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DISPLAYING SHEAR-WAVE SPLITTING  IN CROSS-HOLE SURVEYS
FOR MATERIALS WITH COMBINATIONS OF EDA AND PTL ANISOTROPIES
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ABSTRACT

This paper addresses two current developments: the increasing
number of cross-hole surveys and horizontal wells and the recogni-
tion of combinations of matrix anisotropy and the anisotropy due to
vertical fractures in sedimentary basins. The dip of raypaths  in
cross-hole surveys and other subsurface surveys is significantly dif-
ferent from the near-vertical raypaths in reflection surveys and verti-
cal seismic profiles. Consequently, polar projections are no longer
appropriate for displaying the parameters of shear-wave splitting in
cross-hole surveys. Here we present shear-wave polarizations and
time delays between faster and slower split shear-wave arrivals in
more convenient Plate Came  (equal-area cylindrical) projections for
a range of combinations of EDA  and PTL anisotropy (crack aniso-
tropy and matrix anisotropy, respectively) common in sedimentary
basins. The combination of these two types of hexagonal anisotropic
symmetry, with perpendicular axes, leads to orthorhombic symmetry
with three mutually perpendicular symmetry planes. In such
orthorhombic systems, shear waves display anomalous behaviour in
directions of propagation near point singularities, where the polar-
izations and amplitudes of rays of shear .waves may fluctuate rapidly
for small changes in direction. The three-dimensional variations in
polarizations, time delays and positions of point singularities can be
used for the interpretation of multicomponent shear-wave data sets
in cross-hole and other subsurface surveys.

Shear-wave splitting is commonly observed in sedimen-
tary basins in three-component shear-wave reflection sur-
veys, vertical seismic profiles (VSPs)  and cross-hole surveys

.‘(CHSs)  [see recent review by Crampin and Love11 (1991)].
Such behaviour is characteristic of shear-wave propagation
in at least the upper half of the crust and is diagnostic of some
form of seismic anisotropy along the raypath (Crampin,
1985a). Typically, the polarization of the shear waves for
nearly vertical propagation is scattered about the direction of
maximum horizontal stress (Crampin, 1987; Crampin  and
Lovell, 1991). The polarization of the shear-wave splitting
along nearly vertical raypaths  has been used to obtain the

orientation of subsurface fractures (Mueller, 1991, 1992) and
the delay between the split shear waves has been correlated
with the rate of hydrocarbon production (Cliet et al., 199 1;
Lewis et al., 1991; Li et al., 1993). As a result, monitoring the
distinctive behaviour of shear waves appears to have direct
applications to reservoir characterization and optimization of
production.

Bush and Crampin  (1987, 199 1) in the Paris Basin,
Yardley and Crampin  (1993) in Texas, Slater et al. (1993) in
the Caucasus and others, have shown that the anisotropy of
sedimentary basins may be the result of combinations of
azimuthal anisotropy and transverse isotropy with a vertical
axis of symmetry [azimuthal isotropy, in the terminology of
Crampin (1989)J.  The azimuthal anisotropy appears to be
caused by cracks, microcracks and preferentially oriented
pore space known as extensive-dilatancy anisotropy  or EDA
(Crampin, 1987, 1993a; Crampin  and Lovell, 199 1). Azimuthal
isotropy is a matrix anisotropy, characterized by P- and S-
waves travelling faster in horizontal than in vertical direc-
tions. It can be caused either by aligned grains such as shales
(Kaarsberg, 1968; Robertson and Corrigan, 1983) or by
finely layered horizontal bedding (Krey and Helbig, 1956;
Levin, 1979, 1980) which can be conveniently modelled by
repeated (P)eriodic sequences of (T)hin (L)ayers  (Postma,
1955),  which we shall call PTL anisotropy  (Crampin, 1989).
Since aligned grains and bedding have similar seismic prop-
erties, we shall use the term PTL anisotropy to refer to both
types of matrix anisotropy.

Typically, PTL anisotropy and EDA anisotropy have
orthogonal symmetry axes (vertical for PTL and horizontal
for EDA). The combination of PTL and EDA  anisotropy
leads to orthorhombic symmetry (Wild and Crampin, 199 1 ),
which we shall call (C)racked (L)ayer (A)nisotropy or CLA
anisotropy. The polar projections of, for example, Wild and
Crampin  (199 1) and many others are appropriate for the
nearly vertical raypaths in reflection surveys and VSPs. How-
ever, with the increasing use of more horizontal raypaths in
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CHSs  and between horizontal wells, polar plots are no longer
adequate. (Equatorial regions are heavily distorted in polar
plots centred on the North Pole.)

This paper demonstrates the behaviour of shear-wave
splitting for a range of combinations of EDA and PTL
anisotropies in Plate Caree (equal-area cylindrical) projec-
tions (following Liu et al., 1989) to aid the interpretation of
shear waves from CHSs.  Holmes et al. (1993),  in this issue,
has used such projections to display the polarizations of
microcracks in a controlled-source shear-wave survey over a
wide range of azimuths and angles of incidence in the Under-
ground Research Laboratory at Pinawa, Manitoba, of the
Atomic Energy of Canada Ltd.

SHEAR-WAVE  PROPAGATION  IN ANISOTROPIC  SOLIDS

The behaviour of shear waves in anisotropic solids is fun-
damentally different from their behaviour in isotropic media,
although the differences may be subtle and easily over-
looked. Two shear waves propagate in every direction of
phase velocity with the faster, qSl-, and slower, qS2-waves,
having mutually orthogonal polarizations. The differences in
velocity and polarization between the two waves leads to the
phenomena of shear-wave splitting (Crampin, 1978, 1981)
which introduces phase and amplitude differences into the
different components of motion. The polarizations and delays
measured from split shear waves may be used to estimate
orientations and percentages of anisotropy and hence, the
orientations and densities of subsurface cracks and fractures.

A further complication is that traveltimes estimated from
field observations are measured along seismic rays propagat-
ing at the group velocity and seldom allow phase velocity to
be estimated directly. In anisotropic solids, where the group
velocity diverges from the phase velocity both in magnitude
and direction, the polarizations of the two shear waves are no
longer mutually orthogonal for propagation along seismic
rays at the group velocity except in certain symmetry direc-
tions (Crampin, 198 1, 1989).

Consequently, the variation of shear-wave velocities in
anisotropic solids can be described by two surfaces referring
to phase and group velocity. The phase-velocity surfaces are

I .analytically  continuous and must touch in at least two direc-
tions (usually many more) called shear-wave singularities
(Crampin and Yedlin, 1981). There are three distinct types of
singularity: line, kiss and point singularities. Sections of
phase-velocity surfaces near point singularities, the common-
est type of singularity, usually display high curvature, so that
shear-wave polarizations may vary rapidly for small differ-
ences in raypath direction. This causes shear waves, propa-
gating at group velocity, to show anomalies in polarizations
and amplitudes as well as various cuspoidal features (Crampin,
1991). It was the behaviour of shear-wave polarizations in
multioffset VSPs  in the Paris Basin that allowed Bush and
Crampin ( 1987, 199 1) to recognize for the first time the pres-
ence of combinations of EDA  and PTL anisotropy in sedi-
mentary basins.
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Wild and Crampin ( 199 I ) show that combinations of EDA
and PTL anisotropies have, necessarily, many directions of
point singularities, where rays of shear waves have anoma-
lous particle motion. The directions of these singularities are
dependent on the types and relative proportions of EDA  and
PTL anisotropy in the rock mass. Since the faster split shear
wave may not be polarized parallel to the crack strike for
near vertical raypaths, it is necessary to understand the
behaviour of combinations of EDA  and PTL anisotropy in
order to identify the orientations of subsurface fracturing.

FORMULATIONS  FOR EDA  AND  PTL

The five independent elastic constants of a PTL solid may
be derived from the elastic properties and the ratio of thick-
nesses of repeated sequences of isotropic layers, by the for-
mulations of Postma (I 955). These are valid for layer thick-
nesses of less than about half a seismic wavelength. The
resultant structure has hexagonal anisotropic symmetry, with
the axis of symmetry normal to the layering assumed to be
vertical. In this paper, varying amounts of PTL anisotropy
are expressed as the percentage of differential shear-wave
velocity anisotropy (Crampin, 1989). The elastic constants
for the PTL materials used in this paper are given in Table 1.
These are derived from layer velocities typical of those
observed in sedimentary basins.

Table 1. Elastic constants of PTL anisotropy, in lOgPa. Density = 2.6
g/cm3.

% aniso- Cl111 C3311 '2323
tropy = C2222 C3333 Cl122 = '2233 = Cl313

PTLl 2% 41.378 39.690 15.808 15.186 12.418
PTL2 12% 32.272 24.835 11.907 9.509 7.949
PTL3 22% 28.576 17.369 10.156 6.644 5.631

The other principal form of seismic anisotropy, recognized
by azimuthal variations in shear-wave behaviour, can be
modelled  by distributions of stress-aligned, fluid-filled
microcracks and orientated pore space (Crampin, 1984,
1985b),  known as extensive-dilatancy anisotropy or EDA.
Such EDA  cracks are aligned normal to the minimum com-
pressional stress and, since this direction is usually horizon-
tal below near-surface stress anomalies (Crampin, 1990),  the
cracks are typically aligned vertical, striking parallel to the
maximum horizontal compressional stress.

EDA cracks are calculated with the formulations of
Hudson (1980, 198 1) and incorporated into PTL anisotropy
using the formulations of Hudson (1986) for the scattering of
seismic waves by distributions of aligned cracks in
anisotropic solids. Crack density, E, and aspect ratio, y, are
defined as E = Na3/v and y = d/a, respectively, where N is the
number of cracks of radius a and half thickness d in volume
1’. Crack dimensions are assumed to be small with respect to
seismic wavelength (Crampin, 1993b) and the approxima-
tions are thought to be valid for E < 0.1 (Crampin  1984) and
y < 0.3 (Douma and Crampin, 1990). In this paper, we use
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crack densities of E = 0.01 and E = 0.05 and aspect ratios of y
= 0.001 and y = 0.05. EDA cracks also have hexagonal sym-
metry with, typically, a horizontal axis of symmetry.

The elastic constants for each combination are used to cal-
culate polarizations and delays using the Kelvin-Christoffel
equations, which give the components of the elastic tensor
matrix in terms of the elastic constants and the phase veloc-
ity direction cosines. The eigenvalues and eigenvectors of
the matrix give velocities and polarizations, respectively, of
the three body waves. Group velocities are calculated and
plotted for a grid of phase-velocity directions. As phase and
group velocities are not coincident in anisotropic solids, this
procedure leads to some distortion. This distortion is negligi-
ble for PTL of 2% but will be more significant for PTL
anisotropies of 12% and 22%,  although the general patterns
of behaviour are preserved.

SHEAR-WAVE  SPLITTING  IN PLATE CARVE  PROJECTIONS

The behaviour of shear-wave splitting in Plate Caree pro-
jections is demonstrated in Figure 1 for (a) PTL, (b) EDA
and (c) CLA anisotropy, following Liu et al. (1989). The
polarizations of the leading split shear wave, projected onto
the horizontal radial/transverse (R-T) plane and the
vertical/transverse (V-T) plane, are shown for a full range of
raypaths, covering 360” of azimuth, and dips from +90” for
downward propagation to -90” for upwards propagation.
This represents the polarizations of shear waves radiating
from a point source, as measured by horizontal instruments
(R-T plane) and vertical-transverse instruments (V-T plane),
on the walls of a cylinder enclosing the source. The cylinder
has then been opened out (mapped) to give a conventional
Cartesian (Plate Caree) map projection. Contoured normal-
ized time delays between the fast and slow split shear waves
are shown and north-south sections of the contours at five
specified azimuths.

Figure la shows the behaviour of shear waves in a purely
PTL material, PTL2, having 12% differential shear-wave
velocity anisotropy (constants listed in Table 1). Figure 1 b
shows the pattern of polarizations and delays for shear waves
propagating through parallel vertical water-filled EDA
cracks, striking east-west, with a crack density of E = 0.05

. .and y = 0.05, representing 5% differential shear-wave aniso-
tropy, in an isotropic matrix (a = 3.5, p = 2.02 km/s, p = 2.2
g/cm”).  The effect of inserting the EDA  cracks of Figure lb
into the matrix with PTL anisotropy of Figure la leading to
CLA anisotropy is shown in Figure lc.

The purely PTL anisotropy in Figure la shows a distinc-
tive band of transverse polarizations of the leading split shear
wave, for directions of propagation between about +30” of
the horizontal, representing SH-wave motion. Outside this
band, shear waves are polarized in the sagittal plane, repre-
senting SV-motion. The 90” change in polarizations marks
the direction of a line singularity (indicated by arrowheads),
characteristic of hexagonal symmetry (Crampin, 1989).
There are also kiss singularities, indicated by dots, in the
directions of the symmetry axes - the North and South poles
of Figure la. Time delays are largest for horizontal directions.
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The projection of purely EDA anisotropy in Figure 1 b also
shows distinctive patterns of behaviour. There is a band of
nearly parallel polarizations for azimuths close to the crack
strike in both R-T and V-T projections, where the time
delays have their largest values. Line singularities (indicated
by arrowheads), where polarizations of the leading shear
wave change by an average of 90°, are also present, but with
an orthogonal orientation to those for PTL anisotropy. Two
kiss-singularities are marked with dots. The patterns of
polarizations and delays, produced by EDA  anisotropy in
Plate Caree projections, lack any strongly diagnostic features
such as seen in polar projections, where the polarization of
shear waves along one near-vertical raypath can demonstrate
the strike of the EDA  cracks. This means that observations
from a large number of directions of dip and azimuth are
required to identify the characteristics of EDA  anisotropy in
CHSs  (Liu et al., 1989).

The combined PTL and EDA  anisotropies in Figure lc
yield CLA anisotropy with patterns of polarizations and
delays displaying orthorhombic symmetry. The line singular-
ities of Figures la and 1 b have pulled apart and point singu-
larities have appeared on the traces of these pull-apart rem-
nants of line singularities (Crampin, 1989). These point
singularities, in directions approximately indicated by cir-
cles, are places where the phase velocity surfaces touch at
the vertices of convex and concave cones. The polarizations
and time delays along seismic rays propagating at the group
velocity may be much more complicated, with complex
cuspoidal lids, fins and ridges on the surface of the group
velocity surfaces (Crampin, 1991). These features are irregu-
lar in outline and frequently do not have clearly defined cen-
tres. Consequently, the positions of the circles merely indi-
cates the approximate centre of the anomaly. In particular,
polarizations and time delays may vary rapidly near point
singularities and may lead to anomalous shear-wave ampli-
tudes, polarizations and time delays, such as those observed
by Bush and Crampin (1991).

COMBINATIONS  OF EDA AND PTL ANISOTROPY
IN PLATE CARBE  PROJECTIONS

The pattern of shear-wave behaviour for a range of direc-
tions in rocks with CLA anisotropy varies significantly with
the relative amounts of PTL anisotropy and the relative crack
densities and aspect ratios of the distribution of parallel verti-
cal cracks. Figures 2, 3 and 4 show Plate Caree projections
of delays and polarizations produced by EDA cracks intro-
duced into three different PTL solids. The PTL materials:
PTLl, PTL2 and PTL3, respectively, have anisotropies with
differential shear-wave velocities of 2%, 12% and 22%. The
EDA cracks are specified by crack densities of E = 0.01 and
0.05 (giving differential shear-wave velocity anisotropies
due to the aligned cracks of approximately 1% and 5%) and
by aspect ratios of y = 0.00 1 and 0.05. The figures are similar
in format and notation to Figure 1. Note that there is inver-
sion symmetry about a point source for all anisotropic varia-
tions in uniform homogeneous solids.
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Fig. 1. Plate Caree equal-area cylindrical pro-
jections of the polarizations and time delays of
split shear waves propagating along rays at the
group velocity through: (a) PTL anisotropy with
12% differential shear-wave anisotropy; (b)
EDA anisotropy of parallel vertical cracks strik-
ing east-west with crack density of E = 0.05 and
aspect ratio y = 0.05; and (c) CLA anisotropy
combining material in (a) with the cracks in (b).
The four sections of each figure are: polariza-
tions of leading split shear waves projected
onto, top left, (R)adial/(T)ransverse (R-T)
planes and, bottom left, (V)ertical/(T)ransverse
(V-T) planes; and, top right, contours of the
time delays in ms normalized over 100 m and,
bottom right, north-south sections of contoured
time delays at indicated azimuths. The polar-
izations show projections of a fixed-length vec-
tor on to the appropriate R-T and V-T planes.
Arrows indicate directions of line singularities,
solid circles indicate directions of kiss singulari-
ties and open circles indicate approximate
directions of point singularities. Azimuths are
measured from North through East.
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The directions of point singularities in these orthorhombic
symmetries are sensitive to changes in the relative parame-
ters of the anisotropies making up the CLA anisotropy. Their
directions may be used as a benchmark to describe the differ-
ences between each projection.

Variations in PTL anisotropy
Figure 2 shows the effects of variations in PTL anisotropy.

Combinations of three PTL solids, PTLl, PTL2 and PTL3,
with differential shear-wave anisotropies of 2%,  12% and
22%,  respectively, are shown pervaded by thin cracks with
crack density E = 0.01 and aspect ratio y = 0.001. For the
strong PTL anisotropy of 22% for PTL3 in Figure 2c, the
broad band of transverse polarizations of pure PTL (Figure
la) is still present, but the line singularities at the edge of the
broad band have each been replaced by eight nearly coplanar
point singularities (Crampin, 1989). The kiss singularity,
which exists for vertical directions of propagation in pure
PTL anisotropy with hexagonal symmetry (Figure la), has
divided into two point singularities which have moved
towards the horizontal plane at azimuths of 0” and 180” (the
360” azimuth is a repeat of the 0” azimuth).

In contrast, in Figure 2a (PTLI ), where the PTL aniso-
tropy is comparable to the crack anisotropy, the singularities
which in Figure 2c are close to the directions of line singular-
ity of the pure PTL anisotropy (Figure la) have now moved
closer to the line singularity in the pure EDA  anisotropy in
Figure lb. Again, the line singularity has been replaced by
eight point singularities. The three-dimensional distribution
of the singularities corresponding to the projection shown in
Figure 2a is approximately equivalent to the distribution
shown in Figure 2c, rotated by 90” about a horizontal E-W
axis (azimuth 90’).

For the intermediate PTL anisotropy of 12% for PTL2 in
Figure 2b,  the point singularities are dispersed in directions
between the almost planar line singularities in PTL and the
almost planar singularities of EDA  anisotropy (which are
perpendicular because of the orthogonal symmetry axes). As
the ratio of relative PTL and EDA anisotropies changes, the
point singularity derived from the kiss singularity moves
towards the pull-apart remnant of the line singularity and dis-

. places a point singularity which moves towards the centre of
the orthogonal pull-apart remnant line singularity.

The other effect of decreasing the amount of PTL, for a
fixed crack anisotropy, is to decrease the time delays between
the first and second split shear waves. For PTL3 (22%) the
maximum delay is around 15 ms (normalized over 0.1 km).
For PTL2 (12%) the maximum delay is about half this value,
while for PTLl (2%) the maximum delay has decreased to
about 10 ms. Note that in Figure 2a for convenience the
delays have been normalized over 1 km, whereas in Figures
2b and 2c they are normalized over 100 m.

Variations in EDA  crack density
Figures 2 and 3 show the same PTL anisotropies for two

different crack densities, E = 0.01 and 0.05, for a constant
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aspect ratio of y = 0.00 1. It can be seen that increasing crack
density produces similar effects as reducing the percentage
of PTL anisotropy, since the directions of the singularities
are dependent on the ratio of EDA to PTL anisotropies. The
point singularities move away from directions centred  around
one symmetry axis to directions centred  around the other
symmetry axis. Examining Figures 2a and 3a we can see that
as the crack anisotropy exceeds that due to the PTL this shift
in the symmetry axes becomes more complete. With increas-
ing crack density, the band of parallel polarizations parallel
to the crack strike becomes much more pronounced. Delays
increase with crack density increases in each of the three
PTL anisotropies.

Variations in EDA  crack aspect ratio
The effect of varying aspect ratio can be seen by compar-

ing Figures 3 and 4 which have the same PTL anisotropies
pervaded by cracks of the same crack density (E = 0.05) with
two different aspect ratios, y = 0.001 and 0.05, respectively.
Changing aspect ratio makes comparatively little difference
to the directions of the singularities for PTL anisotropies of
12% and 22%. However, the point singularities away from
the equator tend to cluster together with increasing aspect
ratio at about 45” from the horizontal direction, which is
most marked for PTL of 2%.

DISCUSSION

Observations in CHSs  are usually strictly confined to ray-
paths in a few vertical sections within about 45” of the hori-
zontal. It is clear from examining any of Figures l-4 that
such raypaths in a limited number of vertical sections will
probably not yield enough diagnostic information to identify
PTL and EDA anisotropies and orientations. This is a differ-
ent situation from polar projections of vertical motion, when
a few nearly vertical rays of shear waves can lead to estimates
of crack strike and stress orientation (Crampin and Lovell,
1991).

However, cross-hole surveys do present the opportunity to
examine shear waves at higher resolution, with the advan-
tages of higher frequencies and raypaths where most of the
path is in the zone of interest, as well as avoiding the some-
times severe interactions of the shear waves with the free
surface (Evans, 1984; Booth and Crampin,  1985). The greater
resolution offered by CHSs should allow a more detailed
evaluation of the anisotropy present in a rock mass by analyz-
ing shear-wave splitting.

Difficulties arise if the cross-hole surveys include bound-
aries with significant impedance contrasts. The polarizations
of shear waves crossing such boundaries at oblique angles
suffer from the effects of the internal shear-wave window
(Liu and Crampin, 1990). In addition, various interface
waves may be guided or trapped by the boundary, so that in
some cases the dominant energy of the CHS-seismograms
will be in guided waves not body waves (Liu et al., 1991).

Changes in the properties of shear-wave splitting for the
varying amounts of EDA and PTL anisotropy demonstrates
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how shear-wave behaviour may be further used to measure
types and relative amounts of anisotropy present in a rock

azimuths and dips to interpret the polarizations and delays in

mass. However, observations are needed from a number of
terms of rock structure. Plate Caree  projections may be par-
titularly useful for the interpretation of data sets where the
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Fig. 4. Similar projections to Figure 2 for EDA crack distributions with crack density E = 0.05 and aspect ratio y = 0.05 in the same three PTL
anisotropies. Format and notation as in Figure 1.
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SHEAR-WAVE SPLITTING IN CROSS-HOLE SURVEYS

angular coverage is large, as in the experiment described by
Holmes et al. (1993) where the results have been plotted in
cylindrical projection and interpreted using models similar to
the ones used here.

The following conclusions can be drawn from the behaviour
of the shear waves for the modelled structures. The polariza-
tions of shear waves at the wide angles typical of CHSs
through vertical or near-vertical cracks are no longer parallel
to the crack strike in media with orthorhombic symmetry.
The point singularities which occur in considerable numbers
in combinations of PTL and EDA  anisotropies can have a
significant effect on shear-wave propagation. The shear-
wave polarizations change by 90” near point-singularities
and have anomalous time delays between the split shear
waves and anomalous amplitudes. These are similar to the
findings of Wild and Crampin (199 1).

Furthermore, the directions of the point singularities for
the models shown are widely distributed over the range of
azimuths and dips. In a CHS it is likely that the directions of
propagation would be such that the behaviour of the shear
waves would show the effects of propagation near such
point-singularities. The accurate positioning of singularities
from real data sets and comparison with models are impor-
tant as the directions (azimuths and angles of incidence) of
singularities are critically dependent on the relationships of
PTL and EDA anisotropy. These positions may provide a
valuable directional correlation with the estimates of PTL
and EDA anisotropy which are usually derived from velocity
information. This may enable complex field measurements
of polarizations and delays to be interpreted in terms of a
uniform anisotropic structure, rather than mistaking such fea-
tures for geological discontinuities.
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