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ABSTRACT : Use of prestack data for quantitative analysis of hydrocarbon reservoirs has gained popularity over the past
decades. Most of these quantitative studies rely on the seismic reflection amplitude variation with offset (AVO) and/or elastic
impedance (EI) analysis. AVO/EI makes an assumption that reflection amplitudes, recorded on the prestack seismic data, are
primary P-wave reflections and there are no contaminations of these amplitudes from wavefield transmission effects and from
other wave modes. This, in turn, is equivalent to a convolutional assumption, i.e., the prestack seismic data can be theoretically
predicted by convolving a given seismic wavelet with the reflection coefficient time series, computed for different angles of
incidence.  In this paper, we demonstrate that for realistic geologic models, convolutional assumption is approximately valid only
at relatively small offsets/incidence angles. For large offsets/incidence angles, P-wave reflections are severely affected by interference
from other wave modes, and therefore, a convolutional model that is typically employed in an AVO/EI analysis is not valid. To
correctly account for the wave interference effects, it is necessary to use a wave equation-based methodology such as prestack
waveform inversion (PSWI). PSWI is extremely important for Q-acquired high-resolution seismic data that has been gaining
popularity in recent years. Higher offset and frequency sampling of such data allows accurate estimation of elastic parameters that
can be used in predicting lithology and reservoir fluids. We show that the consequence of a convolutional assumption is more
severe for such high-resolution data compared to a conventional one. Using real and synthetic high resolution prestack seismic
data, we demonstrate the value of PSWI in delineating reservoir fluid properties. PSWI is the tool that should ideally be applied
at every common midpoint (CMP) location in a 3D seismic data volume. We must, however, note that PSWI is computer intensive,
because it computes many forward synthetic models to obtain an estimate of the optimum earth model at a given CMP location.
This limits application of PSWI only to a selected few control locations, and for 3D applications, we must use PSWI in conjunction
with AVO/EI analysis in a hybrid seismic inversion scheme. We present some results of such hybrid seismic inversion using Q-
acquired high-resolution seismic data from the deep water Gulf of Mexico. As computers are becoming faster every day, it is
expected that in the near future, it will be possible to efficiently compute forward prestack seismograms for complex models, and
apply PSWI over large data volumes.

INTRODUCTION

Use of prestack seismic data for quantitative studies
of hydrocarbon reservoirs is currently limited to AVO/EI
analysis. In AVO analysis, we assume that the prestack
seismic amplitudes are proportional to the plane P-wave
reflection coefficients R, given approximately by Bortfeld
(1961), Shuey (1985), and others as:

R(θ) ≈ A + Bsin2θ + Csin2θ tan2θ                 (1)

where A is the AVO intercept, B is the AVO gradient, and θ
is the angle of incidence. The term C in equation (1) is known
as the higher order AVO term because its contribution to the
computed reflection coefficient is significant only for large
(usually more than 25-30°) incidence angles. An AVO
analysis requires fitting of equation (1) to prestack data to
extract A, B, and C. In a three-term fit, all three terms on the
right side of equation (1) are used. In a two term fit, on the
other hand, incidence angles above 25-30° are ignored and

only the first two terms on the right side of equation (1) are
used. Once A, B, and optionally C are obtained, they are
combined with one another to obtain other AVO attributes.
Finally, reservoir lithology and fluid definitions are based
on the inversion and interpretation of these AVO attributes.
In EI analysis, we first define the elastic impedance E
(Connolly, 1999) as:
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In equation (2), V
P
 is the P-wave velocity, V

S
 is the

S-wave velocity, and ρ is the density. Once E is defined as
above, the reflection coefficient for the given angle θ is given
as:

R( ) θ ≈ 1
2

∆E( )θ
E( )θ                                (3)

where ∆E is the EI contrast. It can be shown that
the EI formulation of equation (2) is exactly equivalent to
the three-term AVO formulation of equation (1). In addition,
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it can also be shown that if the term tan2 θ in the exponent of
V

P
 in equation (2) is replaced by sin2 θ, the resulting EI

equation becomes exactly equivalent to a two term AVO. Note
that in EI formulation, the reflection coefficient at any
arbitrary angle θ has the same form as the normal incidence
reflection coefficient. Therefore, in EI analysis a standard
poststack inversion procedure is used to invert the angle traces
for a range of incidence angles, giving EI values for those
angles. Once obtained, the elastic model is extracted from a
linear fit to the logarithm of the inverted EI values (Cambois,
2000).

Although AVO and EI are useful and have been
applied successfully to a wide variety of prestack data
examples, they both suffer from some drawbacks. The
primary reason for this is the fact that they are not strictly
valid at large incidence angles. Note that in both AVO and
EI, we assume that all reflection events on prestack seismic
data are P-wave primary reflections and there is no
contamination of these primary reflection amplitudes with
other wave propagation effects such as transmission loss,
interference with other wave modes, thin-bed tuning, and
others. This assumption is equivalent to a convolutional
model, i.e., prestack seismic data can be theoretically
predicted by convolving a given seismic wavelet with the
reflection coefficient time series, computed for a range of
incidence angles. Such a convolutional model is
approximately valid for simple earth models with a relatively
small number of layers, separated by large time intervals
where the wave propagation effects are negligibly small. For
complex models with a large number of thin layers, typically
used in reservoir applications, the wave propagation effects
are very large, causing the convolutional model to be invalid,
especially at large incidence angles. This departure from the
convolutional assumptions at progressively higher and higher
incidence angles is one of the reasons for the fact that most
successful AVO/EI applications have so far been limited to
relatively small angles, employing only a two-term analysis.
A two term analysis may be adequate for a wide range of
reservoir sands from the Gulf of Mexico for which the AVO
behaviors are well documented approximately valid for
simple earth models with a relatively small number of layers,
separated by large time intervals where the wave propagation
effects are negligibly small. For complex models with a large
number of thin layers, typically used in reservoir applications,
the wave propagation effects are very large, causing the
convolutional model to be invalid, especially at large
incidence angles. This departure from the convolutional
assumptions at progressively higher and higher incidence

angles is one of the reasons for the fact that most successful
AVO/EI applications have so far been limited to relatively
small angles, employing only a two-term analysis. A two term
analysis may be adequate for a wide range of reservoir sands
from the Gulf of Mexico for which the AVO behaviors are
well documented.

There are, however, many examples where the AVO
anomaly is not detectable for angles below 35-45°. AVO/EI
application out to such high angles where a convolutional
assumption is not valid should be treated with caution. In
the recent years, the high-resolution Q-acquisition system
(Svendsen and Larsen, 2001) has gained popularity in the
seismic industry. Such a system allows high-frequency
seismic wavefield to be recorded at a very fine spatial
sampling. The effect of convolutional assumption in such
high-resolution prestack seismic data is even more severe
than in conventional data. High-resolution Q-data allow
reservoir layers to be seen at much finer depth intervals than
the conventional data. Consequently, wave effects in such
data are more severe than in conventional data, and a
convolutional model may not be valid even for angles less
than 25-30°.

To utilize prestack amplitude behavior at large
angles and to fully exploit the potential for the Q-acquired
high-resolution seismic data, it is necessary to go a step
beyond the assumption of conventional AVO/EI and use an
inversion methodology where all the wave propagation effects
are properly accounted for. PSWI, employing a wave
equation-based forward modeling procedure (Sen and Stoffa,
1991, 1992; Mallick, 1995, 1999) properly accounts for such
wave propagation effects, and it is, therefore, ideally suited
for reservoir applications beyond such conventional AVO/
EI.

MODELING EXAMPLE

Figure 1 shows real well data, blocked at two
different blocking intervals of five wavelengths and a quarter
wavelength for a frequency of 45 Hz. The original log data
are shown in black and the blocked logs are shown in red.
Figures 2 and 3 are the synthetic seismograms, computed
using the blocked log models of five wavelengths and a
quarter wavelength, respectively. Synthetic seismograms are
computed using (a) convolutional model and an exact
reflection coefficient formula (Aki and Richards, 1980), (b)
wave equation-based approach, (c) convolutional model and
a two-term reflection coefficient formula, and (d)
convolutional model and a three-term reflection coefficient
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formula. All seismograms in Figures 2 and 3 are computed
using a frequency range between 5 and 85 Hz with a
dominant frequency of 45 Hz. All synthetics in Figures 2 and
3 are plotted with similar amplitude scaling so that they can
be compared directly with one another.

Notice that when the log data are blocked at a large
blocking interval of five wavelengths (Figure 1a),
convolutional synthetics resemble very closely the wave
equation synthetics (Figure 2). Only event that is not properly
matched between wave equation and convolutional synthetics
in Figure 2 is the one just below 3.75s. Wavefield
transmission effects do not propagate sufficient reflection
signal for an event to be seen in the wave equation synthetics
at this time zone. When the input log data are blocked at a
quarter wavelength to match the original log almost exactly
(Figure 1b), the convolutional synthetics differ from the wave
equation synthetics (Figure 3). Also notice that the difference
between the wave equation synthetics and convolutional
synthetics are larger for larger (>25-30°) angles in Figure 3.

The synthetic seismic data of Figure 3 can be
regarded as a good-quality conventional seismic data with a
dominant frequency of 45 Hz. Figure 4 is a synthetic
representation of Q-acquired high-resolution seismic data

Figure 1: P-wave velocity (V
P
), S-wave velocity (V

S
), and density

(r) from real well log, blocked at (a) five wavelengths
and (b) a quarter wavelength of the dominant frequency
of 45 Hz. Real well logs are in black whereas the blocked
logs are in red.

Figure 2: Synthetic seismograms computed using the blocked model of Figure 1(a). (a) Convolutional synthetics with exact reflection
coefficient formula, (b) wave equation synthetics, (c) convolutional synthetics with a two-term formula, and (d) convolutional
synthetics with a three-term formula.
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Figure 3 : Same as Figure 2, but using the blocked model of Figure 1(b).

Figure 4: Same as Figure 3, but computed using a frequency range of 5-185 Hz with a dominant frequency of 95 Hz and input model
blocked at a quarter wavelength of this dominant frequency.
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for the same model. To compute the synthetics in Figure 4,
we blocked the well log model of Figure 1 at quarter
wavelengths for a frequency of 95 Hz, and computed synthetic
data between 5 and 185 Hz with a dominant frequency of 95
Hz. Notice that in Figure 4, convolutional synthetics differ
from the wave equation synthetics for angles even lower than
15-20°.

INVERSION EXAMPLE

The modeling examples shown in Figures 3 and 4
clearly show that the convolutional synthetics differ from
the wave equation synthetics as the incidence angles become
large. This difference is more conspicuous in Q-acquired
high-resolution seismic data than in conventional seismic
data. For an accurate prediction of lithology and fluid
properties, inclusion of large incidence angles is necessary.
AVO/EI analyses that are based on a convolutional
assumption will, however, be increasingly inaccurate when
larger and larger angles are used. For AVO/EI analysis of
conventional seismic data, it is possible to use angles to 25-

30°. For Q-acquired high-resolution data, however, wave
propagation effects can be so severe that it may not even be
appropriate to include angles beyond 15-20°.

To include high angles and to exploit the full
potential of Q-acquired high-resolution seismic data, it is
necessary to go a step beyond the conventional AVO and use
a methodology that is based on wave equation modeling rather
than convolutional modeling. This is offered by PSWI. PSWI
has been described in detail by Sen and Stoffa (1991, 1992),
Mallick (1995, 1999), and others. Figure 5 is an example of
PSWI of Q-acquired high-resolution seismic data from the
Diana reservoir, deep-water Gulf of Mexico. The input data
were digitally group filtered (Özbek, 2000) at an offset
interval of 200 m. The inverted model is shown in red and
the well data are shown in black. To generate the inversion
result of Figure 5, we followed the procedures outlined in
Mallick (1999) where synthetic seismic data are iteratively
matched with the observation in the angle domain. Although
angle domain inversion is a practical solution to prestack
inversion of sparsely sampled data, for high resolution data
densely sampled in space, it is more appropriate to perform

Figure 5: PSWI result for 200m offset sampled data. (a) Observed data, (b) synthetic data computed using inverted elastic model, (c)
inverted P-velocity compared with measured Pvelocity at the well, (d) inverted Poisson’s ratio compared with measured Poisson’s
ratio at the well, and (e) inverted density compared with measured density at the well. Inverted model is shown in red whereas
well data are shown in black in (c), (d), and (e)
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inversion in the frequency-ray parameter (ω−p) domain (see
Mallick, 1999, for details). To demonstrate the usefulness of
ω−p domain PSWI, we computed a high-resolution prestack
synthetic seismic data from the input well data at an offset
sampling interval of 50 m and for a frequency range of 5-
185 Hz. We then inverted the synthetic data in the ω−p
domain. The result of this ω−p inversion is shown in Figure
6. Notice that ω-p inversion was able to recover the original
model almost exactly. Finally, note the apparent mismatch
between the inverted and well V

P
 values near the start time of

the inverted results of Figures 5 and 6. This mismatch is due to
the overburden effects, explained in detail by Mallick (1999).

DISCUSSION AND CONCLUSION

In this paper, we have demonstrated some limitations
of AVO/EI and showed how PSWI can be used to overcome
these limitations. An elastic model derived from PSWI is
useful in a variety of reservoir characterization applications
such as pore-pressure prediction (Dutta, 2002), detection of
shallow waterflow layers (Mallick and Dutta, 2002), and
reservoir lithology and fluid prediction (Bacharach et. al.,
2003). Ideally, PSWI should be used at every location on a
3D seismic data volume. We must, however, note that PSWI
is computer intensive. The primary reason for this is that PSWI
must iteratively compute many wave equation-based forward

Figure 6: Frequency-ray parameter (w-p) domain PSWI result for synthetic data, sampled at 50m offset intervals, otherwise similar to
Figure 5.

synthetic seismograms to estimate an optimum model at a
given location. As computers are getting faster, a true 3D PSWI
will be feasible in future. For the present 3D applications,
however, PSWI must be run in conjunction with AVO/EI
analysis in a hybrid seismic inversion scheme (Mallick et. al.,
2000). Our experience with hybrid seismic inversion for a
wide variety of 3D data sets suggests that some of the
limitations of AVO/EI can be overcome by a carefully choosing
many PSWI control locations over the 3D volume. For the
hybrid seismic inversion for the Diana reservoir using Q-
acquired high-resolution data, we selected a total of 100 PSWI
control locations. The result of one of these PSWI is shown
in Figure 5. Inverted P- and S-wave impedance values from
these 100 control locations were then used to calibrate the
AVO attribute data for the entire 3D volume. After calibration,
the AVO attributes were inverted for P- and S-wave impedance
for the entire data volume. Inverted impedance values, in
conjunction with other well data, were then used to predict
the reservoir attributes such as effective porosity, water
saturation, and hydrocarbon probability. The results are shown
in Figure 7.

In conclusion, PSWI is a powerful tool that is ideally
suited for Q-acquired high-resolution seismic data. The
improved data bandwidth and signal-to-noise ratio of Q-data
allows PSWI to extract detailed elastic earth models. These
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Figure 7: (a) Effective porosity, (b) Water saturation, and (c) Gas sand probability, and (d) amplitude for the Diana reservoir.
(a), (b), and (c) are estimated from the hybrid seismic inversion of Q-acquired high-resolution seismic data.

models can then be used in the hybrid seismic inversion to
obtain a detailed seismic reservoir description.
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