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sDNNARY

An algorithm is presented for interpreting
shear-wave polarizations estimated from
offset VSPs, in terms of the anisotropic
subsurface structure. Observed polarization
angles are matched to expected values for a
range of physically plausible anisotropic
models with different orientations. This
procedure offers a rigorous approach to the
estimation of fracture direction, and the
possibility of resolving reservoir
characteristics such as crack aspect ratio,
content, and relative amounts of anisotropy
attributed to cracks and thin-layering in
sedimentary basins. The inversion results
show that the patterns of the polarizations
are primarily effected by the strike and dip
of the cracks, along with the dip of the
planes of thin-layering, with a slightly
weaker influence from the relative amounts of
the two types of anisotropy. For this
preliminary analysis, the aspect ratio and
content of the cracks can be only be
adequately resolved in the top layers of the
subsurface, where the ray paths subtend a
wide range of incident angles.

INTROJWCTION

Vertical seismic profiles (VSPs)  have been
recognized, especially in recent years, as a
powerful tool for seismic investigation of a
wide ranging set of exploration situations,
possessing many advantages over conventional
seismic reflection data. Three-component
recording and processing of VSP shear-wave
data is particularly useful for observing
effects of anisotropy, from which the
internal structure of the rock mass may be
discerned (Crampin, 1985). Shear-wave
arrivals are more clearly identified and
isolated in this system, as the subsurface
recordings are not influenced by the effects
of the free surface, which result in
precursory arrivals and a distortion of the
shear-waveforms for incidence outside the
shear-wave window (Evans, 1981; Booth and
Crampin,  1984).

The most easily recognizable consequence
of shear-wave anisotropy is shear-wave
splitting (Crampin, 1987). This angularly
dependent phenomenon may arise when a
shear-wave propagates through a region of
effective anisotropy. In the simplest case,
the wave splits into two components
travelling at different velocities and
polarized in different directions according
to the direction of the ray path, and the
nature and orientation of the material. This
effect can be observed on a three-component
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geophone within the subsurface by the
characteristic signature written on the
horizontal section of the particle motion or
polarization diagram. In theory, waveform
inversion can obtain details of the
subsurface anisotropy by matching the
observed character of this particle motion
(Bush and Crampin,  1987). However, this
procedure is at present a time-consuming
procedure and not wholly satisfactory. An
alternative approach is to define shear-wave
splitting by a number of discrete parameters.
The three-dimensional behaviour of the
shear-waves can then be visualized by mapping
theoretical and observed variations in these
quantities, for different anisotropic models.

The most commonly chosen parameters to
define shear-wave splitting are the
polarizations of the leading and slower split
shear-wave, the relative time-delay and the
differential attenuation between the
corresponding split shear-waves. Many
different procedures have been proposed to
extract details of shear-wave splitting,
these are reviewed in HacBeth and Crampin
(1990b). As the slower split shear-wave is
difficult to isolate due to high noise
levels, its polarization and the differential
attenuation are not widely used. If the
shear-wave propagates through several layers
of differently oriented anisotropic material,
it is likely that multiple shear-wave
splitting will occur (MacBeth  and Crampin,
1990a). Consequently, the geophone will
record a complex sequence of split
shear-waves, with alternating polarizations.
The relative spacing between the pairs of
split shear-waves and the individual
components depending on the amount of each
anisotropic material through which the waves
have propagated , and the degree of anisotropy
experienced at each stage along the raypath.
In this situation, it may be difficult to
obtain a direct measurement of the time-delay
and unambiguously interpret the estimated
values. In contrast, the polarizations of
the different arrivals align according to the
preferred polarizations of the medium in the
immediate vicinity of the geophone. The
polarizations recorded at each geophone level
in the VSP can be directly related to the
rock structure around the borehole  for
different depths. The polarization of the
leading split shear-wave is the simplest and
safest measure of anisotropic behaviour.

HETEOD

The steps involved in the interpretation of
polarization information from VSPs is
summarized in the flowchart of Figure 1. The
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basic input required for this scheme is a
sequence of estimates of the polarization
angles and corresponding incident angles for
each geophone level in the VSP. These are
extracted from the direct shear-wave arrival
using an automatic processing technique
(HacBeth  and Crampin  1990a,b),  The angles of
incidence for each ray path are cross-checked
using the isotropic velocity structure.
These data are then divided into groups
corresponding to layers/regions of the
subsurface with similar anisotropic
behaviour. This division may be achieved
partly on the basis of the velocity
structure, Poissonfs ratio, VP/V& or other
parameters, to extract as much information
about the subsurface as possible and
especially to highlight fractured regions or
layers. From this, the data in each group
are matched using a forward modelling scheme
to the expected distributions from a variety
of anisotropic models with a range of
characteristic parameters such as dip angle,
aspect ratio and content of cracks, crack
density, and degree of anisotropy contributed
by periodic thin-layering. The theoretical
polarizations are calculated from the
plane-wave calculations implemented by the
ANISEIS  computer package (Taylor, 1987). The
polarizations are matched to the observed
values using a least-squares criterion. A
simple grid search is used to find the
solution which maximizes the degree of fit
between the modelled and recorded values in
each layer. A statistical interpretation is
possible in terms of the degree of
non-uniqueness and sensitivity of the final
solution.

APPLICATION

The technique is tested on three synthetic
seismogram suites and one set of field data.

Synthetic seismograms

(a) Crack-induced anisotropy - model I.

In this example, synthetic seismograms are
constructed for an 200m offset VSP with
in-line and cross-line sources. The
geophones record at 25m intervals, from the
surface down to a depth of 1250m. The Earth
model consists of a half-space of matrix
material permeated by vertical, water-filled
cracks. The structure is divided into three
layers, in each layer the strike of the
cracks is different. The source-wellhead
direction is at an azimuth of O”, normal to
the crack strike. At the shallowest
geophones, the waves travelling in layer 1,
have angles of incidence between 45O and 76O.
Consequently, there is an expected gradual
increase of polarization angle with depth. At
this stage, one cannot assume that the
polarization direction is parallel to the
strike direction, and the inversion procedure
is required to interpret this variation in

terms of the crack properties. For layer 2,
the waves propagate through the medium at
angles of incidence ranging from 16O  to 45O.
For these angles, the polarization of the
leading split shear-wave is parallel to the
strike of the cracks. The inversion
determines the correct strike direction, but
aspect ratio and crack content are not
resolved. In layer 3, the angles of
incidence range from 9O to 15O. The
polarization directions are again parallel to
the strike of the cracks, and the strike and
dip are resolved.

(b) Crack-induced anisotropy - model II.

The earth model in (a) is replaced by a
structure with three layers of different
matrix material, the lowest seismic
velocities are in layer 1, with increasing
values in layer 2 and layer 3. This implies
that there is now a partial overlap between
the range of incidences at each geophone
within each layer. The geometry of the
acquisition system is preserved. For layer
1, the inversion results are identical to the
half-space case. In layer 2 the incident
angles now range from 15O  to 61°.  The
behaviour of the polarization profile
reflects this overlap with the incident
angles of layer 1. The polarization angle
changes sharply to form a zone of anomolous
polarization for about 50m, before rising
steeply to assume a constant value parallel
to the crack strike. If the rotation angles
of the media were not known, and the incident
angles not fully considered, this feature may
easily have been mis-identified as a
in rock structure. The results of the

change

inversion suggest that the aspect ratio and
crack content are slightly better resolved in
layer 2 than for case (a). The results for
layer 3 are similar to (a).

(c) Three-layered medium, anisotropy with
orthorhombic symmetry - model III.

This represents the most complicated set of
synthetic seismograms which the inversion
tackles.
each layer

The model again has three layers,
has a different matrix velocity

corresponding to the velocities in (b). The
anisotropy in each layer is modelled  as a
sequence of periodic thin-layers. The degree
of transverse isotropy in each layer is
different. This medium is then permeated by
vertical microcracks, with different crack
densities, orientations and geometries. In
layer 1, the solution is sensitive to the
crack properties and the relative degrees of
anisotropy. In layers 2 and 3, the
sensitivity decreases as in (b) and (c),
except in addition to the orientation
parameters, the relative amounts of
anisotropy are also resolved.
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Field seismograms

The technique is applied to field
observations generated by a multiple-offset
VSP experiment carried out in the Paris
Basin. The data used is recorded on geophone
levels spaced every 15m over depths ranging
from 1lOOm to 2060m,  and five offsets from
272m to 2311m. The basic background model,
inferred from sonic logs, is three-layered.
The seismograms at each geophone and for each
offset are analysed to extract the
polarization direction of the direct arrival.
The estimates are then collated into
polarization angles and corresponding
incidence angles for each layer. Inversion of
this comprehensive set of values, confirms
the modelling of Bush and Crampin  (1987),
which suggested that the most likely model
consists of a combination of
vertically-aligned, water-filled, cracks and
fine horizontal layering. The inversion
procedure accurately locates those recordings
which contribute to the position of the point
singularities in the final pattern of
polarizations. The observed polarizations
cannot be matched by EDA- or PTL-anisotropy
alone.

DISCUSSION AND CONCLUSIONS

The polarization of the leading split-shear
wave is the simplest and safest measurement
which can be made from three-component VSP
recordings of shear-waves propagating through
an anisotropic subsurface structure. The
three-dimensional behaviour of these
polarizations, as a function of azimuth and
angle of incidence, is strongly dependent on
the parameters which define the internal
structure of the rockmass. More
specifically, these are sensitive to:
(i) the strike and dip of aligned cracks
permeating the rockmass;
(ii) the dip of periodic thin-layering in
sedimentary basins;
(iii) the relative proportions of the
different types of anisotropic material which
constitute the medium;
(iv) aspect ratio and crack content for
shallow layers. As raypaths  approach the
vertical, there is a decrease in the
resolving power of the aspect ratio and fluid
content of the crack distributions.
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FIGURE 1. Flowchart of procedure for
inverting shear-wave polarizations to yield
details of subsurface anisotropy.
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