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Summary

 Seismic Amplitudes contain information regarding elastic properties of sediments which is useful for discriminating
lithology and fluids. In particular, knowledge of V

p 
& V

s 
 of sea bottom sediments, in conjunction with the seismic image, can

provide pre-drill warning on shallow drilling hazards. This paper provides a method for extracting V
p 
 & V

s 
 of sea bottom

sediments from conventionally acquired P- wave seismic data:  Angle gather  data, A(θ, t), at a CDP/CRP, are modeled  as a
product of reflectivity function R(θ, t). and a directivity function D(θ) which includes the effect of source receiver directivity
and any other residual errors in amplitudes generated during pre-processing. D(θ) is expanded in a Taylor series in θ2 while
reflectivity R(θ, t

sb
) at sea bottom is modelled using Zeoppritz’s equation. The unknown parameters, namely, V

p 
 & V

s 
, which

are required for computing R(θ, t
sb

), and the coefficients in D(θ) are derived by a global search for these parameters so as to
minimize the  square of the error between  A(θ, t

sb
 )  and D (θ) x R(θ, t

sb
).  Velocity of P-wave in water and its density are

assumed to be known. Density of sub-sea sediments is calculated using Gardener’s formula. The process is repeated for each
angle gather in the data to obtain maps of V

p 
and Vp

 
/ V

s 
for the sea bottom sediments. Low V

p 
and high V

p 
/ V

s 
for the sea

bottom sediments indicate possible drilling hazard such as a high pressure gas-vent, a buried channel, or a slope instability
associated with the sea-floor.

Ideally, if source-receiver directivity correction is already applied on the acquired data for each shot and pre-
processing up to PSTM has preserved the amplitudes properly, then the directivity function extracted from the analysis of
sea- bottom amplitudes should be unity. In this sense, the function D(θ)  can be regarded as a tool for QC for pre-processing.
It is observed that, in general, even for PSTM data directivity correction for large è differs from unity which underscores the
need for directivity correction prior to using seismic amplitudes for any qualitative or quantitative inversion for litho/fluid
interpretation. This correction for the directivity is done for each CRP gather by simply dividing the observed amplitudes of
an angle trace by the value of D(θ) for that angle, and for that gather. A software is developed for carrying out the analysis on
3-D data. An example is shown to illustrate that AVO anomaly stands out better on directivity corrected data than on
uncorrected data. The sensitivity of the technique with the errors in spherical divergence correction and treatment of amplitude
during PSTM are discussed with illustrations. A 2- D profile extracted from 3-D data is shown to illustrate the identification
of possible shallow drilling hazard using the method.

Introduction

Inversion of seismic data assumes that the
amplitudes are essentially proportional to reflection
coefficients. To realize this assumption, it is necessary
during processing of the data to apply several corrections,
such as spherical divergence, absorption, source-receiver
directivity, etc. and to focus the waves properly through a
suitable pre-stack migration. Effect of wavelet is either
minimized by a suitable Deconvolution or considered
explicitly by the inversion technique. Errors in any one or
more of these steps lead to errors in the results of inversion
– whether done qualitatively, as in an AVO analysis, or
quantitatively in terms of elastic parameters.

 It is legitimate to ask how one can be sure that
the data being used for inversion is free from amplitude
errors likely to have been introduced during pre-processing.
One obvious answer is to validate the results of inversion
against a drilled well. However, most inversion techniques
require constraints on elastic parameters as input which calls
for well data to begin with. Besides, in a virgin area or area
far away from a drilled well, a vestige of doubt lingers
regarding amplitude fidelity of the data and hence of the
results of inversion.

For marine data, a partial answer to this nagging
question can be obtained by analyzing the amplitudes of
the sea-bottom reflection event – when it is recorded in the
data for the particular acquisition geometry. In such a case,
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we may stipulate a necessary – though not sufficient –
condition for the correctness of the amplitudes of the data
to be used for inversion as follows: One should be able to
generate some reasonable model of the sea- bottom in terms
of its elastic parameters which can explain through forward
modeling the observed variation of the amplitude with angle
of reflection at the sea- bottom. Conversely, if no reasonable
model of the sea- bottom is able to explain the observed
variation of amplitude with angle of reflection, then it is
certain that amplitude conditioning of the data is improper
and unsuitable for inversion work.  We provide a method
for evaluating amplitude fidelity in terms of a function
D(θ) which includes the effect of source receiver directivity
and any other residual errors in amplitudes generated during
pre-processing . If the data being used for inversion are
correct in amplitude then D(θ) would be close to unity. Else,
one needs to correct the data using this function or reprocess
the data.

While it is customary to correct the amplitudes for
spherical divergence, the corrections required for source-
receiver directivity are generally ignored.  For marine data,
the response of an air-gun / transducer array varies with
both vertical angle and the azimuth. Coldwell et. al. [2000]
found that for a typical three-gun array, the horizontal
response was 18 Db down compared to the vertical response.
In a study of Gas Hydrates in Northern Cascadia,

Hyndman, et. al [2005] found that the   AVO
response at the sea-bottom and at BSR were more realistic
after correcting the data for directivity than  without the
directivity corrections.  In a physical modeling study using
Plexiglas model and single spherical transducer, Wardhan
[2001] extracted the directivity function D(θ, φ) , where
è is the vertical angle and φ is the azimuth, by dividing the
observed amplitudes by the reflection coefficient R(θ,
φ) computed from Zeoppritz’s equation.  Strong dependence
of directivity on θ and φ was observed.

In principle, it is possible to compute, a la
Zilkowski [1982] , the response of an air-gun / a transducer
array from the  knowledge of the response of its individual
elements and  the configuration of the guns –transducer
assembly for each shot. The recorded data then can be
corrected for the known source-receiver directivity.
However, this being an extremely tedious job requiring
knowledge of which guns have fired in a particular shot
including time delay between guns and what were the
coordinates of each gun and the arrays, this correction is
rarely, if ever, done and the net result is that the data need
to be corrected for directivity during processing or at least

prior to inversion.  We describe below a procedure for
extracting directly from the data the directivity function (for
each reflection point) and the parameters V

p 
& V

s 
of the

sea–bottom sediments. In the subsequent section we discuss
the statistical significance of the method and its sensitivity
to pre-processing.

Theory and Method

Let A(θ, t) represent  seismic data in an angle gather
with è being the angle of incidence at a horizontal reflecting
interface located at a zero-offset time, t. Let R(θ, t) be the
reflection coefficient of this interface. Our model is:

A(θ, t) = D(θ)  x R(θ, t)                                                (1)

where D(θ) is the product of source and receiver
responses and any other residual errors in amplitudes
generated during pre-processing. In general, directivity also
varies with azimuth which is ignored in the present
treatment, for
simplicity.

If we pick the amplitudes A(θ, t
sb

 )  at sea- bottom,
and if we know the reflection coefficient R(θ, t

sb
), we can

obtain D(θ) directly using equation (1). In absence of
knowledge of R(θ, t

sb
), we model it using Zeoppritz’s

equation for a range of parameters, V
p 
 & V

s 
of the sea–

bottom sediments. Velocity of P- wave in water and its
density are assumed to be known (velocity from stacking
velocity analysis, for instance). Density of sub-sea sediments
is calculated using Gardener formula. We represent D(θ) in
a truncated Taylor series in  θ2

D(θ) = d
0
 [ 1 + d

2
  θ2  + d

4
 θ4 ]                    (2)

For each pair of V
p 
& V

s , 
the parameters, d

0
 , d

2
 , and

d
4
  appearing in equation (2) are obtained by a least square

minimization of

        €(V
p
,V

s
) =  ∑[A(θ

i
, t

sb
 ) - D(θ

i
,) x R(θ

i
,, t

sb
)]2         (3)

where the summation is over the range of θ
i
 in the

angle- gather.

Having found the coefficients of D(θ) and the
minimum value of € (V

p 
, V

s  
) for the selected pair of  V

p 
 &

V
s  

, the  procedure is repeated for different values of V
p 
 &

V
s  .

 That set of V
p 
 & V

s   
and D(θ)  are selected which gives

the minimum value of € (V
p 
, V

s  
),  globally. Each trace in

the angle gather is corrected for directivity by dividing the
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trace values by D(θ
i
) for that angle θ

i
. The procedure is

repeated for each CRP in the data throughout the area. Those
CRP’s for which we get low values of  V

p
 and high values

of V
p
 / V

s 
are potential drilling hazards.

The method should ideally be applied to PSTM
data as in that case the resulting values of V

p 
& V

s  
 refer

directly to the migrated positions of the sea bottom.
However, it has to be ensured that the PSTM algorithm has
not unduly distorted the amplitudes, especially for wide
angles. We shall illustrate this analysis in the next section.

Examples and Discussion of Results

The technique was applied on a number of data
sets in Eastern offshore India. The data used for in this paper
was acquired with two gun array having cross-line separation
of 10 meters. Within each sub array there were six guns of
varying volumes with total working pressure of 2000 psi
and total volume of 2510 cubic inch. The distance between
the first and the last gun was 14 meters. Inline near offset
was 275 meters. Each receiver group consisted of 24
hydrophone spread linearly over a distance of 25 meters.
The minimum water depth was 400 meters. Figure 1 shows
the results of the analysis on a typical angle gather of Decon
data. Observe that the recorded angle dependence of
amplitudes is better explained by the solid curve (a) which
includes directivity function D(θ) in optimization of
€(V

p
,V

s
), vide equation (3), than by the broken curve (b)

which excludes it.

Figure 2 shows the extracted directivity function.
Note that for angle of the order of 30 degrees, the extracted
directivity value is about 0.83 implying, for instance, that
all trace values for this angle need to be up-scaled by  a
factor of 1/0.83 prior to carrying out inversion, if it is
attempted on Decon data. Alternatively, amplitudes may be
corrected before PSTM providing, of course, that the PSTM
algorithm does not include any directivity factor (see below).
Figure 3 shows the effect of PSTM on the analysis. In this
particular example, the input to PSTM was without spherical

Fig. 1. Amplitude vs. reflection angle at sea bottom on a typical angle
gather after decon. Observe that the recorded angle dependence
of amplitudes is better explained by solid curve (a) which includes
directivity function D(θ) during optimization of €(V

p
,V

s
), vide

equation (3), than by the broken curve (b) which excludes it.
The extracted values for sea bottom sediments are : (a) V

p
 =1650

m/s, V
p
 /V

s
 =1.9  (b): V

p
 = 1550  m/s, V

p
 /V

s
 =  1.8 . For D(θ) see

Fig. 2

Fig.2. Directivity function D(θ) corresponding to solid curve of fig.1(a)..
Best fit values of coefficients of D(θ), vide equation (3), for this
angle-gather are: d

2
 = -.50699E-04, d

4
 = -.11975E-06, where è is

in degrees.

Fig. 3. Amplitude vs. reflection angle at sea bottom on a typical angle
gather after PSTM. Solid curve (a) with directivity correction
fits the data better than the broken curve (b) without directivity.
The extracted values for sea bottom sediments are : (a): V

p
 =1700

m/s, V
p
 /V

s
 =2.2    (b): V

p
 =1550   m/s, V

p
 /V

s
 = 2.3
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divergence and contribution from each shot- receiver pair
was explicitly multiplied by a weight:

(t
i
 + t

r
 ) {cos  (θ

i
) / t

i 
 + cos  (θ

r
) / t

r 
 }                (4)

where θ
i
 and θ

r
 are the angles with respect to the

vertical  made by the (assumed) straight ray-paths
connecting an output  CRP point with the shot and receiver,
respectively. Similarly, t

i
 and t

r
  are the one – way travel

times from shot to CRP and from CRP to the receiver,
respectively.

Observe in Figure 4 that D(θ) values are close to unity
up to about 25-30 degrees, thus lending credibility to the
amplitudes of PSTM data to that extent. For larger angles
the PSTM output requires correction. In this way, the
directivity function D(θ) provides a means for a Quality
Check on the amplitudes prior to inversion. It may be
sometimes safer to restrict the inversion analysis to only
those range of θ for which D(θ)  is close to unity.

Figures 5 & 6 show the statistical significance of
the results obtained through this inversion procedure for a
PSTM dataset. Figure.5 shows the residual error €, vide
equation (3), for different values of Vp

 
/ V

s
 around the global

optimum. Similarly, Figure.6 shows the residual error for
different values of Vp.

Fig.4. Directivity function D(θ) corresponding to solid curve of fig.3(a)
for PSTM input. Note that amplitudes still requires correction.

Fig. 5. Residual error € , vide equation (3), for different values of Vp
 
/

V
s
 around the global optimum. The figure  shows statistical

significance of the extracted value of Vp/ V
s
.

Fig.6. Residual error € , vide equation (3), for different values of Vp
around the global optimum. The figure  shows statistical
significance of the extracted value of Vp.

Figure.7 shows the effect of incorrect spherical
divergence correction on directivity function. Curve  (a) is
for spherical correction based on offset-dependent ray path
computation; curve (b) is based on spherical divergence
correction which is proportional to V2 (t) x t. At the sea-
bottom, the move-out on far offset is about 1.5 seconds. As
a result, the far-offset amplitudes are incorrectly boosted
up with respect to near offsets by a factor V2 (t

0 
+”t)/ V2 (t

0
).

This error in spherical divergence correction has increased
the values of D(è) for large è in curve (b) relative to those
in  curve(a). However, interestingly, the extracted values of
the velocities in this case were nearly identical, suggesting

Fig.7. Comparison of the effect of two different schemes for spherical
divergence correction on directivity. Note the over correction for
V2 (t) x t function in curve (a) compared to offset-dependent ray
path computation in curve (b).
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that the residual errors in amplitudes during preprocessing
affect only D(è) without affecting reflectivity . It would be
tempting to generalize from this example, that directivity
factor can be used for compensating any amplitude error
committed at a pre-processing stage. However, that would
be a premature conclusion since we can only hope to
compensate those errors which are strictly angle-dependent
and independent of depth. Many processing errors do not
conform to this wishful convenience.

 Keeping the above limitation in mind, it is worth
seeing the effect of applying directivity correction to PSTM
data on an AVO anomaly in the subsurface. This is illustrated
in Figures 8 & 9  for an example from Indian offshore. In
Figure 8 the frames (a) and (b) show, respectively, the
seismic sections along a line with anomalous zones marked
before (after) directivity corrections to PSTM data . In
Figure 9 the frames depict the scatter of points on a rotated
AVO plots before and after directivity correction.

  (a) (b)
Fig 8. Part of a seismic section showing AVO anomaly. (a) without

directivity correction and (b)after directivity correction. Note
the better stand out of the anomaly in (b)

Fig. 9 : The rotated cross-plot between P and G AVO attributes for the
data in figure 8. (a) without directivity correction and (b)after
directivity correction. Note the better stand out of the anomaly
in (b).

Fig:10. V
p 

and Vp
 
/ V

s 
for the sea bottom sediments along a profile.

Low V
p 
and high V

p 
/ V

s 
for the sea bottom sediments indicate

possible drilling hazard which may be due to sea- floor slope
instability  and gas vent .

Conclusions

 V
p 
and Vp

 
/ V

s 
for sea bottom sediments can be

extracted from conventionally acquired P- wave seismic data
in deep waters by analyzing the angle dependence of the
sea-bed reflection.  Low V

p 
and high V

p 
/ V

s 
for the sea

bottom sediments indicate possible drilling hazard
associated with sea- floor.

The method extracts simultaneously a directivity
function D(θ)  which also provides a measure of reliability
of seismic amplitude for any qualitative or quantitative
inversion of the data. To the extent that D(q)  values are
close to unity, the amplitudes may be regarded as reliable
for inversion. Else, the data require correction. Correcting
the angle gathers using the extracted D(q), can improve the
stand out of an AVO anomaly.
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Finally,  Figure.  10   shows the values of V
p 
and Vp

/ V
s 
for the sea bottom sediments along a profile. Low V

p

and high V
p 

/ V
s 
for the sea bottom sediments indicate

possible drilling hazard which may be due to sea- floor slope
instability  and gas vent .
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