; and Line 3 - solid line. (b)
Comparison of interval delays between the Olmos Sandstone and the Austin Chalk; annotation as in (a).

In summary, shear waves in the three reflection lines show
typical features of shear-wave splitting. The variation of
overall anisotropy between the three lines can be approximately correlated with commercial oil production in the
study area. Variations of anisotropy along Line 3 can also be
correlated with oil production, along that line. High production areas are found to be associated with scattered polarizations and broken polarization events in the stacked polarization logs.

overall degree of anisotropy, as quantified by the percentage
of differential shear-wave velocity along reflection surveys
that are tens of miles in length, can be broadly correlated
with the regional oil production. When such correlations
refer to the Austin Chalk (this paper and Mueller, 1991),
where production is dominated by wells penetrating fractures
in this porous but low-permeability formation, the correlations again confirm the close association of shear-wave
anisotropy with subsurface cracks and fractures.
Although it is difficult to quantify because of noise and
poor quality arrivals, the increasing trend of anisotropy of
Lines I, 2 and 3 appears to be present throughout the whole
rock mass, not just in the neighbourhood of the productive
Austin Chalk. The same trend of anisotropy is certainly present
in the Olmos Sandstone above the chalk as demonstrated in

DISCUSSION

Detailed correlations of the amount of shear-wave splitting
with oil production in individual wells (Cliet et al., 1991;
Mueller, 1991) and individual areas (Lewis et al., 1991) have
been published elsewhere. This paper demonstrates that the
CJEG
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Fig. 14 (Cont’d). (c) Distribution of horizontal producing wells within 1 mile of Line 3.

CONCLUSIONS

Figure 14b and may be present below the Austin Chalk and
the Georgetown Formation. However, the interval is too
small to reliably identify time delays. Certainly, the
anisotropy of the Austin Chalk is associated with large fractures, but the anisotropy above the chalk is likely to be
caused by smaller cracks and pore space aligned by the same
stress field as that present in the Austin Chalk (Mueller, 199 1).
Here, we have assumed that the two kinds of anisotropy,
that above and that in the Austin Chalk, have the same symmetry axis and strike as is suggested by the geological evidence. With uniform, nearly layer-cake structure, as in
Texas, this means that the orientations of the fractures in the
chalk can be identified reliably by the polarizations of split
shear waves observed at the surface. It is suggested that such
favourable circumstances may exist in many, but not necessarily all, sedimentary basins. However, the methodology
presented here can also be extended to cases where the crack
orientation may change with depth, with overburden analysis
. (MacBeth et al., 1992).
It is worth noting that the amplitude variations in the S2
events in Line 3 in Figure 13 are more subtle than the phenomenon reported by Mueller (1991). This may be a result of
differences in impedance contrasts. To be able to observe the
differential amplitude contrasts requires an appropriate
impedance contrast at the interfaces (Yardley et al., 1991; Li
and Crampin, 1992). With large impedance contrasts, the difference in the amplitudes of shear-wave reflections from
fractured and unfractured rock could be reduced. Processing
procedures can also introduce spurious effects which degrade
the phenomenon. Here, by the use of the linear-transform
technique (LTT), the subtle phenomenon in amplitude section is replaced by the broken and scattered polarization
events apparent in the polarization sections.
CJEG

The shear waves in the three reflection lines show typical
characteristics of shear-wave splitting in both shot data
matrix and colour displays of polarization logs. The overall
fracture orientation of N39”E of the study area agrees with
other geological and geophysical results. In areas where
commercial oil production is absent, the average cumulative
time delay of the split shear waves is less than 10 ms, corresponding to about 0.5% differential shear-wave anisotropy or
less. In areas close to major production fields, the average
delay is about 30 ms to 40 ms, corresponding to about 1.5%
shear-wave anisotropy. In major production areas, the delay
is 50 ms to 60 ms, corresponding to about 2.5% anisotropy.
Other features in the three survey lines, such as differential
amplitudes of the faster and slower split shear waves and differential stacking velocities, show similar trends of variations as the anisotropy and oil production vary, but these
variations are more subtle, complicated and difficult to interpret than the variations of time delays of split shear waves.
The use of complex-component analysis and linear-transform techniques simplifies the processing sequence for
shear-wave reflection data in the presence of anisotropy.
They allow the generation of both stacked amplitude sections
and stacked polarization logs of the split shear waves. Not
only can lateral variations of polarizations, which are often
associated with lateral variations of crack geometry, be identified from the polarization logs but subsurface structures can
.also be better imaged by shear-wave polarizations than by
conventional stack sections. Areas of high production are
found to be associated with scattered polarizations and broken polarization events in the stacked polarization logs.
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