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SUWARY

The vector analysis of shear-waves provides
an opportunity to improve upon existing
seismic methods for imaging the subsurface,
to include a detailed investigation of the
internal structure of reservoir rock and
patterns of flow behaviour. This can be
achieved by examining shear-wave splitting
(bi-refringence), the major diagnostic effect
of anisotropy, which has been observed in a
variety seismic scenarios, ranging from
sedimentary basins to active tectonic
regions. The three-dimensional, anisotropic,
variations in the relative velocities of the
split shear-waves (which are more properly
interpreted in terms of a time-delay) provide
a direct indication of crack density. For
suitable raypaths, the nature of the pore
fluid and/or geometry of the inclusions can
also be discerned. Shear-wave splitting may
have considerable potential in monitoring
processes which involve the crack properties
changing with time, such as in enhanced oil
recovery. In sedimentary basins, it is usual
for the transverse isotropy caused by
thin-layering, to interact with the
crack-induced azimuthal anisotropy to produce
a complicated three-dimensional behaviour of
velocity variations and anomalies. The
positions of point singularities associated
vith these patterns provide very sensitive
indicators of the relative mixes of the two
types of anisotropies.

INTRODUCTION

Seismic shear-waves are particularly
sensitive to the effective anisotropy of
rocks, which causes the well-recognized
effect of shear-wave splitting. This effect
can be characterized in the simplest case by
two shear-wave arrivals with different
polarizations and velocities. The velocities
of the two types of shear-wave vary with the
direction of propagation, type of anisotropic
symmetry of the crustal material, and the
degree of anisotropy of these rocks. It is
theoretically possible to establish a
relationship between the morphology of the
splitting of the shear-wavetrain, and the
underlying physical mechanisms for
anisotropy. Many  of the observations of
shear-wave splitting, from both exploration
and earthquake seismology, may be effectively
modelled  by distributions of stress-aligned,
fluid-filled inclusions (EDA-cracks), which
represent microfractures, pores or fractures
permeating the rock fabric. Variations in
the physical properties of these inclusions
produce distinctive effects on the

propagative character of the shear-waveforms,
through which the shear-wave velocities
be related to the shape, orientation and

may

pore-fluid properties of the inclusions.
This opens up the possibility of estimating
directions of microfracture, crack or pore
alignment, and their effective seismic
density. It may be possible to obtain a
description of the internal structure of the
reservoir rocks in terms of preferred
directions, and the nature of fluid flow,
permeability, and content and state of the
fluid in the inclusions. This information
can be used to provide extra constraints on
reservoir models, from which the state of the
reservoir can be monitored through repeated
seismic surveys as production and injection
proceeds.

EXAHPLES  OF SHEAR-WAVE VELOCITY VARIATIONS
RELATED TO RESERVOIR CHARACTERISTICS

The ways in which models of anisotropy can be
utilized in imaging details of the internal
rock fabric of the subsurface is best
understood by showing some simple examples of
velocity variations for changes in the crack
properties. Data on such variations enable
one to design techniques to estimate the
reservoir parameters, and define the
limitations of the shear-wave seismic method.
The variations below correspond to a single
block of unform anisotropic material. In
general, this picture of shear-wave splitting
may be complicated by combinations of
different layers of material with different
anisotropies and orientations.
The reservoir characteristic is likely to
change during the EOR procedure due to changes
in the fluid properties (percentage in
inclusion, velocity, viscosity, pressure and
temperature), inclusion properties (aspect
ratio, orientation, crack density) and
external factors such the stress distribution
(Crampin, 1987).

FLUID PROPERTIES
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During a thermal recovery process in a
producing hydrocarbon reservoir, heat-induced
temperature changes can have a large impact
on the seismic response of the reservoir rock
(Nur, 1989). One way in which this can be
simulated is to decrease the pore fluid
velocities with an increase in temperature.
Figure 1 shows the effect of this on the
shear-wave velocities for a VSP acquisition
system. The main effect on the shear-wave
velocities, is a movement in the position of
the line singularity (the cross-over point in



the velocity functions for the two split
shear-waves) which represents the transition
betvdeen  one type of split shear-wave and
another ;lith  a different polarization. As
the pore fluid velocity increases, this line
singularity migrates towards the vertical.
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Figure 2 shows velocity variations for
different aspect ratios for fluid-filled
cracks. There is a movement in the position
of the line singularity and change in the
absolute values of the velocities. The
differential time-delay between the two split
shear-waves scales linearly with crack
density.
The inclusions which retain the oil may vary
in shape from spherical pores, through oblate
spheroids (bubbles), to penny-shaped cracks.
Shear-waves are very sensitive to changes in
geometry of small inclusions. Figure 3 shows
the behaviour of the shear-waves when the
rock material possesses two populations of
inclusions - bubbles in crystals and
intergranular cracks. The aligned oblate
spheroids induce significant P-wave velocity
anisotropy, the flat cracks have little
effect on P-wave propagation. The effects of
distributions of randomly aligned (isotropic)
spheroids produces seismic velocities similar
to those in particulate rocks (such as
sandstone) made up of grains of higher
flelocity material (such as quartzite).
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Techniques for estimating and interpreting
shear-wave splitting are applied to field
dat? required  in the Lost Hills, California.
Thp idy demonstrates a consistency between
th< larization  of the leading split
shed:-vave and parallel vertical microcracks
striking NSS’E, in the upper part of the
Earth model. Polarizations and differential
time-delays extracted by automatic processing
algorithms. These values are used to guide a
full waveform matching of the horizontal
component seismograms, from which further
details of the inclusion properties are
estimated.

Crloct  ry a n o m a l i e s  i n  sedimenrary basins
Observations of shkar-vave  splitting in
sedimentary basins indicate that the
substantial transverse isotropy due to
fine-layering (PTL-anisotropy) should be
modified by veaker azimuthal anisotropy due
to EDA-cracks  (Bush and Crampin, 1987). The

EDA-anisotropy  has little effect on P-wave
velocities, but the phase velocity sheets
(three-dimensional surfaces of constant
phase-velocity) touch at a number of points
called shear-wave point singularities (Figure
4). These produce a complicated sequence of
velocity variations and anomalies along
neighbouring raypaths (Figure 5).
Corresponding variations in group velocity
are more complex. This propagative behaviour
leads to significant disturbances in the
shear-wave motion. The directions of the
point singularities places a tight constraint
on relative degrees of effective EDA- and
PTL- anisotropy.
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This dataset  illustrates the sensitivity of
shear-waves to the fine details of the
anisotropy in sedimentary basins, for which
EDA-anisotropy  combines with PTL-anisotropy
to form an anisotropy with orthorhombic
symmetry . Forward modelling of the
polarizations and delays, combined with
waveform modelling, yields well-resolved
estimates of the crack strike and the ratio
of EDA- to PTL-anisotropy.

ENC’I ROiVMW?X  FACTORS
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Changes in the EDA-crack  geometry, due to
variations in the local stress field applied
to the rockmass, can be observed using
shear-wave splitting. The most likely
behaviour is an elastic bowing of the cracks,
with a consequent increase in the aspect
ratio and change in the pore fluid velocity.
Figure 6 illustrates this behaviour and its
effect on the shear-wave velocities.
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Temporal variations in the EDA-crack
properties can be detected by continually
monitoring the parameters of shear-wave
splitting over a period of time, and are
consequently of particular use in enhanced
oil-recovery , where there are changes in the
pore geometry and fluid content. This is
monitoring capability is illustrated by the
changes induced in EDA-cracks  in and around a
region of earthquake activity, where the
cracks (which are particularly compliant to
the local stress) may open and close in
response to fluctuating stress-fields
associated with the processes of fault
rupture. This behaviour has been identified
in changes of the differential time-delays



between split shear-waves measured at
stations on the Anza Gap, Southern
California. Similar temporal variations have
also been seen in other earthquake datasets.

ESTIMATING SALIENT FEATURES  OF
SEIBAH-UAVBPORNS  FOR RESERVOIR DESCRIPTION

Polarization diagrams provide a reliable way
of estimating splitting parameters, but are
subjective, time-consuming, and are difficult
to interpret when there are small time-delays
(less than a quarter of the seismic peak
period). To aid in the modelling of the
subsurface anisotropic behaviour, automatic
procedures have been established to estimate
the shear-wave splitting parameters on a
routine and objective basis. These, and
several other methods, have been summarized
by MacBeth  and Crampin  (1990). Processing
procedures have also been developed for
interpreting these poolarizations  and
time-delays in terms of anisotropic structure
at depth for various acquisition systems.

DISCUSSION AND CONCLUSIONS

Anisotropy provides a very useful tool to
monitor features of a reservoir not
obtainable by conventional seismic methods.
Examples from synthetic and field data (Lost
Hills and Paris Basin) suggest that patterns
of shear-wave velocity variations are
sensitive to the properties of aligned,
fluid-filled inclusions permeating most
crustal rocks. In sedimentary rocks the
propagative behaviour is modified by the
transverse isotropy due to fine-layering,
producing an anisotropy with orthorhombic
symmetry. Temporal variations in the crack
properties have been observed from earthquake
data, suggesting that monitoring temporal and
spatial variations in the reservoir
properties may well prove fruitful. The
study indicates the way ahead in establishing
the relationship between pore fluid
properties, rock matrix properties,
environmental factors, and recorded
shear-waves. Investigations are proceeding
at the British geological Survey, into the
most appropriate acquisition configurations
(raypath, source, geophone), and automatic
processing techniques with which to measure
resrvoir changes. To achieve this objective,
it is necessary to explore the seismic
shear-wave response-,,more  fully, to build up a
better understanding of the relationship
between reservoir properties, fluid
properties and seismic characteristics.
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FIGURE 1. Phase (solid line) and group
(dashed line) velocity variations for body
waves propagating through a uniform material
permeated by aligned vater-filled inclusions
(EDA-cracks). The variations extend over a
quadrant of directions from parallel to
perpindicular  to the crack normals.
Variations are for an aspect ratio of 0.1 and
crack density of 0.05. Reservoir temperature
increases from left to right.
are quasi shear-vaves polarized

qSP and qSR
parallel and

at right angles to the plane though the
symmetry axis (and hence through the crack
normals).
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FIGURE 2. Variations of seismic body-vave
velocities for propagation through aligned
vater-filled inclusions at a crack density of
0.05, with aspect ratios of 0.001 to 1.0.
Notation as in Figure 1.
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FIGURE 3. velocity variations for mixtures
of liquid-filled oblated spheroids (APsO.8)
and flat cracks (ALO.0001) in the ratio l:O,
3:1,  l:l, 1:3,  O:l,  respect ive ly .  Notat ion
as in Figure 1.
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FIGUIU 4. (a) Phase velocities over a
quarter of a hemisphere of directions
(bounded by symmetry planes) for a
combination of EDA-cracks  vith an aspect
ratio of 0.001 and crack density of 0.05,
vith P’TL-anisotropy of 36%. The inner inner
(slower) surface corresponds to qS2, and the
outer (faster) to qS1. The viewpoint is the
centre ‘Y’ , and the EDA-cracks  are aligned
perpindicular  to the top right hand
direction. The phase velocity surfaces are
dravn as a grid vith increments every loo of
latitude and 6O of longitude.
(b) Equal area polar maps of three-dimensional
behaviour of polarization of leading split
shear-vave and differential time-delay. Upper
right diagram corresponds to phase velocity
sheets and lover right to group velocity. Upper
polarizations are obtained by projecting the
vave motion onto the horizontal plane using the
direction of the phase velocity vector, the
lover diagram uses the group velocity
direction. Point singularities where the tvo
velocity surfaces touch are marked by sold
circles (phase) and open circles (group).
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FIGURE  6. Shear-vave velocity variations
increasing aspect ratio vith supercritical

for

fluid velocities, simulating the response of
cracks in the earth to change in local stress
conditions.
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