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Abstract

Subsurface variation in the ratio compressional of P-wave velocity to shear (S-)
wave velocity, V,,/V, yields an opportunity to observe amplitude variation with offset
(AVO) effects. Ideally, such variations can be inverted to indicate lithology, porosity,
constituent fluids, and/or presence of free gas. In practice, AVO techniques are some-
what limited by factors such as noisy data and actual subsurface materials.

One geological situation to which AVO techniques are ideally suited is the delinea-
tion of free gas-bearing sandstones. The dramatic decrease of Vp, relative to sandstone
without gas, and the negligible change in Vg results in very large changes in Vp/Vs, ie.,
Poisson’s ratio. The AVO response is heavily dependent on that one parameter.

Data-quality control is critical with AVO measurements because many of the
analyses are done with single trace common offset or CMP gathers, and measured
amplitude response is very sensitive to noise. Data acquisition must include a large
range of offsets, i.e., angles of incidence, ideally from O to 40°. A general rule of thumb
is that far offsets need to be about 1.6 times the depth of the zone of interest. Recording
of at least two components (vertical and radial) is desirable to rigorously derive true
amplitude response of a P-wave reflection; however, the advantage of using a second
component may not be truly cost-effective. Measured amplitude can be extremely
accurate when corrected from offset information to an estimated true amplitude. Pro-
cessing must maintain relative amplitude response of a reflection. This consideration
affects and limits the use of AGC gain, deconvolution, and other space (trace) or time-
adaptive processes. The display of AVO can be in the form of unstacked common offset
gathers or CMP (CDP) gathers of instantaneous amplitude. Instantaneous amplitude
compensates for phase-response differences on the peak amplitude of the reflection
wavelet.

Introduction

Individual traces on conventional, common midpoint (CMP)-stacked (equivalently,
common depth point (CDP)-stacked) seismic data are assumed to be representative of
zero-offset (normal incidence) reflections. For deep targets (depth > far offset), the
assumption is fairly accurate. Consequently, common analysis is frequently based on
normal-incidence modeling, which is relatively straight-forward because zero-offset rays
do not have mode conversion. A vertically incident P-wave generates only a reflected
P-wave and a transmitted P-wave. The amplitude of the reflected wave depends on the
reflection coefficient, and the amplitude of the transmitted wave depends on the trans-
mission coefficient. The signs of the coefficients indicate polarity of the resultant
modes, relative to the incident wave:

Reflection coefficient = (Z; , 1 - Z)/(Z; + 1 +Z))
=(1-2i/Z; 4 DI+ Zi[Z; 4 1)

Transmission coefficient = 1 - R2
=4QZZi y PIZi+Zi 4 ?
= 4ZiZ; 4 DI+ ZiZ; 4 )2, (1)
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where subscripts indicate the layer number from the surface, Z is acoustic impedance,
the product of rock density, p ,and rock velocity, V:

Z=pV. ©)

AVO techniques exploit the fact that the seismic amplitude response of a reflection
(energy) is a function of its angle of incidence. Non-zero offset rays have mode conver-
sion which splits the incident energy; a P-wave incident on an interface generates the
following:

« reflected P-wave

« reflected S-wave,

« transmitted P-wave

« transmitted S-wave (fig. 1).
Mode conversion is a fact of the physics of continuous media that require conservation
of energy and momentum, i.e., continuity of stress and strain, or continuity of vertical
and tangential displacement, across the interface. A P-wave that reaches the interface at
a non-zero incident angle has components at right angles to the direction of hypothetical
transmission and reflection S-waves that set up the generation of shear (S-) wave energy
in these directions. It also has components parallel to hypothetical transmitted and
reflected P-waves that set up the generation of compressional (P-) wave energy in these
directions. Thus, with offset (incident angle), varying amounts of P-wave energy are
lost to the generation of S-waves and the splitting of P-wave energy into reflected and
transmitted components.

The amplitude of a reflected P-wave varies with offset according to the reflection
coefficient, which is dependent on acoustic-impedance contrast (ratio of the products of
velocity and density), and Snell’s Law, which is dependent on velocity contrast (velocity
ratio).

Velocity, Density, and Elastic Parameters of Rocks

In general, the product of velocity and density (acoustic impedance) is diagnostic of
rock type; however, porosity complicates this value. One rock type at a particular
porosity may have the same acoustic impedance as another rock type with different
porosity.
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FIGURE 1—MODE CONVERSION BY INCIDENT P-WAVE.
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Seismic velocities depend on the square root of a modulus divided by density:

P-wave velocity is related to the modulus of confined extension, m:
Vy, = [m/p]1/2 | (3A)

S-wave velocity is related to only the shear modulus p, and density p:
Vg = [wp)l/2. (3B)

The modulus of confined extension, m, is similar in concept to Young’s modulus E,
the modulus of unconfined extension. Both describe extension of a body due to tensile
strain. In an unconfined body, lateral constriction is permitted. In a confined body, it is
not.

Confined extension is related to unconfined extension E by Poisson’s ratio o:

m=E (1-0)/[(1-20)(1+0)] (4A)

=FE (1.025 + 202) + 2% (4B)

Confined extension differs from unconfined extension by 10 to 40% (o = 0.20-0.40,
respectively). As materials get more rigid, relative to compressibility, i.e., lower values
of ¢, confined extension and unconfined extension become closer in value. (For ¢ =0,
the two are equal.)

One of the more common equations for m is:

m=k+4/3m. @)
Thus,

Vi/Vs = [kim + 4/3]1/2, (6)
where k is the bulk modulus.
Further, Poisson’s ratio relates directly to Vp/Vs through the equation

0= .5 - (V21 - (VV,)2 7

Poisson’s ratio ¢ comes into play because it is dependent on the ratio Vp/vs and,
like density p, is relatively stable at depth under most circumstances. The two vary only
slightly with rock type; in general, for sedimentary rocks, 0.3 <6 > 0.4 (¢ ~ 0.35) and
22<p>2.7(p~2.5). Knowing or estimating constant values of ¢ and p, the first-
order solution of the Zoeppritz (1919) equations is dependent only on the velocity ratio
across the interface.

However, considering higher-order solutions of the Zoeppritz equations, AVO
responses are theoretically sensitive to rock type. This is because the ratio of P-wave
velocity to S-wave velocity, V,/V, and o are sensitive to lithology (fig. 2).

Vp/Vs measures the ratio of bulk modulus (incompressibility) to shear modulus.
This can be a very subtle measurement and therefore difficult to derive by AVO meth-
ods. On the other hand, presence of gas in a reservoir causes a sufficiently dramatic
contrast in the value of o;/0; 1 that it may be practical to detect gas directly from AVO
measurements. The presence of gas in a sandstone dramatically affects V/, but affects Vg
only negligibly. Values of ¢ may change from between 0.3 and 0.4 in the overlying rock
to about 0.1 in the gas sand. The ratio 0;:0, may be as great as 3:1 or 4:1. In general, in
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the absence of gas, amplitude decreases very slightly with offset; however, in the
presence of gas, the strong contrast in Poisson’s ratio can cause amplitude to increase by
more than 50% as angle of incidence increases from 0° to 30° or 40° (Ostrander, 1984).
It is a radical change such as this that makes the use of AVO a viable diagnostic tool to
determine the presence of gas. Figure 3 is a cross plot of V,/V¢ and p.

Knapp (1977) determined Poisson’s ratio values of near 0.45 (V,)/V = 3.32, k/m =
10) for very shallow consolidated carbonates, about 0.4 (Vp/Vs = 2.5, k/m = 5) for the
deeper portions of the shallow cyclothemic carbonate-shale section of southern Indiana,
and 0.33 (Vp/Vs = 2.0, k/m = 2.67) for the Cambrian—Ordovician Simpson Sandstone.
The values are consistent with the interval transit time ratio tS/tp seen on P-wave and S-
wave reflection seismograms (Tatham, 1992).

King (1966), measuring sandstones at 5,000 psi pressure [equivalent to 3,000 m
(9,999 ft) depth] and porosity varying from 19 to 25%, determined values of V,/V [s]
from 1.65 [0.32] to 1.77 [0.36] when filled with a salt solution (median value 1.71
[0.35]); 1.55 [0.27] to 1.69 [0.34] with kerosene in the pores (median value 1.6 [0.30],
and bimodal values of 1.51 [0.23] and 1.58 [0.29] when dry (1.55 [0.27] average).
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FIGURE 2—(A) SYNTHETIC GAS SAND MODEL. (B) COMPUTED APPARENT REFLECTION COEFFICIENT AS A
FUNCTION OF OFFSET ANGLE (Ostrander, 1984).

Poisson’s ratio values for the Green River Shale have been determined to vary
between 0.22 and 0.30 (Podio et al., 1968). Hamilton (1976) measured Poisson’s ratios
of 0.45 to 0.50 for shallow marine sediments, with values decreasing with depth [600 m
(2,000 ft) maximum depth]. For consolidated sediments, Gregory (1976) determined
Poisson’s ratio values of 0.20 to 0.30 when brine saturated and 0.20 to 0.14 when gas
saturated. Domenico (1976 and 1977) determined values of about 0.40 for both uncon-
solidated sands and glass beads (38% porosity) when brine saturated and 0.10 when gas

saturated.
Angle of Incidence

Angle of incidence g; can be estimated from source-receiver offset X and reflector
depth H using a simple straight ray-path assumption:

q;= tan-1 (X/2H)' (8)

This assumes that velocity does not substantially change with depth. Using Equation 5,
the maximum angle of incidence is 26.6° when using the rule of thumb that maximum
offset be equal to target depth. If velocity increases with depth, which generally is the
case, angle of incidence will be under-estimated by source-receiver offset (Ostrander,

1984).
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A better assumption is that velocity increases linearly with depth:
Vp=Vo+ AV/AH, « H 9

where AV/AH, the rate of increase with depth, can be measured from sonic logs or
estimated from stacking velocity. The equation for angle of incidence g; versus offset X
is:

q; = tan"1 {(HX + Vo XIK)/(H2 +2VH/k-X2/4)) (10)

where k = AV/AH.

Using the example of Ostrander (1984), Vp = 1800 + 0.6 H m/sec, the angle of
incidence is 34° when H = X = 2,100 m (6,889 ft), Vp = 3,060m/sec at H = 2,100 m
(6,889 ft).

The Range of AVO Effects in Gas Sands

Rutherford and Williams (1989) developed a useful working classification of gas
sands which distinguishes on the basis of encasing materials and hence reflection
coefficients which will be generated at various offsets (incident angle). Figure 4
summarizes sands as follows:

Class 1—High-impedance sands
Class 2—Nearly equivalent impedance sands
Class 3—Low-impedance sands
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FIGURE 3—CRoss PLOT OF Vp/V g AND p.
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FIGURE 4—CLASSIFICATION OF GAS SANDS, BASED ON REFLECTION COEFFICIENT VARIATION WITH OFFSET
(angle of incidence) as proposed by Rutherford and Williams, 1989. Midcontinent sands
(Cherokee, Morrow) will tend to be Class 1, where phase reversal occurs at longer offsets.
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In the example cited, Poisson’s ratio and density for the gas sand were 0.15 and 2.0
g/cm3, respectively; those for the shale were 0.38 and 2.4 g/cm3 . Note that in this case,
Class 1 sands have a positive reflection coefficient (amplitude) until offset angle exceeds
25°. Class 2 sands can have positive amplitudes out to about 12°, but generally have
negative coefficients; Class 3 sands have clearly negative amplitudes throughout.

Data Acquisition Considerations

Many acquisition-design considerations for AVO and conventional CMP reflection
data are similar. One main difference is that AVO data are considered best when
recorded by at least two components (vertical and radial), so that true amplitude of the
reflection can be determined. However, true amplitude can be estimated from a single
vertical component by using angle of incidence:

Aest = Ameas/C0s 4j- (11)

The accuracy of the estimate depends on the accuracy of q;. The measurement of
g; is very insensitive to errors in the estimate of V() and fairly insensitive to errors in AV/
AH. With 10% uncertainties in the estimates of V(y and AV/AH, errors are generally
within £2%. With such low sensitivity, increased accuracy achieved by using a radial
component, if indeed there is any increase, is probably not worth the increased cost of
acquiring and processing a second component of data.

Another primary difference is that all possible care must be taken to minimize noise
so that AVO analysis can be done with single, unstacked traces and a minimum of
enhancement processing. It is also more important that maximum offset be large so that
reflections with large angles of incidence are recorded. Minimum offset should be as
small as possible, yet large enough to avoid adverse interference from the source.
Surface sampling should always be designed such that equal sampling of both the
surface and the subsurface is maintained by the geophones for all gathers of the data:
common source (field recorder order), common receiver, common offset, and common
midpoint (CMP).

The best configuration geometry is split-spread, half-integer offset (shooting
between the gaps) (Knapp, 1985) with shots at every interval. Geophone and source
arrays should be linear, equally weighted, and equal in length to the group interval.
Alternatively, when using a point source, the receiver array can be linearly tapered and
equal in length to twice the group interval (see Knapp, 1992). These configurations
automatically satisfy sampling requirements. Other configurations, split-spread integer
offset (shooting on gaps) and end-on, also require such array design; however, to have
the subsurface evenly sampled in a CMP gather requires two-trace mixing of the data
during processing (i.e., stack array processing, Morse and Hildebrandt, 1989).

Array length is designed to be as long as possible without adversely affecting high-
frequency response at far offsets. This means that array length for a linear, equally
weighted array should be less than V/g,.«. Linearly tapered arrays are the auto-
convolution of a linear, equally weighted array, the response when both source and
geophones have the same linear array design. The length of a tapered array should be
equal to two times that of the linear array. Array length is not deliberately designed to
attenuate ground roll noise, although attenuation of high-frequency ground roll is a
consequence of array application. Low-frequency ground roll noise is attenuated by use
of low-cut frequency filtering. Group interval is designed to be equal to array length, or,
if a sufficient number of channels is available, equal to 1/nX the array length, where n is
an integer.

Processing, Modeling, Display, and Analysis

Processing must be designed to maintain relative amplitude response laterally or,
more exactly, down the normal moveout curves. Although this does not preclude the use
of automatic gain control (AGC), the same function must be applied such that the gain
applied to particular reflections is the same at all offsets. Use of deconvolution and
other space or time adaptive processes have similar restrictions.

Data smoothing can help improve the accuracy of the measurement, but when
overdone, it will change and smear the values. Such smoothing includes high-cut
frequency filtering, trace-to-trace mixing of data in the CMP gather, record-to-record
mixing of CMP gathers, and frequency-wave number filtering, a combination of all of
the above. Judicious use of filtering may help reduce noise interference, but use of
adaptive filters must maintain true relative amplitude response. Lateral mixing and
wave number filtering of CMP records or common offset traces smear data spatially.
This smearing must be very small with respect to lateral resolution. Lateral resolution
can be estimated as the product of the vertical wavelet length in time and interval
velocity of the target. Note that, contrary to common thought, lateral resolution is not
related to Fresnel zone size (Knapp, 1991; Knapp, 1993). Mixing of CMP traces or
common offset records smooths noise out of the measurement but must be small
compared to the second derivative of AVO. Normal moveout correction is not done to
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FIGURE 5A—OFFSET SYNTHETIC SEISMOGRAM (CMP GATHER) DEMONSTRATING AMPLITUDE VARIATION OF
GAS SAND AT T = 1.430 sec. Note that P-wave velocity of Morrow sands is higher than
overlying Morrow shale, while densities are nearly the same. Poisson’s ratio of gas sand set
at 0.15 for shale and Chester limestone ratio is set at about 0.35. Class 1 sand, based on
Rutherford, 1989. Note offset range is 0-6,820 ft (2,046 m); sand depth is approximately
8,300 ft (2,490 m). Amplitude response of gas sand gbes through complete phase reversal.
(Modified from Peddy et al., 1995.)
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avoid dispersion of the reflection by NMO stretch. Lateral alignment of a reflection is
accomplished by a static shift.

An AVO display should be of instantaneous amplitude (square root of instantaneous
energy) so that trace-to-trace phase differences within the wavelets does not influence
measurement (Knapp, 1993). Polarity is determined from standard wiggle trace data,
using CMP stacked data. Common offset (common incidence angle) displays are
commonly most useful to make measurements. The alternative is to display unstacked
CMP gathers.

Modeling and Data Example

Midcontinent Morrow Sandstones

While AVO responses can occur in a wide variety of rock types, current trends in
application and research tend to be weighted toward sandstone reservoirs. This trend
may evolve to include a greater emphasis on carbonate reservoirs, but the evidence
presented here will be isolated to sandstones.

Figure 5, modified from Peddy et al. (1995), demonstrates how quick-look models
can be generated to test anticipated AVO response from a Morrow sequence at a depth
of about 8,300 ft. Utilizing sonic and density log control and applying an estimate for
shear (S-) wave velocity, which then yields a Poisson ratio curve, synthetic offset
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5SB—WET SAND PARAMETERS SUBSTITUTED FOR GAS SAND IN ADJACENT FIGURE. Three thin sands
interfere to produce a peak with an unchanging-to-slightly increasing AVO response at ¢ =
1.430 sec. Chester limestone response is not included in this display. Note offset range is 0—
10,000 ft (0-3,000 m). (Modified from Peddy et al., 1995.)
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seismograms have been generated using a filter representative of their data. The two from east Texas. This is also a Class 1 sand, but note that the stacked response demon- differences rather than to shear-strength differences. Vg is much smaller for shale, and
comparison models relate two changing phenomena. The offset seismogram on the left strates amplitude dimming in the gas sand. differences are due to both shear-strength and density differences. Carbonates are
represents response from a gas sand, occurring at a time of 1.430 sec; the seismogram on Recent research (Ross, 1995) now shows that Class 2 sands , i.e., sands with a relatively incompressible; shales are relatively compressible but also have relatively low
the right represents a similar sequence, but with wet brine sand in place of gas sand. ‘nonbright-spot’ or near-zero acoustic impedance can be further subdivided into those shear strength; sandstones are relatively compressible but have shear strength similar to
Note also that the wet sand model also reaches longer offsets, 10,000 ft as opposed to with phase reversals and those without. The reader is referred to this paper for an that of carbonates.
6,820 ft for the gas sand. excellent discussion and case history with Gulf Coast examples. The determination of Poisson’s ratio or VP/VS can be used to identify lithology,

The theoretical AVO response in the gas sand synthetic is evident as a peak ampli- . . porosity, and/or presence of free gas.
tude event at 1.430 sec, which eventually diminishes and finally reverses polarity at an Discussion and Summary The presence of free gas dramatically decreases V,, but affects V only negligibly,
offset of about 5,000 ft. In contrast, the wet sand never generates a truly discernible resulting in very small values of V,,/V; and Poisson’s ratio. It may decrease Poisson’s

Consolidated sedimentary rocks generally vary in s from about 0.20 (V,,/V¢ = 1.66,
k/m = 1.42) to about 0.4 (Vp/VS =2.5). In general, Poisson’s ratio, V,,/V¢ and k/m
decrease with depth, ostensibly because m increases faster than k w1tﬁ confining
pressure. Carbonates have larger values of these parameters than shales, which have
larger values than sandstones. Carbonates have the highest value of V,, and sandstones
may have slightly greater values of V,, than shales, but are relatively close in value; the
difference depends more on density differences than on bulk modulus differences. V is
slightly larger for sandstone than carbonate; the difference is due more to density

event which would likely be AVO anomalous.

The real data example in fig. 6 demonstrates in significant detail that the theoretical
response is well represented in the Morrow sand zone at about 1.430 sec. The panels
shown here have been extracted from the processed data volume in a variety of offset
ranges; each panel represents a set of trace gathers in close proximity to the known gas
sand. This is a clear-cut case of a Class 1 sand.

Figure 7 demonstrates a very strong AVO response in a stacked section. In this case
the gas sand has a much lower amplitude than the wet sand, a sample of Woodbine sand

ratio by a factor of 3 or 4 and V,,/V ¢ by a factor of 1.15 to 1.5. AVO increases as great as
50% from 0° to 40° of incidence angle are indicative of such large Poisson’s ratio
changes.

The ability to use AVO depends greatly on data quality, processing, processing
integrity, and data display. All the steps must be designed to minimize noise and
maintain the integrity of the AVO measurement.
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FIGURE 6—ACTUAL DATA VERIFYING PREDICTED MODEL RESPONSE FOR GAS SAND AT 1.430 sec. The FIGURE 7—STACKED PROFILES DEMONSTRATING VARIATION IN AMPLITUDE RESPONSE BETWEEN THAT (B) Stacked section containing wet sand; amplitudes in the wet sand case are much higher than
reflection from the Morrow sand diminishes rapidly with increasing offset. Panels taken OBSERVED NEAR GAS WELLS AND THAT OF A DRY HOLE. (A) Stacked section containing gas wells; those for the gas sand. (Modified from Peddy et al., 1995.)
represent nearby CMP gathers. In each case, offset increases to the right. (Modified from arrow indicates zone of interest, peak amplitude at 2.6 sec.

Peddy et al., 1995.)
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