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ABSTRACT

Pratt, R.G., Quan, L., Dyer, B.C., Goulty, N.R. and Worthington, M.H., 1991. Algorithms for EOR
imaging using crosshole seismic data: an experiment with scale model data. In: B.K. Sternberg,
M.M. Poulton and M.J. Sully (Editors), Int. Symp. on Borehole Geophysics: Petroleum, Hydrol-
ogy, Mining and Engineering Applications. Geoexploration, 28: 193-220.

Seismic velocities are influenced by many enhanced oil recovery (EOR ) techniques. The crosshole
seismic survey is well suited to the mapping of injection fluids or fracture patterns following reservoir
stimulation. Both traveltime tomography and wave-equation techniques can be used to monitor and
map changes in the seismic velocities, given pre-stimulation and post-stimulation crosshole seismic
data.

In order to evaluate algorithms for EOR mapping using crosshole seismic surveys, data were ob-
tained from a scale model of a crosshole seismic survey. The epoxy resin model contained simulated
geological structures with strong velocity contrasts. Two versions of the same model were constructed,
both with and without a simulated “flood™ zone of a known geometry. Traveltime tomography and
tow wave-equation algorithms, the inverse generalized Radon transform (inverse GRT) and fre-
quency-domain wave-equation imaging,were used to attempt to locate the extent and velocities of the
perturbation.

The results of this experiment show that traveltime tomography suffices to locate the flood zone
and to determine the magnitude of the velocity perturbations. However, images that resolve the ge-
ometry of the flood zone were only obtained when the full waveform was utilized, using either the
inverse GRT or frequency-domain wave-equation imaging. In this experiment the best images of the
flood zone were obtained using frequency-domain wave-equation imaging. This result is due to the
(realistic) complexity of the model, which supports wave types not accounted for by the acoustic ray
approximation used in tomography and in the inverse GRT.

Image quality depends on how the input data to the full waveform schemes are generated. For the
inverse GRT the change in interface reflectivities due to the flood zone could be detected using pre-
processed, “‘scattered” wave fields as input data. However, better images of the geometry of the flood
zone were produced when the input data consisted of “‘difference” wave fields (the subtraction of pre-
flood data from post-flood data ). Although the inverse GRT contains an “obliquity factor” that will
normally ensure a high image quality, a further result of the experiment is that the obliquity factor in
the inverse GRT needed to be suppressed to image the flood zone directly from the difference data.
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INTRODUCTION

Enhanced oil recovery (EOR) is a topic of increasing interest to the petro-
leum extraction industry. EOR can be achieved by altering factors that deter-
mine the production rates of hydrocarbons. Two possibilities are (1) the in-
jection of fluids to increase differential pressures or reduce viscosity, and (2)
the enhancement of permeabilities by induced fracturing of the reservoir rocks.
It is of interest to learn about the areal extent of the injection fluids or fracture
patterns following reservoir stimulation, in order to facilitate the planning of
production strategies. Geophysical surveys that provide such information are
a subset of a large number of possible EOR monitoring methods.

The various merits of current EOR monitoring techniques are reviewed by
Wayland and Leighton (1985). Among the methods discussed are pressure
testing, tracer analysis and seismic methods. The use of seismology to moni-
tor oil reservoirs is also discussed by Nur (1982) and Kretzschmar et al.
(1982). Seismic velocities are often influenced by EOR techniques, thus the
seismic survey is well suited to this application. The attraction of the seismic
method to monitor EOR lies in the ability to map formation parameters and,
by repeated application, to monitor changes in these parameters. The success
of monitoring techniques will depend on the magnitudes of the velocity per-
turbations introduced. Toksoz et al. (1976) have estimated that CO, flooding
may cause compressional velocity changes of a few percent (although this
depends on the nature of the reservoir). Steam flooding and in-situ combus-
tion can induce much greater velocity changes, due to the dependance of se-
ismic velocities on temperatures (Wang and Nur, 1988). The crosshole se-
ismic survey is particularly suited to the problem. Recently Justice et al.
(1989) successfully used crosshole seismic traveltime tomography to map the
progress of steam injection floods. Similarly, Bregman et al. (1989b) used
the technique to map in-situ combustion fronts.

This article will deal specifically with the image processing of crosshole se-
ismic survey data. We seek herein to provide a controlled experiment that will
allow the objective comparison of several algorithms. The experiment con-
sists of a simulation of a crosshole seismic EOR monitoring survey, carried
out in an ultrasonic modelling tank. We built two similar models that differed
only in the velocities in a specific “flood zone”. Scale crosshole surveys were
carried out in both models, and the resultant data were processed using three
different imaging algorithms. The three algorithms used were traveltime tom-
ography, the inverse generalized Radon transform (inverse GRT) (Miller et
al., 1987) and frequency-domain wave-equation imaging (Pratt and Wor-
thington, 1990).

Processing algorithms can be broadly divided into arrival-time analysis
(traveltime tomography) and wave-equation techniques. Traveltime tomog-
raphy generally operates on only the first arrival times to produce a map of
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the velocities between boreholes. Wave-equation techniques are required to
account for (and make use of ) scattering and dispersion of the seismic wave;
these effects are usually ignored when performing traveltime tomography.
Wave equation techniques can be likened to the focussing algorithms em-
ployed in the (pre-stack) migration of surface seismic data. As in migration,
wave-equation processes operate on the full recorded wave yield to field im-
ages of geological discontinuities (reflectors and scatterers) in the interwell
region.

Traveltime tomography with applications to crosshole seismic data has an
extensive literature associated with it. McMechan (1983), Worthington
(1984) and Wong et al. (1987) all provide comprehensive reviews. The first
application of the method to petroleum exploration and development ap-
peared in 1971 (Bois et al.,, 1971 ). Examples of the application of traveltime
tomography to crosshole data are more prevalent than examples of the appli-
cation of wave-equation techniques. Exceptions include Chang and Mc-
Mechan (1986), Lo et al. (1988), Pratt and Worthington (1988), Hu et al.
(1988) and Beydoun et al. (1989).

Wave-equation techniques can be subdivided into imaging algorithms and
inversion algorithms. The distinction between these approaches lies in the
objectives of the algorithm. Imaging algorithms seek to focus scattered waves
at their point of origin in the geophysical model. Inversion algorithms are
more ambitious; an inversion algorithm seeks to identify where the geophys-
ical model is in error and to provide an estimate of the corrections that are
required. In general many iterations of an inversion technique will be re-
quired to achieve complete convergence. Nonetheless, often useful results can
be obtained from a first iteration only, provided that the starting model is a
good representation of the gross velocity variations. Fortuitously, traveltime
tomography furnishes appropriately smooth starting models. With smooth
starting models the model errors are concentrated at velocity discontinuities,
and thus the migration and inversion approaches tend to resemble each other.
The combined use of traveltime tomography and wave-equation imaging has
been shown by Pratt and Goulty (1991) to be an effective approach.

Both the inverse GRT and frequency-domain wave-equation imaging are
mathematically formulated as inversion methods. However, the inverse GRT
is a linearized inversion method and converges in a single iteration for linear
problems. Frequency-domain wave-equation imaging is a non-linear inver-
sion method requiring multiple iterations to achieve convergence, even for
linear problems (for a full discussion and an illustration of this point, see
Pratt and Worthington, 1990). In this paper we apply only a single iteration
of each of these methods. Further iterations require subtracting modelled
waveforms from observed waveforms. We argue that, given contemporary se-
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ismic modelling methods, this subtraction would be dominated by modelling
errors (even for the relatively simple model considered here). Therefore, no
iterative inversion method can (yet) be carried beyond the first iteration.

In some respects the imaging of alterations to petrophysical parameters is
a less difficult problem than the mapping of static geological structure. In
principle, in EOR imaging, the seismic experiment can be carried out twice
and any differences in the recorded wave fields should be attributable to al-
terations due to EOR stimulation. We shall refer to the result of such a sub-
traction of datasets as a “difference” wave field. In practice, operational con-
straints may cause the difference wave field to be contaminated by other
effects, such as coupling inconsistencies or source signature variations. How-
ever, traveltimes are relatively insensitive to these effects, and therefore trav-
eltime inversion can be considered to be quite robust.

Without the existence of a pre-stimulation dataset, wave-equation tech-
niques require that crosshole data be extensively pre-processed. The primary
objective of the pre-processing is to separate directly arriving (high-ampli-
tude ) components in the wave fields from the low-amplitude scattered com-
ponents. We refer to the two components as the “direct” wave field and the
“scattered” wave field. The scattered wave reaches the receivers indirectly,
having been scattered, reflected, diffracted or otherwise perturbed from the
direct wave paths by geological anomalies. The imaging process serves to map
events in the scattered wave field onto the scattering locations in the image.
The separation of the two wave fields is essential, since the direct wave field
is re-focussed by wave-equation methods everywhere in the image (Chang
and McMechan, 1986). This leads to an unacceptable corruption to the im-
ages if the direct wave field is not removed beforehand. It will be shown that
the two approaches to pre-processing, leading to either a difference wave field
or a scattered wave field, result in very different images.

Since wave-equation technigques require a solution to the forward problem,
a further distinction between wave-equation techniques can be made accord-
ing to the forward modelling methods that are implemented. For generality
and computational efficiency, the method of choice is ray tracing (Chapman,
1978). However, ray theory has its limitations. In particular, the more com-
plex a model is the more difficult it will be to obtain a solution to the ray
equation linking a given pair of points. When model becomes complex (and
we would like our models to reflect the complexity of the real world) a better
technique is the method of finite differences (Kelly et al., 1976 ). The method
of finite differences has the advantage of automatically generating all wave
types and can handle completely general velocity distributions, although this
generality comes at a significant computational cost. In this paper, the inverse
GRT algorithm employs ray tracing to forward model the data, whereas wave-
equation imaging employs frequency-domain finite differences.
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SCALE MODEL DESCRIPTION

In order to provide suitable data to evaluate imaging methods, two cross-
hole seismic surveys were simulated in the ultrasonic seismic modeling sys-
tem at University of Durham (Sharp et al., 1985). The epoxy resin models
each consisted of a layered structure with increasing velocities from top to
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Fig. 1. Schematic of the layered epoxy resin scale models used to simulate the crosshole surveys.
A total of 51 source positions were used and waveforms were recorded at 51 receiver positions.
The models extended vertically beyond the limits shown here by 37 mm in either direction, and
by 87 mm in both directions out of the plane. Two models were built, in the second model a
lower velocity material was used in the cross-hatched region in the figure.
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bottom (see Fig. 1). Two anomalies were included that simulated (i) a dip-
ping layer with a vertical discontinuity, and (ii) a channel that cut into the
center of one of the horizontal beds. Nominal velocities ranged from 2.123
km/s in one low velocity “reservoir” layer to 2.92 km/s at the bottom. Two
models were prepared, the second identical to the first except for the inclu-
sion of a simulated flood zone in the reservoir layer. The nominal velocity of
the flood zone was 2.107 km/s.

The models were submerged in water and, by positioning ultrasonic piezo-
electric transducers at the left and right edges of the models, transmission
experiments were carried out using 51 source positions. Waveforms from each
source position were recorded at 51 receiver positions, giving a total of 2601
traces in each survey. The bandwidth of the transmitted data lies between 200
and 500 kHz.

The model can be scaled up to realistic dimensions by multiplying dis-
tances and times by a factor of 1000 (millimetres become metres and micro-
seconds become milliseconds). Thus the experiment simulated a cross-hole
survey in which the interwell spacing was 54.5 m, and the depth interval was
125 m. The scaled frequencies of the recorded data ranged between 200 and
500 Hz. A typical common receiver gather of the data is shown in Fig. 2a.
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ALGORITHMS

This section will introduce the three approaches used to form images from
the data from the scale model experiment described in the previous section.

Traveltime tomography

Traveltime tomography is conceptually sample, but has proven to be a dif-
ficult technique to implement effectively in practice. The basis of traveltime
tomography is the linear equation system:

a7
STkz(g&)kiSUg (1)

(summation notation used ), where d7) is the differential traveltime (differ-
ences between observed and modelled times) for the kth seismic trace and
oU; is the differential seismic slowness (the differences between the current
estimates and the new estimates) at the /th location in the model. Given mea-
surements of the traveltimes, a method for forward modelling through the
current slowness model and a method for computing the partial derivatives,
eq. (1) can, in principle, be solved for the differential slownesses.

Ray theory is usually used to forward model the arrival times and to com-
pute the partial derivatives, but some codes are more sophisticated than oth-
ers. Ray tracing methods may or may not correctly account for ray curvature
in the current model. The generation of the partial derivatives can be simpli-
fied in the case of straight ray segments (Dyer and Worthington, 1988). In
the more correct, curved ray case quite complex analytical expressions are
required (Bregman et al., 1989a).

In practical crosshole applications, eq. (1) is underdetermined (there are
an infinite number of solutions that can fit a given data set). Furthermore,
no data set is free of noise. In order to manage the solution of underdeter-
mined versions of eq. (1) in the presence of noisy data, care must be paid to
the way in which the problem is constrained. Many algorithms for constrain-
ing, or regularizing, the inverse problem have been proposed.

The solution of eq. (1) can only be considered to be a single iteration in
the solution of a non-linear problem. The partial derivatives are themselves a
function of the solution, and traveltime tomography algorithms must recom-.
pute the differential travel times and the partial derivatives following each
solution of eq. (1). There is no guarantee of convergence in such a scheme,
although in practice non-linearity ih tomography would appear to be weak
enough that the iterative method converges (Bregman et al., 1989a).

Algorithms for traveltime tomography differ in forward modelling tech-
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niques, in the computation of the partial derivatives, in the regularization
used to solve eq. (1), and in the way in which non-linearity is handled. In this
study, the methods used by Dyer and Worthington (1988), and Dyer (1988)
were applied. Since the model in this study is comprised of homogeneous
segments, we were able to accurately trace rays through the model using rays
that consisted of straight segments within layers, and correct ray bending at
interfaces. (The a priori knowledge of the nominal velocities and the geome-
tries of the interfaces was used. The objective of our study was not to extoll
the virtues of the particular implementation of traveltime tomography used,
but rather to provide a result that would be representative of the best possible
tomographic inversion).

Inverse generalized Radon transform (inverse GRT)

Using diffraction-time curves to interpret seismic waveforms is a geomet-
rical approach that was extensively used before the advent of the digital com-
puter (see Hagedoorn, 1954). In the early 1970’s this approach was devel-
oped into an algorithm for digital migration, a method we shall refer to as to
diffraction-stack migration. The method is straightforward and intuitively
obvious; for each image location a diffraction-time curve is computed, rep-
resenting the arrival times of all scattered events in the data originating from
that image location. Data are then summed over the curve; any scattered data
from that image location sum coherently, all other data are discriminated
against. The procedure is repeated for all image locations.

The diffraction-stack procedure was recognized by French and others
(French, 1974; Schneider, 1978) as a solution to the Kirchhoff integral for-
mulation of the wave equation in homogeneous media, provided the data were
appropriately weighted and filtered before stacking. Beylkin (1985) showed
how the solution to the seismic inverse problem in more general media could
also be formulated as a weighted diffraction stack. This approach, based on
Beylkin’s earlier formulation (1984) of a generalized Radon transform and
its inverse, was further developed and applied by Miller et al. (1987). [It
should be noted that Beylkin’s generalization of the Radon transform is not
the same as Chapman’s earlier (1981) generalized Radon transform].

The GRT associates each data point in time with an isochron surface pass-
ing through the perturbations. Dually, the inverse GRT associates each image
point with a diffraction-time surface passing through all the records. [Hage-
doorn (1954 ) referred to isochrons as curves of “maximum concavity” in the
model and to diffraction-time curves as curves of “maximum convexity” in
the data]. The inverse GRT is based on the Born linearization of the acoustic
wave equation. Algorithmically, the inverse GRT differs primarily from other
migration techniques in the form of the “obliquity factor”’, dependent on the
angle between incident and diffracted rays at a given image point.
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Most migration operators contain an obliquity factor (the exception is dif-
fraction-stack migration which contains no weighting, filtering or obliquity
factor). In the inverse GRT the obliquity factor has been shown by Esmersoy
and Miller (1989) to have an important effect, sharpening the point spread
function (the image obtained from the data from a point scatterer). How-
ever, the obliquity factor can have a detrimental effect when the data contain
a forward scattered component (i.e., the scatterers affect the arrival times).
This deficiency of the inverse GRT arises because the Born approximation
does not adequately model the transmitted wave through a scattering me-
dium (a better approximation would be the Rytov approximation, see for
example Slaney et al., 1984).

The diffraction-time curves are always tangent to the direct arrival curve at
some point. Thus, if not removed, the high-amplitude direct wave field will
contribute to the image at all points of the model. The obliquity factor re-
ferred to above in fact acts to discriminate against the direct arrival, although,
especially for band limited data, the direct arrival will still contribute to the
image. This is a manifestation of the corrupting effect of the direct wave field
described in the Introduction. As with any wave-equation technique, it is nec-
essary to separate the direct wave field from the total recorded wave field
before applying the inverse GRT. This pre-processing stage is further de-
scribed in the Results section.

The inverse GRT requires extensive ray tracing in order to generate the
appropriate diffraction-time curves. The ray tracing is most efficiently car-
ried out by computing and storing a table of times for each image location,
corresponding to the times for ray paths to the image point, (i) from each
source location, and (ii) from each receiver location. The time of a diffracted
arrival for a particular source and a particular receiver is simply the sum of
the two times. For the purposes of this paper, the traveltime tables were com-
puted by ray tracing, using the velocities from traveltime tomography. Ray
paths were refracted at model interface locations in the same manner as in
the tomographic velocity imaging.

An important aspect of the inverse GRT is that the point spread function
is intimately related to the range of the angles of the isochron surfaces avail-
able. Where only a limited set of isochron surfaces are available (for example,
from data from a single source position), the point spread functions spread
along the isochron surfaces. This fact can be utilized in incorporating a priori
information about the prevailing range of dip angles. By limiting the local
dips of the actual isochron surfaces to conform with this a priori information,
better resolved images are obtained. This approach was used by van der Poel
and Cassell (1989) in imaging single offset VSP data, who referred to this as
a “dip aperture”. Here we implemented a dip aperture by not stacking data
when the computed angle between incident and diffracted rays was greater
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than 120 degrees (for a given incident ray and imaging point, this rejects higher
dip data).

Application of the method to crosshole data differs slightly from surface
reflection data due to energy being diffracted from above, below and between
each source and receiver pair, whereas only diffractions from below are pres-
ent in surface reflection data. To account for these differences the polarity of
energy diffracted from above a source and receiver pair was reversed before
being stacked (cf. Hu et al., 1988). This was done by partitioning the data
into positive and negative apparent velocity components by the application
of an f~k filter. Two images of the velocity discontinuities were formed; one
from the upgoing events and one from the downgoing events. The polarity of
one of the images was then changed before summing the two images.

Frequency-domain wave-equation imaging

The frequency-domain wave-equation imaging technique used here has been
described fully elsewhere (Pratt and Worthington, 1990; Pratt, 1990a, b; Pratt
and Goulty, 1991). The imaging technique is derived from a gradient method
for wave-equation inversion (Tarantola, 1984a, b). The most important as-
pect of Tarantola’s work was the derivation of a tractable algorithm for cal-
culating the gradient of an objective function with respect to perturbations in
the acoustic (or elastic) parameters of the medium. The objective function is
used to quantify the misfit of the current model. The gradient of the objective
function is the direction of steepest descent in the model space and, as such,
can be displayed as an image of the model errors. If one begins with a smooth
version of the true velocities, the image will depict the discontinuities in the
velocities.

Tarantola formulated the inverse problem in the time-space domain. Oth-
ers have used the frequency-wavenumber domain (Stolt, 1978; Devaney,
1984; Wu and Toksdz, 1987). In the context of crosshole seismics, an imple-
mentation in the frequency-space domain is perhaps most appropriate
(Woodward and Rocca, 1988). Provided the survey aperture is wide, there is
a greater redundancy in the information content of the recorded wave field.
Useful images can be formed from single frequency components of the data,
and image enhancement can be implemented by simply summing as many
images from separate frequency components as may be required. Either the
acoustic wave equation or the elastic wave equation can be used. Best results
are obtained using the elastic wave equation, although this is achieved only
at considerable additional computational expense. In this paper we use the
gradient method for elastic wave-equation imaging, implemented in the fre-
quency-space domain (see Pratt, 1990a). The images we show were formed
by summing the images from five individual frequency components of the
data.
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An important aspect of the gradient approach to wave-equation inversion
is the lack of any dependence on particular forward modeling algorithm. The
method only requires some method for propagating waves, the user is free to
decide which method is appropriate for a particular application. In the con-
text of multiple source cross hole seismics an appropriate technique is the
method of finite differences, applied in the frequency domain (Pratt, 1990b).
The computational efficiency of frequency-domain finite differences comple-
ments the frequency-domain approach to imaging.

The imaging method operates on only a single frequency component of the
data at a time. Mono-frequency scattered wave fields for each source position
are time reversed and used as forcing functions in a wave propagation stim-
ulation. A partial image for each source is formed by multiplying these ““back-
propagated” data by a second wave field, computed by forward propagating
the source terms. Before multiplication, and “adjoint operator™ is applied to
both wave fields. The adjoint operator acts to unravel the wave field infor-
mation into the desired model parameter, in this case velocity anomalies
(Mora, 1987). The multiplication of the two frequency-domain wave fields
is equivalent to the application of an imaging condition; it replaces the cross-
correlation of time-domain wave fields performed in many time-domain mi-
gration or inversion algorithms. Following the computations of the partial
images for each source position, the results are summed from all 51 source
positions to yield a final image.

RESULTS

This section describes the results we obtained when we used the three meth-
ods describes in the Algorithms section (above) to form images from the scale
model data described earlier. The wave field pre-processing required for wave-
equation imaging and results of pre-processing the model data are also de-
scribed in this section.

Tomography

First arrival times were picked on both the pre-flood data. We used these
times to form velocity images by traveltime tomography. As described in the
introduction, the ray paths used in this study were obtained by ray tracing
through an interface model based on Fig. 1 (the nominal velocities were used
to compute ray bending at interfaces). We used this approach in order to
simulate the optimal performance of a curved ray tomography algorithm.

The “true” ray paths described above were used to form the tomograms
from the pre-flood data (Fig. 3a) and the post-flood data (Fig. 3b). The so-
lution of eq. (1) was accomplished using the simultaneous iterative recon-
struction technique (SIRT) (Dines and Lytle, 1979). Eleven iterations of the
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Fig. 3. Traveltime tomography results (compressional velocity maps). (a) Tomography image
from the pre-flood data, (b) tomographic image from the post-flood data, and (c) differences
between pre-flood and post-flood tomography results. The image dimensions are the same as

those given in Fig. 1.
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SIRT were used in both cases. Figure 3¢ shows the difference image obtained
by subtracting the two velocity images from each other. The presence and
position of the flood zone can be easily discerned, although the exact geome-
try of the flood “front” cannot be interpreted from these images. The differ-
ences in velocities introduced by the presence of the flood zone can be esti-
mated from these results to be of the order of 0.4 km/s. This is much larger
than the difference in the nominal velocities (0.016 km/s). It should be noted
that the true velocities can differ from the nominal velocities due to local
factors in the preparation of the epoxy resins for the model (for example, the
absorbtion of water from the ultrasonic tank ).

The same ray paths were used in the formation of both the pre-flood and
post-flood images. These ray paths were based on the nominal velocities,
without the presence of the flood zone. The magnitude of the velocity pertur-
bation due to the flood zone was greater than was expected when the model
was designed, and some of the artifacts that can be seen on the difference
image are due to the inaccuracies of the ray paths in the post-flood inversion.
An iterative, curved ray approach could likely have reduced the effect of these
artifacts.

Tomographic image resolution is essentially governed by two factors. The
first of these is the Fresnel zone width associated with the wave propagation.
Traveltimes are unaffected by variations within a Fresnel zone width. The
Fresnel zone has dimensions of the order of \/Zi (see, for example, William-
son, 1991), where L is the propagation distance and 4 is the wavelength. For
this survey L~ 55 mm and A~ 7 mm, so that the Fresnel zone width is of the
order of 19 mm. The survey should be able to resolve anomalies provided
they are, say, half this distance apart, or approximately 10 mm. Qur results
appear to have a better resolution than this, partly due to the fact that the ray
paths were fixed, a priori, by the nominal velocities. The central layer (2.81
km/s, 8.5 mm thick) is just barely resolved.

The second factor governing resolution is the smoothing imposed by the
particular linear equation solving technique used. Because tomography, for
borehole geometries, results in extremely ill-conditioned systems, overfitting
of data can result in the amplification of noise ( picking errors) and unreason-
able images. This is avoided by solving only for the well determined model
eigenvectors (in practice this can be achieved limiting the number of itera-
tions of SIRT). Because the well determined eigenvectors correspond approx-
imately to the smooth components of the model (see for example, Bregman
et al., 1989c) the images are at least as smooth as the roughest eigenvector
used. This smoothness is very difficult to quantify as it depends critically on
factors such as the number of sources and receivers, the aspect ratio of the
survey and the noise level of the data. However, it is likely that the smooth-
ness imposed by the solution method is within the Fresnel zone width quoted
above.
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Wave field pre-processing

In order to proceed to processing of the wave fields using the inverse GRT
and the frequency-domain wave-equation imaging methods, it was necessary
to pre-process the data. This involved two stages. In the first stage an estimate
of the direct wave field was obtained and used to deterministically decon-
volve the data. In the second pre-processing stage the deconvolved data were
separated into direct and scattered (deconvolved) wave fields. This method
of obtaining an input to wave-equation imaging schemes, if carefully applied,
works well with good quality field data.

The separation of downgoing (direct) wave fields from the upgoing (scat-
tered ) wave fields is a standard procedure that is regularly applied to vertical
seismic profile (VSP) data. Similarly, in processing VSP data the downgoing
wave field is often used to design deterministic deconvolution operators. Us-
ing techniques very similar to those used in VSP processing, we applied a
moveout correction to align neighbouring traces according to their first ar-
rival times, and then applied a running mean filter (as described in Hardage,
1983) to form an estimate of the direct arrival. In order to discriminate against
scattered waves that might have similar moveouts to the direct waves, the
running mean was applied in both common source and common ray angle
domains. This modification, first described by Pratt and Goulty (1991), is
essential in order to effectively separate direct and scattered wave fields in
crosshole applications.

The purpose of the first pre-processing stage, deconvolution, was twofold.
Firstly, to compress the source wavelet, since wavelet compression is required
for the inverse GRT to perform well. Secondly, it was desirable to remove the
coherent variation in the source signature with ray angle. A different decon-
volution filter was computed at each ray angle, and used to deconvolve all the
data with a common ray angle to a globally consistent wavelet. (Just here, the
term ray angle 1s used to refer to the angle between the horizontal and a straight
line joining source-receiver pairs.) The post-flood data following deconvolu-
tion are shown in Fig. 4a.

In the second pre-processing stage a scattered wave field was estimated from
the deconvolved data. In the absence of pre-flood data this is the only way of
obtaining a suitable input to the full waveform schemes. The direct wave field
was extracted from the deconvolved data in the same manner as described
above. In this case, the direct wave field was then subtracted from the total
deconvolved wave field to yield the deconvolved scattered wave field. Be-
cause direct shear waves were also present, these were also removed in a sim-
ilar fashion, by using moveout corrections based on picked shear wave ar-
rivals. A common receiver gather of the data following the removal of both
direct wave types is shown in Fig. 4b.

In the pre-processing of data for the frequency-domain imaging we left scat-
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Fig. 4. Wave field pre-processing. (a) Deconvolved post-flood data. (b) Scattered wave field
extracted from post-flood data in (a). (¢) Deconvolved difference data. Numbers on the hori-
zontal axes refer to the source numbers (see Fig. 1).

TIME IN SECONCE )
TIME IN SECONCE

tered shear waves intact, a desirable effect since we applied an elastic wave
equation algorithm, which backpropagates both shear and compressional
scattered waves simultaneously. For the inverse GRT we also attempted to
remove remaining, scattered or mode converted shear wave energy. This was
accomplished by applying a recursive dip filter (Hale and Claerbout, 1983).
A cutoff dip of 1.6 km/s was used in the recursive dip filter. (It should be
noted that some reflected compressional waves may be attenuated using this
approach.)

Difference wave fields

Where a repeatable crosshole survey has been carried out before and after
reservoir stimulation, a different, and more accurate (but less robust) ap-
proach can be used to eliminate the effects of the direct wave. In such cases
the two data sets are subtracted from each other, providing a difference wave
field. It is well known that such difference fields can be described to first order
by the (distorted wave) Born approximation (see, for example, Aki and
Richards, 1980). The use of the Born approximation allows the difference
wave fields to be expressed as the solution to a new wave equation in which
the parameter perturbations act as virtual sources. When applying migration-
like techniques the imaging condition is satisfied at the locations of these vir-
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tual sources. Therefore, the difference field is a suitable input to migration or
imaging algorithms when one is interested in mapping the geometries of the
altered velocity zones. The difference wave field, following the application of
the deconvolution process describes above, is shown in Fig, 4c.

Images from scattered wave fields

An inverse GRT image and an elastic wave-equation image, both formed
from the deconvolved, pre-flood, scattered wave field are shown in Figs. 5a
and 5b. The extensive ray tracing required to generate the inverse GRT image
took roughly 5 hours to perform on a VAX 11/780. As described above, ray
paths were assumed to consist of straight segments — curved ray tracing would
have taken much longer. Each wave equation image took 4 hours to compute
on an FPS-164/MAX scientific computer. The image shown in Fig. 5b is the
sum of five images obtained from five different frequency components of the
scattered data, equally spaced within the temporal bandwidth of the data.

The two full waveform results (Figs. 5a and 5b) each have their own merits
and deficiencies. In both images the interfaces are better defined than on the
tomography image, Fig. 3a. The inverse GRT (Fig. 5a) yields an excellent
image of the interfaces (i.e., the discontinuities in the velocities). The high-
amplitude “events” on this image all correspond to real interface locations in
the model. In contrast, the wave-equation image, Fig. 5b, is not as well fo-
cussed. The dipping layer, and the vertical fault, are better recovered in the
inverse in the GRT image. However, the wave-equation image has succeeded
in recovering a better image of the semi-circular channel feature at the center
of the model.

The differences described in the paragraph above can be understood in terms
of the physical basis of each of the algorithms. The inverse GRT is a true
linearized inversion. The obliquity factor (discussed in a previous section)
ensures that, in linear problems (i.e., where the starting model is close to the
true model), the result will be an exact image of the errors in the model. As
stated in the Introduction, the wave-equation technique requires iteration,
even in linear problems. Thus we expect that the inverse GRT will yield a
better focussed result over most of the model.

In contrast to the inverse GRT, the wave-equation method uses the method
of finite differences, rather than ray theory, to model wave propagation. In

Fig. 5. Images from scattered wave fields (as in reflection seismic images, the units of these
images are meaningless). (a) Inverse GRT image using pre-flood scattered data. (b) Elastic
wave-equation image formed by stacking separate results from five frequency components of
the pre-flood scattered data. (c¢) Image formed by subtracting two inverse GRT images (the
pre-flood and the post-flood images) from each other. Images in (a) and in (b) have been
normalized to * 50%. The image in (c) has the same normalization factor as in (a). The image
dimensions are the same as those given in Fig. 1.
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Fig. 5. (Continued).
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Fig. 6. Images from difference wave fields. (a) Diffraction-stack migration of difference wave
field. (b) Elastic wave-equation image formed by stacking separate results from five frequency
components of the difference wave field. Images in (a) and in (b) have been normalized to
+ 50%. The image dimensions are the same as those given in Fig. 1.
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regions of high model complexity, such as at the central channel feature, it
proved difficult to find solutions to the ray equations. The finite difference
method encounters no such difficulties. The finite difference solution also
succeeds in modelling the trapped, or guided wave modes that exist in the two
low velocity layers. These guided waves can be clearly seen in the raw data
(see the central traces in Fig. 2a). Thus, we can understand that wave-equa-
tion imaging yields a superior image of the channel feature.

The inverse GRT was also used to form an image from the post-flood scat-
tered data. (For reasons associated with the cost of computing time these data
were not used to form a wave-equation image. ) The same ray paths were used
for the ray tracing of both pre-flood and post-flood models; in the former.case
the times were modelled by integrating slownesses from the pre-flood tomo-
gram (Fig. 3a) over the ray paths, in the latter case the slownesses from the
post-flood tomogram were integrated. As in the tomography, additional ab-
errations were created by ignoring the effects of the flood zone on the ray
paths.

In Fig. 5¢c we show only the differences between the pre-flood GRT image
and the post-flood GRT image. These differences represent changes in the
magnitudes of the velocity discontinuities due to the presence of the flood
zone. The flood zone can be seen to have altered the magnitudes of the veloc-
ity discontinuities above and below the zone. However, these images of these
edges of the flood zone are associated with artifacts that “leak” into the layers
above and below the flood zone and make the result very difficult to interpret.
This leakage is a result of applying an incorrect imaging condition to the guided
wave events arising from multiple internal reflections inside the reservoir layer
— a manifestation of the inaccuracy of the acoustic ray approximation em-
ployed by the inverse GRT. The dipping interface between the flood zone and
the reservoir layer is not recovered using this approach.

In contrast to tomographic imaging, the scale length that governs the reso-
lution of a wave-equation image is not the Fresnel zone width, but the wave-
length (approximately 7 mm in this survey). If the aperture of the survey
were sufficiently wide and the noise level sufficiently low, we would hope to
be able to resolve anomalies as close as, say, a half wavelength apart (3.5
mm ). The fact that the layer containing the semi-circular anomaly can be
seen on these images even at its thinnest portion (3 mm) suggests that this is
a fair measure of the resolution. The wave equation images are significantly
better resolved than the tomography images.

Images from difference wave fields
The final images of this paper are an inverse GRT image (Fig. 6a) and an

elastic wave-equation image (Fig. 6b), both formed using the deconvolved
difference wave fields (Fig. 4¢) as input data. Because the flood zone acts as
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a virtual source for the difference fields, we expect the images to effectively
map the flood zone. Both the images do in fact appear to yield quite satisfac-
tory images of the actual areal extent of the flood zone. These are both an
improvement on the results obtained from the scattered data (Fig. 5c) and a
great improvement on the traveltime tomography results, Fig. 3c.

The differences in these images reveal much about the algorithms. The first
point to be made is that the image in Fig. 6a was obtained by suppressing the
obliquity factor in the inverse GRT (thus we refer to it as a diffraction-stack
image ). When the obliquity factor was included, the image looked similar to
Fig. Sc. This is because the obliquity factor has the effect of reducing the weight
of data lying close to the direct arrival curve (since this is where the angle
between incident and diffracted rays is greatest). Yet, data close to the direct
arrival curve is critical in the difference data. This high amplitude data (see
Fig. 4c) is primarily due to the differences in the arrival time of the direct
and refracted body waves. We conclude that these data contribute impor-
tantly to the image of the flood front, and that the inverse GRT is better able
to use these events without the obliquity factor. The Born approximation is
known to be inadequate in describing arrival time perturbations, so that this
effect is likely due to use of the Born approximation in the formulation of the
inverse GRT.

The wave-equation image, Figure 6b, is our best image of the flood front.
The finite difference propagation technique used has succeeded in confining
the re-focussed wave fields to within the reservoir layer, whereas the inverse
GRT has allowed the energy to leak into the layers above and below. In this
case the more accurate modelling method of finite differences has overcome
the advantages of using a linearized scheme such as the inverse GRT.

CONCLUSIONS

Our primary conclusion is that crosshole seismic surveys are well suited to
the EOR mapping problem. We believe our results show that the full wave-
form should be utilized in these applications. Traveltime tomography is an
important step in forming maps of velocity distributions, but we emphasize
that much more can be obtained from crosshole seismic data. The resolutions
of the wave-equation images we obtained are almost twice as good as the res-
olution of the traveltime tomography images. However, since each wave-
equation method is based on approximate methods, a thorough understand-
ing of the physical basis of each method is critical in interpreting the images.

Inverse GRT imaging and wave-equation imaging using a finite difference
approach each have their own strengths and deficiencies. Qur results indicate
that when the geology is relatively simple, an inverse GRT approach should
yield well focussed images of the velocity discontinuities (geological inter-
faces). In complex regions and when multiply scattered arrivals are observed
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(such as interbed multiples and guided waves), an approach based on finite
difference modelling is more appropriate. The use of finite difference mo-
delling can, of course, imply a considerable increase in the cost of computing
images.

We have also compared EOR maps formed using scattered wave fields (ex-
tracted from a single recorded wave field) and difference wave fields (ex-
tracted by subtracting pre-stimulation data from post-stimulation data). We
conclude that the latter approach yields the better images. We emphasize the
importance of carrying out a repeatable survey, using identical survey geom-
etries, if this approach is to succeed. Where operational constraints preclude
this, we are reduced to pre-processing to extract a scattered wave field.

The scale model has clearly not simulated all the potential vagaries of field
crosswell data. For example, borehole waves (“tube waves”) are often a sig-
nificant component of recorded wave fields. Although tube waves carry infor-
mation, from the point of view of the algorithms discussed here they must
considered as a form of coherent noise and dealt with accordingly. Source and
receiver coupling inconsistencies will also severely handicap the wave-equa-
tion approach. Finally, the ubiquity of anisotropy in the Earth’s crust will
cause very severe image distortions for both tomography and wave-equation
imaging if not accounted for. Further research is certainly required to evalu-
ate the severity of these problems and to attempt to find solutions.

The full waveform algorithms we have utilized to form the images for this
paper operate on the scattered waves in the data. It is the signal to noise ratio
of the scattered waves that will be critical when applying these methods to
field data. Data adequate for traveltime tomography is not necessarily ade-
quate for full wave from processing. The amplitudes of the scattered energy
may be many decibels down from the directly arriving energy. Source and
receiver coupling problems may not be a problem for traveltime measure-
ments, but must be avoided when considering wave-equation methods. The
immediate task at hand is to obtain suitable datasets for the field evaluation
of the methods outlined in this paper.
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