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(57) ABSTRACT

A method for providing a velocity profile for a subsurface
region that includes the reflective interfaces, the method com-
prising the steps of: providing a set of data comprising signals
transmitted by a transmitter and collected at a receiver,
wherein the data include a primary signal that has been
reflected off of one of the reflective interfaces and a multiply-
reflected signal that has been reflected off of at least two of the
reflective interfaces, providing a velocity model for the sub-
surface region, using the velocity model and the primary
signal to construct a first image of the subsurface region,
using the velocity model and the multiply-reflected signal to
construct a second image of the subsurface region, determin-
ing a measure of match between the first and second images,
adjusting the velocity model based on this measure, and
repeating the steps until the measure of match attains a
desired level.
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VELOCITY ANALYSIS FOR VSP DATA

RELATED CASES
[0001] Not applicable.
FIELD OF THE INVENTION
[0002] Theinvention relates to methods for obtaining infor-

mation about subsurface formations using signals reflected
from two or more interfaces.

BACKGROUND OF THE INVENTION

[0003] A vertical seismic profile (VSP) is a technique of
seismic measurements with down-hole receivers. VSP data
usually are obtained by generating one or more shots from a
seismic source located in one or more selected positions on
the surface. The signal produced by each shot is detected at
locations along a borehole extending into the formation by
multiple receivers, or by a group of receivers that is moved
alongthe borehole. The primary goal of a VSP is obtaining the
subsurface reflectivity (which gives information about geo-
logical formations) with high vertical resolution, which may
be achieved because the frequency content of VSP data is
usually higher than that of surface seismic. Other applications
include generating an image of the subsurface area that is
poorly illuminated with surface seismic, recovery of attenu-
ation, and reservoir characterization.

[0004] The method called reflection imaging allows one to
get the reflectivity distribution in the subsurface. The success
of reflection imaging strongly depends on the velocity model
assumed during migration of seismic data (the process by
which the seismograms in the time domain are mapped into
subsurface images in the depth domain). For VSP imaging, a
velocity model retrieved from surface seismic is typically
used. But due to lower resolution and overburden complexi-
ties, this model may be inaccurate. Inaccurate velocity mod-
els smear reflection events in VSP images and result in mis-
matches between VSP and surface seismic images. The
velocity model above the borehole receivers may be
improved by first break travel time tomography of the VSP
data itself. It is difficult to improve the velocity model below
the borehole receivers by conventional velocity analysis or
reflection tomography, however, because of the very limited
range of incident wave angles in the VSP data. Thus, it is
desirable to provide a method that can be used to recover
accurately the velocity model for portions of the formation
below the downhole receiver(s).

SUMMARY OF THE INVENTION

[0005] In accordance with preferred embodiments of the
invention, there is provided a method that can be used to
retrieve the seismic wave velocity from VSP data for portions
of the formation above and below the down-hole receiver(s).
According to one preferred embodiment, the invention pro-
vides a method of determining a seismic velocity model for a
subsurface region including at least two reflective interfaces,
comprising the steps of:

[0006] a) providing a set of data comprising signals pro-
duced by at least one source and collected by at least one
receiver in the borehole, wherein the data include at least
one primary signal that has been reflected off of one of
the reflective interfaces and at least one multiply-re-
flected signal that has been reflected off of at least two
reflective interfaces,
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[0007] D) providing a velocity model for the subsurface
region,
[0008] c)usingthe velocity model and the primary signal

to construct a first image of the subsurface region,

[0009] d) using the velocity model and the multiply-
reflected signal to construct a second image of the sub-
surface region,

[0010] e) determining a measure of match between the
first and second images

[0011] 1) adjusting the velocity model based on the mea-
sure determined in step e), and

[0012] g) repeating steps c) through e) until the measure
of match attains a desired level.

[0013] Referring briefly to the FIG. a formation 10 is
shown, which includes first, second, third and fourth layers
11, 12, 13, and 14, respectively. A borehole 20 extends into
formation 10, through layers 11 and 12 and terminates in
layer 13. As is known in the art, a plurality of receivers 30, 32,
34 are lowered to a desired depth in the hole. If directional
data is desired, receivers 30, 32, 34 may be fixed within
borehole 20 so that their orientation as well as their depth is
known. Also as is known in the art, a seismic source 40 is
provided at the surface. Seismic source 40 is typically mobile,
so that seismic signals from several locations can be sent and
detected by the receivers.

[0014] The imaging steps allow comparison of the data
generated using once-reflected waves, hereinafter referred to
as “primary reflections” (see FIG. 60, 70), and data generated
using surface-related multiply-reflected waves, hereinafter
referred to as “multiples” (see FIG. 80). In the time domain,
these are separated. In the depth image domain, however, the
images should be the same if the correct velocity model is
used to map between time and depth. Conversely, if the
images are not the same, the velocity model can be updated
until the images converge. The resulting velocity model will
be more accurate and thus more useful than velocity models
generated by other methods.

[0015] When the velocity model is erroneous, the images
obtained by primary reflections and by multiples will not
coincide with each other. According to preferred embodi-
ments of the invention, a functional that is based on a cross-
correlation of the images is defined. This functional has a
maximum when the velocity model is correct and it can
therefore be used in an optimization procedure to update the
velocity model. The gradient of the cross-correlation func-
tional with respect to the model parameters will give the
direction of the needed velocity model update. In preferred
embodiments, the adjoint-state method for gradient compu-
tation is used. In order to find the maximum of the cross-
correlation functional, the conjugate-gradient method is
applied.

[0016] Apart from this formal approach, other methods of
measure of match and velocity updates are possible, includ-
ing inspection of the match between primary reflection and
multiple images followed by other adjustments of the velocity
model.

[0017] It will be understood that the terms “interfaces” and
“reflective interfaces” as used herein relate to all reflectors of
signals travelling through the earth or sea, including the sur-
face of the earth or the surface of the sea.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0018] For a more detailed understanding of the invention,
reference is made to the accompanying FIG. which is a sche-
matic illustration of some concepts underlying the present
invention.

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT

[0019] Referring again to the FIG. regardless of the posi-
tion of seismic source 40, a seismic signal from source 40 will
take several paths before arriving at a given receiver. For
simplicity, the following discussion relates to receiver 30,
however it will be understood that the concepts disclosed
herein relate to each receiver in a similar fashion. A direct
arrival signal 50 will travel directly from source 40 to receiver
30. Primary reflection signals 60, 70 will arrive at receiver 30
after being reflected from one interface. Thus, primary signal
60 is reflected oft of the top of layer 12 and primary signal 70
is reflected off of the top of layer 13. In addition, several
multiply-reflected signals, multiples 80, 90, will arrive at
receiver 30 after being reflected from two or more interfaces.
Unlike the direct signal 50, both primary signals 60, 70 and
multiple signals 80, 90 can contain information relating to the
layers 12, 13 whose boundaries are below receiver 30.
[0020] The proposed method preferably employs surface-
related multiples. As used herein, the term “surface-related
multiples” refers to multiples that include at least one reflec-
tion off of the interface where the sources are placed. In cases
where the seismic source is located on the earth’s surface,
surface-related multiples are multiples that include at least
one reflection off of the earth’s surface.

[0021] Inmarine VSP however, the seismic source may not
be located on the earth’s surface, and instead may be on the
surface of the sea or at some depth beneath it. In these cases,
the signals may be redatumed to create an artificial source that
is either on the seafloor or on the surface of the water. Reda-
tuming is a method of generation of data for artificial sources
and/or receivers based on data for given set of real sources and
receivers, using a known velocity model of the depth interval
between the real and desired artificial sources (or receivers).
When redatumed signals are used to simulate the generation
of seismic signals at a surface (such as the seafloor), the term
“surface-related signals” refers to signals that, after redatum-
ing, appear to have been reflected by that same surface.

Method

[0022] In order to simplify the calculations, for conven-
tional VSP, it is preferred to group data according to the
receiver at which it is received, rather than according to the
transmitter from which it originated. Thus, data that is origi-
nally collected according to transmitter may be reorganized
prior to processing. Then, during calculations, the sources on
the earth surface are assigned to be receivers and the receivers
in the borehole are treated as sources.

[0023] The wave-equation pre-stack depth migration of
common-shot data consists of solving the direct problem and
back-propagation of the receiver data into formation with a
known velocity model and then using the imaging principle.

—
The incident pressure field p ( x , ®) due to the source term £ (
-

X , w) in the frequency domain satisfies:

Lp=f,

5>
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—
where L=—m?0?( x )-A is the wave equation operator in the

frequency domain, and 0(;)) is slowness. The source of this
direct wave field is located at the borehole receiver position.
The wave field should satisfy the radiation conditions at the
boundaries of the volume being considered.

[0024] To compute the image using the primary signal, we

introduce the back propagated field up p.l.p(;, ), defined by:

Lp,,=0,

Myl od®p,

where d,, is the primary reflection data (* denotes the adjoint).

[0025] To obtain the image using multiples, we compute

the “reflection” of the source field p.d(;, ) from free-sur-
face, and the back propagated field of the surface-related

—
multiples p,( X , )), which satisfy:
Lp~0,
Bl —=d s
Ly, =0,

i L—o=d,, ",

where d ,,—surface values of primary wave field radiated by
source and d,—the surface-related multiple field. The fields
W My, and p,, should also satisfy the radiation conditions for
outgoing waves. It is not easy to split the total wave field into
constituents (primary, reflection, multiple), so practically the
total measured wave field may go to the right part of the above
equations.

[0026] Theimages given by primary reflections, 1, (?), and

by surface-related multiples, Im(;) are:

1@ = ) s (R, @),

w

In() = ) G, i3, ).

w

If the velocity model used in the migration is correct, the
images should coincide with each other. According to the
present invention, the degree of coincidence is used as a
measure of the match of the velocity model to the actual
velocity. To exploit this idea, we define a functional J(a),

based on cross-correlation of the images Ip(?) and Im(;)

Ho=| L)%,

— 5 .
where o X )=07( x ) is the squared slowness.

[0027] This functional will have a maximum when the
velocity model is correct. The optimization procedure
requires defining the gradient of the functional with respect to
the velocity model parameters. One efficient, and therefore
preferred, approach to computing the gradient is the adjoint-
state method. According to this method, the derivative of the
cross-correlation functional with respect to the squared slow-

—
ness o in the point X can be written as:
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aJ Z 5| AG 0us(E, ©) + AR, Wi, w) +
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Here A(x, 0)A, (X, @), A(X, ), A (X, w) are the
Lagrange multipliers, which satisty partial equations:

LA b LT,

L}\‘d:Ipp'im > Lo :Ipp'd5

and the same radiation conditions as wave fields.

[0028] This approach can be easily summarized for various
parameterizations of the medium. For instance, for the
medium consisting of a number of homogenous blocks, the
derivative of the cross-correlation functional with respect to
the squared slowness in the single block o, can be written as:

aJ

aJ o
6_11; = v ﬁ(})d%

where V, is the volume of the block.

[0029] In order to find the multipliers, it is preferred to use
aone-way approximation of the two-way wave equation solu-
tion.

[0030] Other techniques for measuring the degree of coin-
cidence (match) of the images include but are not limited to:
visual comparison of the images, comparison of interface
shapes and depths (between two images), comparison of the
images in a limited area, and any other criteria for match
between images besides cross-correlation, such as adaptive
subtraction of the images.

[0031] Once the dependence of the cross-correlation func-
tional on selected model parameters has been determined, the
gradient of the cross-correlation functional can be used to
adjust the velocity model. In a preferred embodiment, the
direction of the gradient is used to determine the direction of
the adjustment of the velocity model.

[0032] Other techniques for adjusting the velocity model
include but are not limited to: trial and error, velocity scans
(computing the images for the range of velocities to deter-
mine for which velocity the best match is obtained), and
velocity analysis by layer stripping (taking the region above
the first interface from the top, recovering the velocity there,
which gives best match between two images of the first inter-
face; taking the region between the first and second interfaces,
recovering the velocity there based on images of second inter-
face; and repeating the steps for each lower area).

[0033] Theadjusted velocity model is then used in conjunc-
tion with the primary and multiple data as described above, to
generate two new images. The new images are in turn cross-
correlated and a measure of their coincidence is made. If a
desired degree of coincidence has not been attained, the gra-
dient is again used to adjust the velocity model. The steps of
generating images, comparing them, and adjusting the veloc-
ity model are repeated until the measure of match, or degree
of coincidence, reaches a desired level.

EXAMPLE 1

[0034] As a first synthetic example we consider the simple
model with only one horizontal reflector at the depth 1.5 km.
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Velocity above the reflector is linearly dependent on the
depth:

w(z)=az+b,

where a=0.6 s~! is the gradient, and b=2 km/s is the velocity
for z=0. There are 101 sources on the surface placed in the
interval from 0 to 4 km with spacing 0.04 km. The vertical
well is in the central part of the model. There is one receiver
in the well at the depth 0.5 km. VSP data set is simulated by
computing a finite difference solution of 2-D acoustic wave
equation. The source function is a Ricker wavelet with central
frequency of 25 Hz. To compute the images we used a one-
way wave equation migration. When the cross-correlation of
the images is plotted with respect to the gradient a and the
velocity b, the functional has maximum when the model
parameters are approximately equal to their correct values.
[0035] To find the maximum of this cross-correlation func-
tional by the proposed algorithm, we start with deliberately
inaccurate values a=0.42 s' and b=1.8 km/s. When images
obtained using primary reflection and surface-related mul-
tiples with these initial values of the velocity parameters are
plotted, these events are undermigrated, i.e., they do not coin-
cide with each other. This is because the first selected migra-
tion velocity model is inaccurate. In this example, the velocity
is less than the velocity necessary to migrate the data.
[0036] Afterthreeiterations of the functional maximization
algorithm, we obtained the velocity estimation that is much
closer to the correct one (a=0.63 s and b=1.99 knv/s). It is
notable that, in addition to being sensitive to the mean veloc-
ity, the cross-correlation functional is sensitive also to gradi-
ent of the layer. Plotting the images made of primary reflec-
tions and multiples after maximization of the functional
shows that the events are fully migrated and they accurately
position the reflector.

EXAMPLE 2

[0037] The next example is a piecewise homogenous hori-
zontally layered model with three reflectors. For the compu-
tation we model 151 sources at the surface with 40 m spacing
over 6 km profile. There is one receiver at the depth 0.75 km
in the vertical well in the central part of the model. The source
function is a Ricker wavelet with central frequency of 25 Hz.
[0038] The velocity at the shallowest layer (0-0.25 km) is
assumed to be fixed. Before optimization, we assume that the
velocity in the other parts of the model is 10% less than the
true velocity. Velocity is then successively estimated in the
second (0.25-1.2 km) and the third (1.2-2.3 km) layers. First,
we mute the images below the second reflector (to exclude the
impact of the reflections from the third interface from the
correlation) and find the maximum of the functional with
respect to the velocity in the second layer. Then this velocity
is kept fixed and optimization is carried out with respect to the
velocity in the third layer. It required three iterations to esti-
mate the velocity in each layer. This subsequent velocity
estimation from layer to layer is called ‘layer stripping’. It can
be used in the case of a number of the layers in the model. For
practical cases when one has a sequence of strong reflectors
with a lot of weak ones between them, there is a possibility to
recover velocity in the layers between the strongest reflectors
by layer stripping.

[0039] The velocity profile obtained as a result of the itera-
tion process shows that the recovered velocities are close to
the true ones, with maximal discrepancy in the third layer.
The cross-correlation functional is dependent on the velocity
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in the third layer. The maximum is somewhat shifted, possi-
bly due to finite frequency content of the signal.

[0040] When migrated primary and multiple reflections are
plotted after maximization of the functional, the reflectors
have the correct shape and are positioned at the same depth on
both images.

[0041] One advantage of the present invention is that com-
paring of the images made of reflections and multiples allows
an estimation of the velocity model in areas below the
receiver in the well. This is in contrast to conventional direct-
arrival travel time tomography, in which the velocity model is
generated using only signals that have passed through the
region above the receiver. With the reflection tomography it is
difficult to retrieve the information about the media below the
receivers because of narrow illumination and uncertainties in
the reflector positions.

[0042] While the present invention has been disclosed and
described in terms of preferred embodiments, it will be under-
stood that various modifications can be made without depart-
ing

[0043] from the scope of the invention, which is defined by
the claims. For example, all the concepts described above can
be applied with layer stripping, i.e. successively for each
layer, or group of layers, preferably from the top to bottom of
the model.

1. A method for generating a useful velocity model for a
subsurface region that includes reflective interfaces, the
method comprising the steps of:

a) providing a set of data comprising signals transmitted by
at least one transmitter and collected by at least one
receiver in the borehole, wherein the data include at least
one primary signal that has been reflected off of one of
the reflective interfaces and at least one multiply-re-
flected signal that has been reflected off at least two
reflective interfaces;

b) providing a velocity model for the subsurface region;

¢) using the velocity model and the primary signal to con-
struct a first image of the subsurface region;

d) using the velocity model and the multiply-reflected sig-
nal to construct a second image of the subsurface region;

e) determining a measure of match between the first and
second images;

f) adjusting the velocity model based on the measure deter-
mined in step e);
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g) repeating steps c¢) through e) until the measure of match

attains a desired level; and

h) outputting the adjusted velocity model.

2. The method according to claim 1 wherein the multiply-
reflected signal is a surface-related signal.

3. The method according to claim 1, wherein the measure
of match is the cross-correlation between the first and second
images.

4. The method according to claim 3, further including the
step of defining a cross-correlation functional with respect to
selected model parameters and optimizing the cross-correla-
tion functional.

5. The method according to claim 4, further including the
step of using the gradient of the cross-correlation functional
with respect to the model parameters to adjust the velocity
model prior to repeating step c).

6. The method according to claim 1 wherein the data
include signals reflected by at least one interface below the
receiver at which the signals are received.

7. The method according to claim 1 wherein the data
include signals reflected by at least one interface above the
receiver at which the signals are received and at least one
interface below the receiver at which the signals are received.

8. The method according to claim 1 wherein the velocity
model includes information about the region below the
receiver.

9. The method according to claim 1 where step ¢) includes
visual or analytical inspection.

10. The method according to claim 1 where step e) includes
a mathematical operation.

11. The method according to claim 1 where the velocity
model is adjusted by trial and error or velocity scans

12. The method according to claim 1 wherein the velocity
in the subsurface region is determined with the use of layer
stripping.

13. The method according to claim 1 wherein the transmit-
ter is not located on a surface and step a) includes redatuming
the data such that the signals appear to have originated at an
artificial source that is on a surface.

14. The method according to claim 1 wherein the data
include signals transmitted from at least 100 transmitters.

15. The method according to claim 1 wherein the data
include signals received by at least 10 receivers.
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