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The present invention relates to a method of processing seismic data, in particular to the
processing of seismic data acquired using a vertical seismic profile (VSP) seismic

surveying method.

Seismic data are collected using an array of seismic sources and seismic receivers. In
the case of a seismic survey carried out on land, the data may be collected using, for
example, explosive charges as seismic sources and geophones as seismic receivers. In
particular, geophones that are able to record the amplitude of seismic energy in three

independent directions are often used as seismic receivers.

Figure 1 schematically illustrates one source and receiver arrangement. First, second
and third seismic sources 1, 2 and 3 co-operate respectively with first, second, and third
receivers 4, 5 and 6. The sources and receivers are arranged about a common mid point
7. For the sake of simplicity, the stratum or rock 8 beneath the sources and receivers
will be assumed to be 1sotropic and to contain first and second horizontal partial
reflectors 9 and 10. Seismic energy produced from the actuation of the first source 1 1s
reflected from the partial reflectors 9, 10 and received by each of the receivers 4, 5 and
6. However, for the sake of simplicity only energy reflected from beneath the common
mid point 7 will be considered here. Thus, with this simplification, we consider only
energy received at the first receiver 4 as a result of actuation of the first source 1, energy
received at the second receiver S as a result of actuation of the second seismic source 2,
and energy received at the third receiver 6 as a result of actuation of the third seismic
source 3. The "round trip" travel time of the energy from a seismic source to its
associated receiver increases with increasing horizontal distance (offset) between the
source and the receiver. The round trip travel time is also a function of the depth of the
reflectors 9, 10. The horizontal distance between the source and the receiver 1s

generally known as “offset”.

After the raw seismic data have been acquired, the reflected signals (known as traces)

received by each of the receivers as a result of the actuation of a source of seismic
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energy are processed to produce a sub-surface image. The processing includes the steps
of transforming (or "migrating") the signals to their actual sub-surface locations. The

traces are then corrected to account for the "offset" between the source and the receiver.

Figure 2 schematically illustrates the effect of offset on the travel time for seismic
energy from a source to the associated receiver for the survey arrangement shown in
Figure 1, for reflections beneath the common mid point 7. The points labelled 1, 2 and
3 on the x-axis (offset) of Figure 2 refer to, respectively, the travel time between the
first source and the first receiver, between the second source and the second receiver,
and between the third source and the third receiver shown in Figure 1. It will be seen
that the travel time of seismic energy associated with a particular reflection increases as
the offset increases. In order to compare traces from source-receiver pairs having
different offsets it 1s necessary to correct the traces for the effect of offset, and this is

generally done be correcting traces to zero offset. This correction process is known as

the normal moveout correction.

The normal moveout correction requires the velocity of propagation of seismic energy
within the earth to be known or to be estimated. In reality the earth’s strata beneath the
receiver and source array are not 1sotropic, and the velocity of sound within the earth
tends to increase with depth since the earth becomes more compact. Furthermore, the
earth’s structure may well contain a plurality of layers each having different propagation
velocities for seismic energy. However, in an effective velocity model these variations
in the propagation velocity of seismic energy are replaced by an effective velocity of

propagation of seismic energy.

One effective velocity model assumes that the medium through which the seismic
energy travels is isotropic and that the velocity of seismic energy propagating within the
medium is constant. This is known as the “hyperbolic assumption”. In the hyperbolic
assumption, the round trip travel time for seismic energy as a function of offset for each
of the reflectors defines an hyperbola. In this simplified situation the relationship
between offset and the travel time for seismic energy reflected by a particular reflector

is given by:
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t* (offset) = _@_ﬁset) —+ t* (zero offset) (1)

(velocity)

In equation (1), 7 is the round trip travel time, offset 1s the horizontal distance between
the source and the receiver, and velocity is the speed of propagation of the seismic

signals within the earth, which is assumed to be constant.

During processing of the seismic data obtained in a typical seismic survey, the traces are
initially sorted so that traces having the same common mid point are grouped together.
This enables the geology beneath the line of sources and receivers to be probed at a
number of positions. A velocity analysis is then performed for each common nud point,
and for each reflector 9, 10. This is achieved by specifying a range of hyperbolae, as
defined 1n equation (1), related to a range of effective velocities and computing the
mean reflection amplitude along all specified hyperbolae in that range. The seismic
traces for a plurality of different offsets are then converted, in accordance with the
hyperbolae, to equivalent traces having zero offset. The traces are then summed. The
mean amplitudes at zero offset are then examined to determine which etfective velocity

gives the best resulit.

As noted above, the travel time of seismic energy associated with a particular reflection
event (that is, associated with retlection by a particular reflector) increases as the offset
increases. If the step of correcting the raw seismic data to zero otfset 1s carried out
corre:ctly, then a particular retlection event should occur at the same time in every

corrected trace.

Once an appropriate effective velocity has been selected, all the seismic data relating to
the common mid point for which the effective velocity has been selected are then
corrected for offset using equation (1) and are then summed (or "stacked") so as to
provide a stacked trace for that particular common mid point. The stacked trace has an
improved signal to noise ratio compared to the individual traces recorded at the

receivers.
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The arrangement of seismic sources and receivers shown in Figure 1 is known as a
surface seismic survey, since the sources and receivers are all located on the earth's
surface. In an alternative survey geometry, known as vertical seismic profiling (VSP)
surveying, the receiver or receivers are not disposed on the earth's surface but are
disposed at different depths within the earth, for example within a bore-hole. Three-
component geophones are generally used as the seismic receivers 1n VSP seismic

surveying. The seismic source or sources are disposed on the earth's surface.

VSP surveying has two principal categories. In zero-offset VSP surveying, a seismic
source 18 located vertically above the receiver(s); for example the receiver or receivers
are disposed within a bore-hole, and the source is located at the top of the well. In
offset VSP surveying the source is located at a horizontal distance from the point at
which the vertical line on which the receiver is placed intersects the surface of the earth.
Figure 3 shows one example of an offset VSP surveying arrangement. The seismic
sources 1, 2, 3 in Figure 3 have different offsets (that is, different horizontal distances
from the vertical line on which the receivers are located), so that Figure 3 provides a

multi-offset VSP surveying arrangement. These are generally known as "walkaways".

One application of VSP seismic surveying is in "look-ahead” surveying. This form of
seismic surveying 1s used during the drilling of a bore-hole. Seismic receivers in the
bore-hole are used to gather information about the geological structure beneath the drill
bit. Decisions concerning the drilling operation, for example determining the safe
distance to drill before setting the next string of casing, are made on the basis of

information gathered about the underlying geological structure.

In look-ahead surveying, zero-offset VSP surveying is used for predicting the pore
pressure beneath the drilling bit. Offset VSP surveying is used to obtain information on
the geological structure below the drill head, to enable the direction of the well to be
steered. Where seismic data acquired using an offset VSP surveying geometry is being
used to provide information to direct the drilling of a well-bore, it is desirable that the

data is processed as quickly as possible to avoid delays in the drilling process.
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According to the present invention, there 1is

—

provided a method of processing offset vertical seismic

P

profile (VSP) seismic data, comprising a step of correcting

=

fset between a seismic source and a recelver using

for the o:

5 a non-hyperbolic effective velocity model, wherein the step

gr—
p—

of correcting for offset comprises transforming a path o:

seismic energy reflected by a reflector located at a depth

F

Zreflector greater than a depth of the receilver into a direct

path to the receiver at an effective depth zesr, where

10 Zeff = Zdreceiver T 2 (Zreflector - Zreceiver) .

gr—
p—

The present invention provides a method ot

processing offset vertical seismic profile (VSP) seismic

data, comprising the step of correcting for the offset

between the seismic source and the recelver using a non-

15 hyperbolic effective velocity model. This simplifies the

processing of the data. Since the effective velocity model
is non-hyperbolic it includes effects due to the eartn's

layer structure and to the earth's anisotropy.

In a preferred embodiment, the step of correcting

——

20 for offset comprises correcting data obtained using a

11

fset

source-receiliver palr having non-zero offset to zero otf

using the following relationship between offset and the

P

travel time of seismic energy:

cx4

x% 4+ 7?

tz(xgz)zzazz-kbxz |

25 where t is the travel time of seismic energy from the source

_

to the receiver, x 1s the offset between the source and the

receiver, and z 1s the depth of the receiver.

gt

The step of correcting for offset further

comprises transforming a path of selsmic energy reflected by

30 a reflector located at a depth Zyiefiector greater than the
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depth of the receiver into a direct path to a receiver at an

F
pr—

e ":eCtive depth Zeff, Where Zeff — Zreceiver + 2

Zreceiver) .

(Zreflector

A reflection path in offset VSP seismic surveylng

5 1is asymmetric, gince the source and receiver are at

different vertical distances from the reflector. In this

embodiment a reflection path in offset VSP surveying 1s

“folded” about the depth of the receiver and so 1s

LB

transformed into a path that is equivalent to one half of a

10 typical symmetric path in surface seismic surveying.

A preferred embodiment of the invention comprises:

P

determining the travel time of a direct pulse of seismic

energy for a plurality of offsets; and determining the

properties of propagation of seismic energy at depths less

15 than the depth of the receiver from travel times of the

direct pulse. A direct pulse of seismic energy travels from

the seismic
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source to the receiver without reflection, and the path of the direct pulse will never be
deeper than the depth of the receiver. The travel time of the direct pulse 1s thus
determined solely by the geological structure at depths smaller than the depth of the
receiver (generally known as the “overburden’). In this embodiment of the invention
the overburden is modelled as a single layer, and the seismic properties, such as the
velocity of propagation of seismic energy, of the overburden layer are calculated from

travel times of direct pulses of seismic energy.

Any suitable model can be used to calculate the seismic properties of the overburden
layer from travel times of the direct pulses of seismic energy. For example, it may be
assumed that that the velocity of propagation of seismic energy at a depth less than the
depth of the receiver is independent of depth. In one embodiment of the invention it 1s
assumed that that the velocity of propagation of seismic energy at a depth less than the
depth of the receiver increases linearly with depth from the earth’s surface to the

recelver.

Once the seismic properties of the overburden have been estimated from travel times of
direct pulses of seismic energy, a model for the propagation of seismic energy at depths
greater than the receiver depth is set up. This can be done by modelling the geological
structure at depths greater than the depth of the receiver as a series of layer having
different seismic properties. Alternatively the geological structure below the receiver
can be modelled as a single layer. In one embodiment of the invention the properties of
propagation of seismic energy at depths greater than the depth of the receiver are
assumed to be the properties of propagation of seismic energy determined from travel

times of the direct pulses of seismic energy.

In a further embodiment of the invention, the properties of propagation of seismic
energy at depths greater than the depth of the receiver are determined for a mode-
conversion reflection. Seismic energy may undergo mode conversion upon reflection
so, for example, a down-going P-wave may be reflected to produce an up-going S-wave.
This embodiment of the invention allows accurate analysis of seismic data in which

such a mode conversion has occurred.
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In a preterred embodiment, the method further comprises the step of computing the

geometric spreading using the effective velocity model.
Other preferred features of the invention are set out in the dependent claims.

The present invention thus provides a method of processing VSP seismic data, in
particular long- offset VSP seismic data, using an effective velocity model to determine
zero offset travel times. The method of the invention reliably corrects for offset for
offsets equal to, and in many cases significantly greater than, the depth of the receiver.
The use of an effective velocity model is made possible by “folding” the model about
the depth of the reflector to convert an asymmetric VSP retlection path into a symmetric

path.

The accuracy of an effective velocity model in processing long-offset seismic data
acquired 1n a multi-offset VSP geometry 1s significantly improved by modelling the
overburden as a single layer, and using the arrival times of the direct pulse for different

offsets to determine the seismic properties of the overburden.

The present invention allows mode-converted reflections, in which a down-going P-
wave i1s converted into an up-going S-wave, to be handled using the same model as for
P-waves. This is done by treating the P-waves as slow S-waves, preferably as slow S-

waves with high elliptical anisotropy.

Furthermore, the present invention enables elastic anisotropic synthetic VSP waveforms

that include geometric spreading to be computed using the effective velocity model.

The present invention has a large number of applications. For example, one application
of the invention is to the anisotropic velocity analysis of VSP seismic data. The present
invention allows interactive anisotropic velocity analysis to be performed on VSP

seismic data, in much the same way as is currently possible for surface seismic data.
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This can also be done for mode-conversion reflections. An overburden calibration may

or may not be applied.

Another application of the method of the present invention 1s in automatic velocity-

depth velocity inversion, with an overburden calibration. Mode converted reflections are
also handled.

Another application of the method of the invention is in fast, automated walkaway

migration using a one-dimensional effective velocity model.

Another application of the method of the present invention 1s in elastic waveform
inversion of walkaway VSP seismic data. This is done by using the etfective velocity
model, making an overburden calibration, and computing elastic anisotropic synthetic

VSP waveforms that include geometric spreading.

Preferred embodiments of the present invention will now be described by way of

illustrative example with reference to the accompanying figures in which:
Figure 1 is a schematic illustration of a surface mode seismic survey;

Figure 2 shows the relationship between the round trip travel time of seismic energy and

offset for the arrangement of Figure 1;

Figure 3 is a schematic view illustrating a vertical seismic profile method of seismic

data acquisition;

Figure 4 shows the synthetic travel time residuals obtained with a method of processing

seismic data according to the present invention,;

Figure 5 is a schematic illustration of the procedure used to transform an offset VSP

reflection ray path into a direct ray path;
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Figure 6 shows results of performing the moveout correction using the method of the

present invention;

Figure 7 shows the results of performing the moveout correction using a further

embodiment of the present invention;

Figure 8 shows the results of performing the moveout correction for anisotropic

retlection paths;

Figure 9 corresponds to Figure 8, but is for a method of the present invention; and

Figure 10 show results of correcting for offset according to a further embodiment of the

present invention.

As described 1n the introduction of this application, the processing of surface seismic
data is often carried out using an effective velocity model, otherwise known as an
"effective model". In an effective velocity model, or effective model, an effective
velocity is derived from the seismic data, for example by {fitting a curve having the form
of equation (1) to seismic data, and this effective velocity is used in subsequent
processing. In the present invention, an effective anisotropic model 1s applied to the

processing of VSP seismic data.

In principle, it would be possible to apply equation (1) above to the processing of VSP
seismic data. However, as discussed above, equation (1) is based on the assumption
that the earth is isotropic so that the velocity of seismic energy within the earth is
constant, and this assumption is usually incorrect. According to the invention,
therefore, a non-hyperbolic effective velocity model that can take account of the earth’s
anisotropy is used. In a preferred embodiment the relationship between the round-trip

travel time 7 and the offset x 1s modelled by the equation:
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cx4

tz(x, 7)) = a22 +bx2 +-—2 5 (2)
X" +2Z

In equation (2) x 1s the offset between the source and the recetver, and z is the depth

of the receiver. The coeflicients a, b and ¢ are generally taken to be constant.

The relationship between offset and travel time given 1n equation (2) 1s known as the
effective VTI (vertical transverse isotropic) model. Compared with equation (1),
there 1s an extra term in the relation between oftset and round-trip travel time, and
this additional term makes the model effectively anisotropic. In equation (2), the first
term on the right hand side of the equation is the square of the round-trip travel time
at zero offset, the second term on the right hand side represents the hyperbolic
moveout, while the third term 1s a non-hyperbolic term related to "anellipticity”. The
third term takes account of effects due to the earth being composed of layers, and of
effects due to the intrinsic anisotropy of the earth. The addition of the third term to
the right hand side of the equation makes this model more generally applicable than

the hyperbolic model of equation (1).

Figure 4 shows the results of fitting equation (2) to synthetic direct travel times
computed for P-waves in a layered vertical transverse 1sotropic (VTI) model. The
synthetic times were computed in a 116 layer VTI model, with the receiver at a depth of
5,000 feet. The travel times using equation (2) were calculated by determining the
coefficients a, b and c using a least-squares fit, and using the determined values of the
coefficients a, b and ¢ to compute the travel time using equation (2). It will be seen that
the difference between the travel time computed using equation (2) and the exact
synthetic travel times computed using the 116 layer VI1 model vary by less than 1ms
for offsets in the range 0-8,000 feet - that 1s, for offsets far exceeding the receiver depth
of 5,000 feet. This shows that equation (2) can be used to represent the relationship
between offset and travel time to a very good approximation. Equation (2) breaks down
only at offsets that are extremely long compared to the depth of the receiver, or in cases

where the earth has extremely large velocity contrasts.
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The three coefficients of equation (2) are related to the intrinsic anisotropy parameters €

and 0 described by Thomsen in "Geophysics" Vol 51 pp 1954-1966 (1986). If the "over

burden" - that is, the geological structure above the depth of the receiver 1s homogenous,

10

15

20

235

30

the relationship between the parameters of equation (2) and the parameters € and 0

proposed by Thomsen are as follows:

sz =1/a Vzﬁno =1/b th =1/(b+c) Vfino = sz (1+20) th = sz (1+2¢), (3)

V, and V}, are the velocity of seismic energy in the vertical and horizontal directions

respectively.

It is possible to adjust the coefficients a, b and c by fitting calculated travel times to
observed travel times, in order to reproduce the measured relationship between travel
time and offset. However, where a direct trayel time measurement is not available (a
“direct travel time” 1s the travel time of seismic energy that travels from the source to
the receiver without undergoing reflection, such as the path 11 in Figure 3) but
individual interval velocities are available, 1t is useful to be able to determine the
effective VTI coefficients a, b, ¢ from the parameters for individual layers of the earth
(in reality the earth consists of layers of different geological composition, and different

layers will have different values for the coefficients a, b and c).

First, the coefficients for the jth layer, a;, b; and c;, are determined from the velocity and

anisotropy parameters for the ith layer as follows:

a; =(1/v)*, by=a;/1+268;), c¢; =a;/(1+2¢€)-b;. (4)

In equations (4) a; is the value of the coefficient a for the i layer, and so on. Next, the

effective model coefficients ax, by and ¢ for k layers are given by:

r .
f; 4a;c;
—t 1__ 1vi

2 K £ ?b{?‘( bzz )

ak =(tk/2k) . bk =tk ZF’ Ck — 1""'_'_"‘—"—-"—" -_—, (5)

i ¢ tk 4ak
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with

k k
Iy, =sz/vi and il =Zz,- . (6)
i i
where v; is the vertical velocity of seismic energy in the i™ layer.

One problem that has to be overcome in order to use an effective velocity model in a
VSP or walkaway application is that equations (1) and (2) were derived for the
processing of surface seismic data, in which the paths of seismic data are symmetric
about the common mid point as shown in Figure 1. In contra-st, in VSP surveying the
paths of seismic energy are generally not symmetric, as shown in Figure 3. Only paths
in which seismic energy travels direct from a source to a receiver without undergoing a
reflection, such as the path 11 shown in Figure 5, can be considered to be symmetric. In
order to apply equation (1) or (2) to VSP data obtained for a path that involves a
reflection, it 1s necessary to make the geometry of the VSP reflection paths symmetric.

This is done by folding the model below the receiver about the depth of the reflector, as

shown in Figure 5.

Figure 5 schematically shows two ray paths for seismic energy in an offset VSP survey.
One path 11 is a path of seismic energy that travels from the source to the receiver
without undergoing reflection (although refraction occurs at the boundary between
layers 13 and 14 of the earth). The path 11 1s known as the "direct path", and seismic
energy that travels along the direct path produces a pulse known as the "direct pulse" or
"direct arrival"” in the seismic data. Ray 12 shows a path from the source to the receiver
that involves reflection by a reflector 9 located at a greater depth than the depth of the

recelver.

In order to convert an asymmetric path such as path 12 to a symmetric path, the model
below the receiver is folded-at the reflector depth, thereby putting the effective depth of

the receiver at:

Zeff = Zreceiver + 2 (Zreflector - Zreceiver)- (7)
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The path obtained by folding the model below the reflector corresponds to a direct VSP
path, or to one half of a path of seismic energy in a surface seismic survey. With this
modification, therefore, an effective VTI model can be used to represent offset VSP

reflection times in a one-dimensional VTI model.

Figure 6 shows results of using an effective velocity model to correct traces to zero
offset travel time. The seismic data are synthetic walkaway P-p reflection data

simulated using a receiver at a depth of 5,000 feet and an 1sotropic 116 layer model for

the earth.

The left hand part of Figure 6 shows a simulated trace received by the receiver from a
source placed vertically above the receiver. In the simulation, the offset was increased

from O to 8,000 feet, in intervals of 100 feet.

The simulated seismic data were then corrected for moveout using the true 1-D layered

model and equations (4), (5), (6) and (2). The results of this correction are shown in the

right hand side of Figure 6.

If the correction for moveout had been carried out accurately, a feature should appear at
the same time in each corrected seismic trace, regardless of the offset. Examination of

Figure 6 shows that this is the case for offsets of up to around the receiver depth (5,000
feet). For offsets greater than the receiver depth, however, the travel time of features in

the seismic traces begins to vary with offset.

The results of Figure 6 shows that the effective velocity model begins to break down at
offsets greater than the depth of the receiver. This problem must be overcome in order

to allow an effective velocity model to be used in the analysis of long-offset VSP data.

This problem can be overcome by assuming that the earth above the receiver consists of
a single layer. Effective velocity model coefficients can be determined for this single
layer extending down to the depth of the receiver by fitting equation (2) to the direct

travel time for P-waves - that is, for the path 11 in Figure 5. This provides an accurate
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representation of the moveout for a retlection at the depth of the receiver. Once this has
been done, model layer parameters are used for the reflections at depths greater than the
recerver depth. The model layer parameters can be assumed known, for example from

previous surveys, or they can be determined by trial and error, for example by inversion

of the seismic data or by interactive velocity analysis.

Figure 7 shows the results of applying this modified processing method to the same
simulated data used in Figure 6. It will be seen that the correction for offset 1s now

accurate out to the maximum offset used 1n this simulation (8,000 feet).

The results of Figures 6 and 7 relate to simulated seismic data that were generated
assuming that the earth is 1sotropic. The present invention i1s not, however, limited to

the 1sotropic assumption.

Figure 8 shows the effect of applying one embodiment of the present invention to

simulated seismic data that was simulated using an anisotropic model of the earth.

The correction for offset in Figure 8 was carried out in the same way as Figure 7 - that
18, effective model coefficients were determined using equation (2) for a single layer
down to the receiver depth from the arrival time of the direct pulse, and true model layer
parameters were used for reflections below the receiver. In Figure 8, the parameters for
the layers below the receiver were determined using the isotropic assumption and, in
consequence, the correction for offset has not been performed accurately. It will be
seen that an event occurs progressively earlier in the corrected seismic traces as the

offset increases.

The parameters E and A shown in Figure 8 are Schoenberg's parameters, and refer to the

maximum anisotropy in the model used to simulate the seismic data. These parameters

are approximately equivalent to € and o-€ of equation (3).

Figure 9 shows the results of correcting the same simulated anisotropic seismic data as

in Figure 8 using a further embodiment of the invention. In this embodiment the
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overburden is again treated as a single layer, and the parameters of this overburden layer

are determined from the arrival times of the direct pulse for different offsets. In contrast

to Figure 8, the true VTI model is used for reflections below the receiver. It will be

seen that the reflection events in the seismic traces are accurately flattened - a particular
5  seismic event occurs at a substantially constant time throughout the corrected seismic

traces, to the maximum offset used in the simulation (8,000 feet).

The above examples relate only to P-waves. However, the present invention can also be
applied to shear waves. Converted reflections in which, for example, a down-going P-
10  wave is converted on reflection to an up-going S-wave, are of particular interest and

have been studied extensively for surface seismic geometries.

The equations governing the use of an effective velocity model for a mode-converted
reflection are considerably more complicated than for the case of a reflection for which

15  there is no change in mode.

For the walkaway case, where overburden calibration can be carried out, it has been
found that a good approximation is to treat a shear wave as a slow P-wave, but having

modified anisotropy parameters.

20
The relationship between the vertical, horizontal and move out velocities for a Sv wave
are given by Thomsen, above, as:
Vi =V (1+20) V/=V? with o=(e- 5)% . (8)
25
By comparing equation (8) with equation (3), it can be seen that o for an Sv wave plays
the role of o for a P wave, and that € has no role in a Sv wave. This would indicate that
a Sv wave could be treated in the same way as a P-wave, with the following
substitutions:
30

V. =V. 6=0, ¢ =0. 9)
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However, simulations carried out using this simple approach were unsatisfactory, and
indicated that higher velocities were needed at large offsets. The choice of Viorizontal Was
clearly wrong, and it is also clear that g; # 0. It has been found that setting &; = G;
produces surprisingly good results. An explanation for this 1s that the velocity of a Sv

wave as a function of an angle 1s approximately an ellipse out to about 35°, but setting €
= 0 = 0 1is the criterion for elliptical (P) anisotropy. The angle of propagation for the

shear leg of a converted reflection rarely exceeds 30°, so the elliptical approximation

would be expected to work well, and indeed does work well.

A consequence of this new method of approaching the propagation of shear waves 1s
that, with a simple substitution, the same equations used for P-waves can also be used
for mixed mode reflections. For a mode conversion reflection in which a downgoing P-
wave is converted to an upgoing S-wave, the upwards leg is much shorter than the
downgoing leg and this, with the method of calibrating the properties of the overburden
using travel times of the direct pulses, allow mode converted retlections to be handled

with sufficient accuracy for practical applications.

Figure 10 shows the results of applying the present invention to a mixed-mode P-S
reflection. As with Figures 6-9, the method of the invention 1s applied to synthetic
seismic data that was simulated for a 116 model layer of the earth. Figure 10 shows the
results of this embodiment of the invention applied to synthetic seismic data the
simulation of which includes mode conversion from P-waves to S-waves on retflection.

The simulated data was corrected for offset using the non-hyperbolic model of

equations (2) and (4)-(6), together with equation (9) but modified to have g; = G;.

The correction for offset in Figure 10 was carried out without using the step of
calibrating the properties of the overburden through the fitting of the arrival times of the
direct pulses. It was, however, found that results of performing the moveout correction

including the overburden calibration were virtually identical to those shown in Figure
10.
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In the embodiments described above the step of calibrating the properties of the
overburden by fitting equation (2) to travel times of direct pulses has been carried out

on the assumption that the coefficients a, b and c are all constants.

It is possible to compute geometrical spreading from the effective model, and this 1s
useful since it allows for model-based amplitude correction. Geometric spreading G

in a layered earth is given by B.Ursin in "Geophysics" Vol 53, p492-496 (1991) as:

1
G’ =—
V2

. cdX X
COSI, COSi, -

dp p

. (10)

In equation (10) X 1s offset, p 1s the ray parameter or horizontal slowness, v, 1s the

velocity of seismic energy at the source and i and i, are the ray angle at the source

(s ) and receiver (r) respectively. Given the velocity at the receiver, v, (which can

be determined in the case of P waves from direct arrival times and polarization angles
if needed), then all terms in equation (10) can be determined from equation (2) as

follows.

~-1

p=—, —= L cosis=(1—p2v§)1/2, COS1, :(1—p2vf)1/2. (11)

Geometrical spreading can therefore be computed given the 1% and 2" derivatives of
equation (2) with respect to offset. For reflection coetficients, if the layer properties
across the interface are known, only the horizontal slowness, p, is needed.
Geometrical spreading and reflection coefficients allow the effective model to be
used to compute anisotropic synthetic seismograms, which are needed for waveform

inversion schemes.

The effective VTII model should make 1D imaging virtually interactive for 2D
walkaway migration, and for 3D walkaways, 1D migration should take minutes
rather than hours. Since many final models are still only 1D the TAT (turn around

time) of the final product would be dramatically reduced. For situations where the
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model needs to have 2D or 3D velocity variation, effective model 1D migration could
be used to give a quick preliminary result. In effective model migration two etfective

models are required, one from source to image point and another from image point to

receiver.

It should be noted that the present invention does not require a layered model. In
principle, once the parameters of the overburden have been determined by fitting the
arrival times of the direct pulses, the moveout can be carried out by assuming a
single, isotropic velocity for the earth below the receiver and determining this
velocity by fitting to the data. Alternatively, once the parameters of the overburden
have been determined by fitting the arrival times of the direct pulses, the moveout
can be carried out by using a compaction trend velocity field for depths below the
receiver, to take account of the tendency for the velocity of sound to increase with

depth as a result of the increasing pressure.

In the embodiments described above the parameters of the overburden layer have
been assumed to be uniform and isotropic. This assumption will not be correct, and
the properties of the overburden will be anisotropic to some extent. This intrinsic
anisotropy can be approximately determined for the overburden by, for example,
assuming that the velocity of seismic energy has a linear gradient from the earth’s
surface to the receiver, as suggested by T.Alkhalifah in "Geophysics", Vol 62,
p1839-1854 (1997). The average intrinsic anisotropy parameters determined for the
overburden in this way could then be attributed to layers below the receiver. The
results of this method should be sufficiently accurate for time migration and could be

determined automatically from the seismic data, for example at the well site.

One reason for wanting to determine seismic velocities from walkaway reflection
moveout is that the low frequency trend in velocities resides in the moveout, not in
the amplitudes. Low frequency trend estimation is the major shortcoming of current
look-ahead VSP inversion techniques, and walkaway moveout inversion will supply

the missing low frequency information for look-ahead VSP inversion.
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As noted above, one of the important uses of VSP inversions is to predict the onset of
overpressure in look-ahead surveying. The velocity of shear-waves 1s more sensitive
to overpressure than is the velocity of P-waves, and it therefore desirable to be able to
process shear-wave data. The method of processing converted reflection data
described above makes it possible to determine both the velocity of P-waves and the

velocity of shear waves below the receiver, and this should improve the ability to

predict the onset of overpressure.

Finally, the ability to compute reflection amplitudes means that the effective model

approach can be used in a waveform inversion, where moveout and amplitudes are

matched.

The computational saving of effective VTI models over ray-tracing methods can be
considerable, with the saving being approximately proportional to the number of rays
traced for processing. These reductions in the amount of processing required will
allow the migration step to be completed in minutes rather than hours. The speed of
carrying out the normal moveout correction, the application selected to demonstrate
the feasibility of the technique in this application, makes interactive normal moveout
correction possible, as is done today in surface seismic velocity analysis. Walkaway
moveout and waveform inversion are other applications that will benefit greatly from

the speed of effective model computations.
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CLAIMS:
1. A method of processing offset vertical selsmic

p

profile (VSP) seismic data, comprising a step of correcting

for the offset between a seismic source and a recelver using

a non-hyperbolic effective velocity model, wherein the step

P
b

of correcting for offset comprises transforming a path o:

seismic energy reflected by a reflector located at a depth
7 eflector greater than a depth of the receiver into a direct

path to the receiver at an effective depth zes:, where

Zeff = Zreceiver T 2 (Zreflector - Zreceiver) .

2 . A method as claimed in claim 1 wherein the step of

correcting for offset comprises correcting data obtained

using a source-receiver pair having non-zero offset to

F
p—

obtain a travel time of seismic energy at zero offset using

the following relationship between offset and the travel

time of selsmic energy:

C)C4

t2(x,z) = az* + bx* - > (1)
X +Z

where t i1s the travel time of seismic energy from the source
to the receiver, x is the offset between the source and the

receiver, and z 1is the depth of the receiver.

3. A method as claimed in claim 1 or 2 and

F

comprising: determining a travel time of a direct pulse of

1}

seismic energy for a plurality of offsets; and determining

properties of propagation of seismic energy at depths less

than the depth of the receiver from travel times of the

direct pulse.

LA

4 A method as claimed in claim 3 wherein the step ot

correcting for offset comprises determining the

coefficients a, b and ¢ 1n equation (1) for a layer
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extending from the surface of the earth to the depth of the

receiver using the travel times of the direct pulse.

5. A method as claimed in claim 3 or 4 wherein the

properties of propagation of seismic energy at depths less

gl

than the depth of the receiver .are determined from travel

times of the direct pulse on the assumption that the

p—

velocity of seismic energy increases between the earth’s

surface and the receiver.

6. A method as claimed in claim 3, 4 or 5 wherein the

properties of propagation of seismic energy at depths

gr—

greater than the depth of the receiver are assumed to be the

properties of propagation of seilismic energy determined Lrom

travel times of the direct pulses of selsmic energy.

7 . A method ag claimed i1n claim 3 or 4 wherein the

— g
—

step of correcting for offset comprises applying egquation

(1), the coefficients a, b and c¢ for depths less than the

F
p—

depth of the receiver (Zreceiver) belng determined from travel

times of the direct pulse of seismic energy, and the

e
o

coefficients a, b and c¢ for depths greater than the depth ot

'}

the receiver being determined for a reflection i1n which a

down-going P-wave is converted to an up-going P-wave.

8 . A method as claimed in claim 7 wherein the step ot
correcting for offset further comprises applying an
isotropic model for depths greater than the depth of the

recelver.

11

9. A method as claimed in claim 7 wherein the step o:

correcting for offset further comprises applyling an

anisotropic model for depths greater than the depth of the

recelver.



10

15

20

25

30

CA 02409094 2008-01-17

77675-"7

22

i1

10. A method as claimed in claim 9 wherein the step or

correcting for offset further comprises applying equation

P

(1) for depths greater than the depth of the receiver.

i 1]

11. A method as claimed in claim 7 wherein the step o

correcting for offset further comprises using a multi-layer

pl—

model for depths greater than the depth of the receiver.

gr—

12. A method as claimed in any one of claims 1 to 6

wherein the properties of propagation of seilsmic energy at
depths greater than the depth of the receiver are determined

on the basis that the reflection 18 a mode-conversion

reflection.

13. A method as claimed in claim 12 wherein the step

of correcting for offset comprises applying equation (1),

Il

the coefficients a, b and ¢ for depths less than the depth

of the receiver (Zieceiver) Peing determined from travel times

gr—

of the direct pulse of seismic energy, and the

1)

coefficients a, b and c¢ for depths greater than the depth of

the receiver being determined for a reflection 1in which a

down-going P-wave is converted to an up-going S-wave.

14 . A method as claimed in claim 12 whereln the step

of correcting for offset comprises applying equation (1),

the coefficients a, b and ¢ for all depths being determined

for a reflection in which a down-going P-wave 1s converted

to an up-goilng S-wave.

15. A method as claimed in claim 13 or 14 wherein the

F

step of correcting for offset comprises applying equation

(1), the coefficients a, b and c¢ for the up-going S-wave

being determined by modelling the S-wave as a slow P-wave .

16. A method as claimed in c¢laim 15 wherein the

3

coge]

ficients a, b and c¢ for the up-going S-wave are
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determined by modelling the S-wave as a slow P-wave with

elliptical anisotropy.

17. A method as claimed in claim 16 wherein the

P
pr—

coefficients a, b and ¢ for the up-going S-wave are

determined by modelling the S-wave as a slow P-wave wilth

¢ = 6, where € and ¢ are anlisotropy parameters.

18. A method as claimed in any one of claims 1 to 17

and further comprising the step of computing the geometric

e

spreading of the seismic data using the effective velocity

model .

19. A method ag claimed in claim 18 wherein the

geometric spreading 1s computed using

1 dX X
G* = —-|cosi, cOSi, ——

vf dp p

t

F
—

where G is the horizontal spreading, X 1s the offset, p 1is

the horizontal slowness, v, and v, are the velocity of

S

seismic energy at the source and the receiver respectively,
and i and 1, are the ray angle at the source and receiver

respectively.

20 . A method as claimed in claim 19, wherein the
equation (1) in claim 2 is used to calculate p and dX/dp

using

dx | d*t
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21. A method as claimed in any one of claims 1 to 20

wherein the VSP seismic data is walkaway seilsmlc data.

SMART & BIGGAR

OTTAWA, CANADA

PATENT AGENTS
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