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Summary

For small angles of incidence, 6, the reflection amplitude of
plane p-waves from a planar interface between two elastic
media is nearly linear with sin9. For an NMO-corrected
common-midpoint (CMP) gather, the linear fit of amplitude
versus sin%¢ at each time sample yields two new kinds of
seismic trace. The trace constructed from the zero-offset
intercept, the so-called ‘p-wave stack’, represents the response
to changes in acoustic impedance at reflecting boundaries.
The trace constructed from the siope, the ‘gradient stack’,
represents the response to changes in s-wave velocity as well
as p-wave velocity and bulk density. Under certain assump-
tions, the difference between the p-wave trace and the
gradient trace reflects changes in s-wave velocity alone, and
the sum reflects changes solely in Poisson’s ratio. Here, we
demonstrate how the method of seismic lithologic modelling,
a parameter-estimation technique that refines thin-layer
models of p-wave velocity and density by iterative matching
of synthetic data to CMP stack sections, can be extended to
include s-wave velocity in the model. In this extended
approach, a new form of synthetic data trace is matched to
the gradient stack (or to either the ‘s-wave stack’ or ‘Poisson’s
ratio stack’) as well. As with any other approach that attempts
to obtain s-wave velocity structure from the offset-dependence
of amplitude, success in application to field data depends
heavily on the extent to which data can be conditioned so that
they satisfy the assumptions upon which amplitude-versus-
offset analysis is based.

Introduction

Depending on changes in elastic parameters across a
reflecting boundary, the reflection coefficient for incident plane
p-waves can increase or decrease (and even change polarity)
with increasing incidence angle. Consequently, reflection
character as well as event amplitude and continuity on
conventional common-midpoint (CMP) stacks can differ from
their counterparts in zero-offset sections. Such departures of
the CMP stack from the zero-offset section bias attempts to
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invert amplitudes of CMP-stacked data to obtain thin-layer
models of acoustic impedance or velocity.

Shuey (1985) has shown that for angles of incidence 9 less
than about 25 degrees, the amplitude of a p-wave reflected
from a planar interface between two elastic media varies
approximately linearly with sin29. The regression coefficients
are simple functions of AV,/V;, AVs/Vs, and Aele, where V,
Vs, and e are the average p-wave velocity, s-wave velocity,
and bulk density, respectively, of the media on either side of
the reflecting interface, and AV, AV, and As are the
(assumed small) differences between those quantities across
the interface.

Given this angle-dependent behaviour, one can readily
compute and display seismic traces that are derived from
NMO-corrected multifold data, but, unlike the conventional
stack, give information about offset-dependence of reflection
amplitude. In particular, from a linear fit to amplitude-versus-
sin?6 at each time sample of an NMO-corrected gather, two
traces can be inferred: an intercept trace, and a slope trace.
The intercept trace is indicative of contrasts in p-wave
impedance; the difference between the intercept and slope
traces, under certain assumptions, shows contrasts in s-wave
impedance; the sum of the intercept and slope traces, under
the same set of assumptions, reveals contrasts in Poisson’s
ratio. We call the trace obtained from the determined
intercepts the ‘zero-offset stack’ or ‘p-wave stack’, and the
trace determined from slope the ‘gradient stack’ The value
of these types of data would be enhanced if, from them, one
could derive models of the elastic-parameter behaviour with
depth.

Extended seismic lithologic modelling

The method of seismic lithologic modelling (Gelfand and
Larner, 1984) has proven useful in helping interpreters refine
thin-layer models of p-wave velocity or acoustic impedance.
Starting with an initial model interpreted from borehole
information, seismic data, and other geologic information, the
seismic lithologic modelling (SLIM™) approach uses a
parameter-estimation procedure to perturb parameters of the
model. The perturbations, done systematicaily and iteratively,
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are aimed at minimizing the rms difference between migrated,
CMP-stacked data and a vertical-path synthetic section
computed for the model.

The p-wave stack section from the linear fit of amplitude
versus sin2§ should be a better approximation to the zero-
offset section than is the CMP stack and, hence, more appro-
priate for the matching process. Application of the SLIM
process to p-wave-stack data yields a thin-layer, lithologic
model of p-wave velocity, density, and layer thickness.
Suppose, next, that this derived model is combined with an
initial model for V¢ (based on VSP, full-waveform sonic data,
or on an assumed value for the ratio V/V) to construct a
synthetic gradient stack. Then, in a second application of the
SLIM process, the Vg model is perturbed so as to minimize
the rms difference between the gradient stack obtained from
the field data and the synthetic gradient stack computed for
the model.

Synthetic data example

We can demonstrate the extended method for modelling
amplitude-versus-offset data with a simplistic 1-D model (see
Table 1) consisting of two separated sand layers embedded
in shale. The upper sand layer is dry, and the lower one,
distinguished by its low value of Poisson’s ratio (0.10), is gas-
saturated. This lower layer exhibits a higher value of Vg and
a lower value of Vj than are evident in the background shale.

On the left of Fig. 1 is an NMO-corrected CMP gather of
synthetic traces computed for the model in Table 1. P-wave
reflections from the tops and bottoms of the two sand layers
are evident. Note that reflection amplitude decreases with
offset for reflections at the boundaries of the dry sand, but
increases with offset at the boundaries of the gas-saturated
sand. Therefore, the CMP stack (trace a in Fig. 1) exhibits
stronger reflection events for the deep layer than for the
shallow one.

Trace d in Fig. 1 is the difference between the p-wave stack
(trace b) and the gradient stack (trace c), and trace e is the
sum of the two. Note that the wavelets are identical in these
various derived traces, and the polarity of the p-wave
reflections at the gas sand is opposite to that of the s-wave
reflections.

In conventional applications of the SLIM method, we estimate
the thin-layer acoustic structure by matching synthetic data
from our developing model with the observed CMP stack.

Table 1. Sand-Shale Model.

Layer Depth \ Vg P o r

m m})s m/s glem3
shale 2030 830 2.07 .40
dry sand 1070 2325 1165 215 .33 .087
shale 1130 2030 830 2.07 .40 -.087
gas sand 1375 1965 1310 1.80 10 -.085
shale 1435 2030 830 2.07 .40 .085

V, = p-wave velocity.

Vg = s-wave velocity.

o = bulk density.

g = Poisson’s ratio.

r = p-wave reflection coefficient at normal incidence.
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FIGURE 1

Synthetic CMP gather generated by ray tracing through the model
in Table 1, using the Zoeppritz equation to compute amplitudes,
and convolving the resulting reflectivity series with a symmetric
Ricker wavelet having a 24-ms dominant period. Traces a through
e are formed from different linear combinations of the portions
of traces in this gather for which # <20 degrees. The dashed lines
are trajectories of constant incidence angle.

Here we do the matching instead with the observed p-wave
stack, trace b of Fig. 1, and estimate acoustic impedance as
a function of reflection time. Starting with an initial model
(Fig. 2, trace a) with no contrasts in acoustic impedance, the
SLIM method produced the acoustic-impedance model and
associated synthetic trace shown in Fig. 2 (traces b and e).
That derived model exhibits the essential characteristics of
the two sand layers — a high value of sV, for the shallow
one, and a low value for the deep one.

For the second stage of the extended SLIM process, we match

a synthetic with the gradient stack. The initial model for V,
is such that Vp/Vs = 2, where V is obtained from the
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FIGURE 2

P-wave velocity structure and associated traces:

. initial oV, model for the first stage of the SLIM process.

. final SLIM-derived oV, model.

. true oV, structure.

. synéhftlc p-wave stack traced based upon the initial ,V
model.

. synthetic p-wave stack trace based upon the final 2V, model.
p-wave stack obtained from the CMP gather in Figure 1.
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FIGURE 3

S-wave velocity structure and associated traces:

initial V, model for the second stage of the SLIM process.
. final SLIM-derived Vs model.

true V, structure,

. synthetic gradient-stack trace based upon the derived V,
model and the initial V; model.

. synthetic gradient-staci trace based upon the final V,, V,
model.

gradient stack obtained from the CMP gather in Figure 1.
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solution in the first stage of the SLIM processing and a simple
assumption about the relationship between V, and ». As with
the solution from the first stage, the trend of the derived V
model (Fig. 3) shows qualitative agreement with the true
structure. In particular, high s-wave velocity is obtained for
both of the sand zones despite the erroneous Vg behaviour
of the initial model at the gas sand. The disturbing bias in
the estimated shale velocity (i.e., the drop in value beneath
each sand layer) is attributable to failure of the true structure
to meet the requirement that AV./Vg be small. Use of higher
order approximations to the Zoeppritz equation is required
to avoid this bias.

Discussion and Conclusion

Our synthetic example demonstrates how the SLIM or any
other lithologic modelling method can be used, with p-wave

data alone, to refine thin-layer models that include s-wave
velocity structure. In application to field data, a number of
practical issues must be recognised and addressed. First, any
of a large number of different possible solutions for the p-wave
and shear-wave impedance structure will generate synthetic
traces that can match data equally well. Moreover, matching
of gradient data is subject to more bias by coherent noise and
more uncertainty due to incoherent noise than is matching
of the CMP-stacked or p-wave stack traces. Also, the validity
of Shuey’s second-order approximations for intercept and
slope requires that the range of reflection angles be restricted,
thus impairing the statistical reliability of estimates of gradient,
particularly for low-fold CMP data.

We further assume that the data that we are matching have
been properly corrected for normal moveout and have been
properly migrated (preferably in 3-D). Even small misalign-
ments of reflections after NMO-correction can significantly
bias estimates of gradients. Also, the requirement that the data
be migrated before V structure can be estimated means that
common-offset migration must be applied to the unstacked
data. In addition, a number of factors in acquisition must be
compensated in data processing so that the amplitude-versus-
offset behaviour assumed in our model can be satisfied in
the data.

These practical issues pose problems for any methodology
aimed at extracting both s-wave and p-wave velocity structure
from seismic data. Despite the difficulties, modelling the
amplitude-versus-offset behaviour of seismic reflections can
reveal information about structure and lithology that would
be impossible to extract from CMP sections alone.
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Summary

Vertical electrical sounding is applied to a wide variety of
objectives, including mineral resources, thermal energy, and
water resources. Thus, there is a great need for electrical
exploration instruments that minimise the effects of noise from
stray currents or electromagnetic coupling, as well as from
anomalies such as local variations in shallow underground

soil or changes in topography. In addition, there is a demand
for more rapid measurement capability, cost reduction and
instruments that can conduct in-situ measurement auto-
matically.

Methods that have been proposed for improvement of S/N
ratio include the Offset Wenner method, proposed by Barker
(1981), and the synthetic potential method using the





