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REFLECTION SEISMIC DATA Q TOMOGRAPHY

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This application claims the benefit of U.S. Provisional Patent Application
61/730,803, filed November 28, 2012, entitled RELECTION SIESMIC DATA Q
TOMOGRAPHY, the entirety of which is incorporated by reference herein.

FIELD OF THE INVENTION

[0002] The invention relates generally to the field of geophysical prospecting and, more
particularly, to seismic data processing. Specifically, the invention relates to the technical

field of Q tomography using recorded reflection seismic data.
BACKGROUND OF THE INVENTION

[0003] Seismic attenuation can be quantitatively parameterized by the quality factor Q,
a paramecter assumed to be constant over the frequency range used in geophysical
applications. Accurate estimation of Q distribution and Q values is critical for geophysical
exploration and production, such as rock property characterization, reservoir development,

and attenuation compensation in earth imaging.

[0004] Q tomography is an advanced approach for automatic estimation of subsurface
Q anomaly geometries and the associated Q values for 2D or 3D scenarios. This approach
analyzes the attributes of the recorded seismic data to reconstruct the Q profile. Generally, Q
tomography algorithms are classified into two main categories. One category is ray-based
tomography (Quan and Harris, 1997; Rossi et al., 2007). The other category is wave-
equation-based tomography (Liao and McMechan, 1996; Pratt et al., 2003). Wave-equation-
based tomography is physically more accurate but computationally expensive and not
practical for 3D cases. The present invention belongs to the category of ray-based Q

tomography.

[0005] Ray-based Q tomography is essentially a linear optimization problem. Three
main components of ray-based Q tomography algorithms are: 1) construction of a kernel
matrix by using the raypath information obtained through ray tracing procedure; 2)
construction of a measurement vector by using one or several attributes of the recorded
seismic traces because these traces carry a great amount of information of the subsurface Q
distribution; 3) solving the linear optimization problem formulated by relating the kernel
matrix, the Q distribution profile, and the measurement vector. Most existing ray-based Q
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tomography algorithms use transmission seismic data to reconstruct subsurface Q models
(Quan and Harris, 1997; Hu et al., 2011). This type of Q tomography algorithms are referred
to as refraction seismic data Q tomography or transmission seismic data Q tomography. The
procedure of transmission seismic data Q tomography is relatively simple because pre-
migration pre-stack seismic data (i.e., time domain data) are used (Hu et al, 2011).
Consequently, the construction of the kernel matrix for transmission secismic data Q
tomography is straightforward. First, with the given seismic survey geometry and the given
velocity model, shot-to-receiver ray tracing is implemented. Then, the number of seismic rays
penetrating each subsurface grid is populated and the lengths of these rays in each grid are
measured. Collecting the raypath information, one can build a kernel matrix. Combining the
kernel matrix and the measurement vector, eventually one can formulate an optimization

problem to reconstruct the subsurface Q model.

[0006] Unfortunately, transmission seismic data are not always available. In many
exploration geophysical applications, the number of transmission seismic traces is very
limited, which implies that the formulated transmission seismic Q tomographic inverse
problem can be very underdetermined. Furthermore, with limited range of offsets,
transmission seismic rays do not travel down into deep regions. In other words, these rays
only carry the shallow region geophysical property information. Therefore, the transmission
seismic data cannot be used to reconstruct deep Q models. Figs. 1A-1B give an example of
transmission seismic ray coverage and its relationship to the Q models at different depths.
Fig. 1A shows the velocity model and the corresponding transmission seismic raypaths. In
Fig. 1B, there are two Q anomalies. One of them is located in the shallow region, while the
other is buried in the deep region. The shallow Q anomaly is fully covered by the
transmission seismic raypaths. Therefore, this Q anomaly can be reconstructed by using
transmission seismic data Q tomography. However, the other Q anomaly is too deep to be
recovered by using transmission seismic data only. On the other hand, reflection seismic rays
do penetrate this deep Q anomaly, as shown in Fig. 1B. Therefore, to estimate the deep region
Q distribution profile, reflection seismic data have to be utilized. This invention is a method
for using reflection seismic data in Q tomography to reconstruct a subsurface Q model

reliably, especially for deep regions.

[0007] In transmission seismic data Q tomography algorithms, source-to-receiver ray
tracing is performed and then the raypath information in each model grid is obtained to build

the kernel matrix for Q tomography. The reason that this procedure can be performed in
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transmission seismic data Q tomography is that the raypaths are relatively simple for
transmission seismic data, as shown in Fig. 2. It is straightforward to measure ray lengths 4
in each grid to build the kernel matrix; for example /i3, L4, b4, bs, b, 6, [37 ... in Fig. 2. In
reflection seismic data Q tomography, usually the kernel matrix cannot be constructed by
directly measuring the seismic raypath for each pre-migration seismic trace due to the
following reasons: 1) there are too many reflection seismic traces; 2) reflection seismic
raypaths are too complicated and it is extremely difficult to trace all the shot-to-receiver
seismic rays; 3) there are many multiple arrivals which makes it impossible to separate the
contributions from different seismic raypaths; 4) it is very difficult to pick the right events in
the pre-migration reflection seismic traces for a specific raypath. For example, in Fig. 3,
where the velocity is constant and only two reflectors are in presence, for the shot-receiver
pair shown in Fig. 3, there are at least four different raypaths labeled as Ray 1 to Ray 4. For
more realistic scenarios, the raypaths are even more complicated. Under some circumstances,
if the geological structures are simple, it might be possible that pre-migration reflection
seismic data can be analyzed and used for Q tomography (Rossi et al., 2007). However, in
most cases, reflection seismic data Q tomography algorithms only work on post-migration
seismic data (i.e., image domain data or depth domain data) instead of pre-migration seismic

data (i.e., time domain data).

[0008] In most existing reflection seismic data Q tomography algorithms (Hung et al.,
2008), the relationship between the post-migration seismic data and the subsurface Q
distribution profile is established through spectral ratio method, which is a widely used
approach utilizing the amplitude decay information to derive Q values. However, the
amplitude decay based method for Q estimation is significantly affected by reflection and
transmission loss and an illumination imbalance issue. Another method to link the seismic
data and the Q profile is the so-called centroid frequency shift method (Quan and Harris,
1997), which is believed to be more robust since it is independent of geometrical spreading,
reflection and transmission loss, and illumination imbalance. Unfortunately, the conventional
centroid frequency shift method is only applicable to pre-migration seismic data (i.e., time
domain seismic data). He et al. (2012) propose an approach to obtain correct spectral
information from post-migration depth domain seismic data and then input the spectral
information to the centroid frequency shift method. However, their method is applicable only
to common angle gathers of seismic data, where the takeoff angles at the selected CDPs are

known.
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SUMMARY OF THE INVENTION
[0009] The present invention involves a multi-domain approach, where the kernel

matrix for Q tomography is constructed in depth domain based on common image gathers
obtained by mapping time domain seismic data to image domain through migration, the depth
domain seismic traces are then extracted and converted to time domain and frequency
domain. The kernel matrix construction is based on a CDP-to-surface ray tracing procedure,
where the takeoff angles for the ray tracing are found through a process including 1)
deployment of virtual sources on the surface; 2) wavefront construction based ray tracing
from the virtual sources to the subsurface and angle table building; and 3) an angle selection
procedure to find the takeoff angles for selected CDPs for specific offsets. This multi-domain
approach makes the centroid frequency shift method applicable to Q tomography using post-
migration reflection seismic data. Furthermore, a frequency weighted exponential function
may be used to approximate an asymmetric seismic frequency amplitude spectrum, and a
box-constrained optimization algorithm may be employed to solve the Q tomography

optimization problem to eliminate physically unrealistic solutions (Hu, 2011).

[0010] In one embodiment, the invention is a ray-based, centroid frequency shift Q
tomography method for reconstructing subsurface profiles for 1/Q from common offset
gathers of post-migration reflection seismic data, comprising: (a) a multi-domain approach
for kernel matrix and measurement vector construction by using post-migration reflection
seismic data, where the kernel matrix is built on the common offset gathers in the depth
domain while the measurement vector is constructed by mapping the time domain reflection
seismic traces to depth domain through Kirchhoff or other migration method; (b) then
converting the extracted depth domain data to the time domain and the frequency domain,
and approximating the seismic source’s amplitude spectrum with a frequency weighted
exponential function in order to calculate the asymmetric seismic data spectrum’s centroid
frequency shift due to earth attenuation, and relating said centroid frequency shift to
attenuation as represented by the reciprocal of quality factor Q; and (c) solving for Q or 1/Q
by iterative, linear optimization, wherein the optimization has box constraints to keep
estimated Q values within position-dependent ranges specified by upper boundaries and
lower boundaries. The constrained optimization may be solved by a multi-index active-set

method.

[0011] The person skilled in the art of Q tomography will recognize that at least some

of the steps of the present inventive method are preferably performed on a computer,
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programmed in accordance with the teachings herein, i.e., the invention is computer

implemented in most practical applications.

BRIEF DESCRIPTION OF THE DRAWINGS
[0012] The present invention and its advantages will be better understood by referring

to the following detailed description and the attached drawings in which:
Fig. 1A shows a velocity model and transmission raypaths;

Fig. 1B shows a scenario where there is a shallow Q anomaly covered by the transmission
seismic rays, and a deep Q anomaly which is not covered by the transmission seismic rays

but is penetrated by reflection seismic rays;
Fig. 2 shows a transmission seismic shot-to-receiver raypath in a gridded model;
Fig. 3 shows multiple reflection seismic raypaths for a single shot-receiver pair;

Fig. 4 shows a diagram illustrating the migration process of converting time domain

reflection seismic data to depth domain seismic data;

Fig. 5 schematically illustrates a common offset gather obtained via migration of reflection

seismic data;

Fig. 6 schematically illustrates a common angle gather via migration of reflection seismic

data;

Fig. 7 shows the ray tracing from a selected CDP point P on a selected horizon in an image

from the common image gather;
Fig. 8 shows the depth domain seismic traces extracted from the common image gather;

Fig. 9 shows the time domain seismic traces obtained through depth-to-time conversion and

the wavelet stretching correction;

Fig. 10 is a flow chart showing basic steps in one embodiment of the present inventive

method;
Fig. 11 shows the layered velocity model used for the example;
Fig. 12 shows the post-migration seismic data for a specific offset;

Fig. 13 shows the amplitude spectra of the source, the extracted post-migration reflection

seismic data, and the centroid frequency shift due to the Q anomaly;
Fig. 14A shows the true Q model for the example;
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Fig. 14B shows the reconstructed Q model using the present inventive method;

Fig. 15 shows wavefront-construction-based ray tracing from a virtual source to the

subsurface; and

Fig. 16 shows ray tracing from a selected CDP point P on a selected horizon in an image

from the common offset gather.

[0013] Figures 1A, 1B, 11, and 14A-14B are black-and-white reproductions of colored

original data displays, due to patent law restrictions.

[0014] The invention will be described in connection with example embodiments.
However, to the extent that the following detailed description is specific to a particular
embodiment or a particular use of the invention, this is intended to be illustrative only, and is
not to be construed as limiting the scope of the invention. On the contrary, it is intended to
cover all alternatives, modifications and equivalents that may be included within the scope of

the invention, as defined by the appended claims.
DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0015] The present invention includes a method for reconstruction of 2D or 3D seismic
quality factor (Q) profiles from reflection seismic data, a technical field known as reflection

seismic data Q tomography.

[0016] The main features of the present invention in at least some embodiments are as
follows. The reflection seismic data are migrated by any migration method including, but not
limited to Kirchhoff migration to obtain a common image gather (CIG), which can be a
common angle gather or a common offset gather. At least one common depth point (CDP) is
selected in the CIG. In other words, the same point is located in each image of the CIG. If
the migration velocity model happens to be perfect, then this selected CDP will be located at
the same (x,y,z) coordinates in each image; otherwise not. With estimated dip information,
two seismic rays are shot from each selected CDP to the surface using ray tracing according
to Snell’s Law. For a common angle gather, the takeoff angles for this CDP-to-surface ray
tracing are known. For common offset gathers, the takeoff angles for the CDP-to-surface ray
tracing may be found through deploying virtual sources on the surface, performing
wavefront-construction-based ray tracing from the virtual sources to the subsurface and
saving the incident angles at the CDPs and building the angle table, and implementing an
angle selection procedure to find the matched takeoff angles for the selected CDPs for the
specific offsets. The raypath information of the CDP-to-surface ray tracing is collected for all
6
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the rays shot from the selected CDPs to construct the kernel matrix. For each selected CDP,
the associated vertical depth domain seismic trace in the CIG is extracted. The extracted
vertical traces are converted to the time domain and then to the frequency domain through
depth-to-time conversion, a wavelet stretching correction, and fast Fourier transform (FFT).
The source wavelet amplitude spectrum is analyzed and fitted by a frequency weighted
exponential function and the centroid frequency of the source wavelet is calculated. The
centroid frequency shifts (with respect to the source wavelet centroid frequency) of the
extracted traces are calculated to construct the measurement vector. The kernel matrix and the
measurement vector are input to an optimization algorithm with box constraints to reconstruct
the Q profile, where the ranges of the Q values are predetermined by a priori information.
This constrained optimization is solved by employing the multi-index active-set method
(Morigi et al., 2007).

[0017] Some underlying theory of the invention is explained next.

[0018] First, with the assumption that an accurate velocity model has been provided,
the time domain reflection seismic data are migrated to obtain the common image gather
(either common offset gather or common angle gather), which are the post-migration pre-
stack reflection seismic data. By doing this, the time domain seismic data are converted to the
depth domain. Fig. 4 is the diagram to show the migration process. In Fig. 4, the data domain
consists all the shots and receivers represented by the dots on the surface and the model
domain are the subsurface rectangular areca. The seismic traces are back-propagated
downward to the model domain to obtain the depth domain seismic data. For example, the
horizon shown in Fig. 4 is the actually the seismic energy in the depth domain mapped from
the time domain reflection seismic data. Separating the contributions from different offsets or
from different angles, a common offset gather or common angle gather, which is a series of

images as shown in Fig. 5 and Fig. 6, can be obtained.

[0019] In each image in the common image gather (common offset gather or common
angle gather), at least one horizon is selected and on this selected horizon, at least one CDP
point is selected, as shown in Fig. 7 (point P). In Fig. 7, the dashed line is the normal
direction to the horizon; the dot-dashed line and the dotted line are the vertical and horizontal
directions, respectively. Then, for common angle gathers, from this selected CDP point P,
because the takeoff angle 6; is known, with the dip angle 6, estimated by a dip estimation tool

(Marfurt, 2006), two rays 71 and 72 are shot to the surface. After that, the ray length in each
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grid is measured. Letlj’.d be the ray length in the j’h grid cell for the K" selected point in 1"
image in the CIG, the elements in the kernel matrix A can be determined by (Hu, 2011)
bl
4, =" ()
v,

J

where 7 is the row index of the kernel matrix corresponding to £ and / (each combination of k&
and / corresponds to a distinct row index 7 of the kernel matrix, where the relationship
between i, k£ and / depends on the number of images in the common image gather), and ; is
the column index of the kernel matrix, and v;is the seismic velocity in the j’h grid. (In this
document, the term grid, which might alternatively be called cell, means a single element in
the gridded velocity model.) The whole kernel matrix can be constructed by repeating this

procedure for all the selected images, horizons, and CDP points.

[0020] Unfortunately, common angle gathers are not always available. In many
applications, one may have only common offset gathers as shown in Fig. 5. Therefore, to
shoot two rays from the sclected CDP point to the surface, it is first necessary to find the
corresponding takeoff angle at the selected CDP point. A procedure for finding the takeoff

angle is as follows:

(1)  Deploy a series of virtual sources (S, Sy, ..., Sp, ...) on the surface at each grid as

shown in Fig. 15.

(2) From each virtual source, perform wavefront construction based ray tracing (see, for
example, Vinje et al., 1993); then, at each CDP point , save the incident angle ¢;* , which is
the angle between the ray direction and the vertical direction, to build a lookup angle table,

where p is the index of the associated virtual source.

3) At each selected CDP point in an image extracted from the common offset gather with
offset dogr, find two angles ¢ and ¢ satisfying 0; = 0, = (¢'-04) = (¢:°-04) and dogr = |Xp1 —
Xp2|, where 04 is the dip angle at the selected CDP point, pl and p2 are the indices of the

virtual sources Sp1 and Sp; as shown in Fig. 16, whose positions are represented by x;; and xi».

4 With the takeoff angle ¢{' or ¢;*> and the dip angle 64, two rays are shot from this
selected CDP point to the surface, as shown in Fig. 16.

After that, similar to the procedure implemented in the common angle gather cases, a kernel

matrix can be constructed by using equation (1). All variations and equivalent or similar
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approaches to the above 4-step method are within the scope of the present invention.

[0021] A key part of the present invention is the construction of the measurement

vector, which is explained as follows.

[0022] In a specific image from a CIG, as shown in Fig. 7 or Fig. 16, a vertical post-
migration reflection seismic trace W(z) is extracted at the selected CDP P and this depth
domain trace is then truncated to contain only the wavelet w(z) around the position P. These
extracted wavelets w(z) are shown in Fig. 8. In Fig. &, it is observed that the widths of the
wavelets are offset-dependent, which is a well-known wavelet stretching phenomenon. This
wavelet stretching issue needs to be addressed in order to extract the correct frequency
content information to be used in Q tomography. Another phenomenon observed is that,
when Q anomalies (within which Q values are finite) are present, the wavelet widths are
larger as long as the traces penetrate one of these Q anomalies. This phenomenon is expected
because Q anomaly attenuates high frequency more significantly, which leads to a downshift
of the frequency content. This frequency shift information will eventually be used to estimate
the Q values in the Q tomography algorithm. However, these extracted and then truncated
seismic traces shown in Fig. 8 are not ready for frequency content analysis because they are
still in depth domain. Therefore, the extracted depth domain seismic traces w(z) need to be
converted to time domain and the wavelet stretching correction needs to be applied (a single
step). This procedure is implemented by using the following formulation for conversion

between time and depth:

At(z) = AVZ(ZZ)) [cos(6, +8,) +cos(0, - 6,))], (2)

where v(z) is the vertical velocity profile at CDP P, 6, is the incident angle and 8, is the dip

angle as shown in Fig. 7. The depth domain seismic trace w(z) can be converted to time
domain signal w(?) shown in Fig. 9 by using formulation (2). In Fig. 9, it may be observed
that, after the wavelet stretching correction is applied, the width of the time domain wavelet
is independent of offset if the Q value is infinity, which corresponds to zero attenuation.
However, if Q values are finite, the wavelet width is still dependent on the offset because the

Q profile along the ray path determines the frequency content modification of the trace.

[0023] The time domain seismic traces in Fig. 9 are now ready for frequency content
analysis. First, the traces w(z) are converted to frequency amplitude spectrum w(f) by using

the Fourier transform, preferably the fast Fourier transform (FFT). After that, the centroid



10

15

20

25

WO 2014/084945 PCT/US2013/057628

frequency of the signal f” and the centroid frequency of the source f° are calculated

respectively using

ol DY

— (3)
[ w(df
and
L0 @
[ s()df

where s(f) is the frequency amplitude spectrum of the source wavelet. The centroid frequency

shift is

Af‘c:fcs_fcw‘ (5)
Assuming that the source frequency amplitude spectrum can be approximated by a frequency

weighted exponential function (see Hu 2011, which is incorporated herein by reference)

S = Af” exp[— fij , (6)

0
where 4, n, fp are real numbers, one is able to find the values of 4, n, fy by fitting the
frequency weighted exponential function (6) to the source frequency amplitude spectrum.
(The constant 4 is unrelated to the kernel matrix A.) The measurement vector for centroid

frequency shift based reflection seismic Q tomography can now be constructed as

Af

e (7)
fofc
[0024] With equations (1) and (7), the reflection seismic data Q tomography can be

posed as an optimization problem with box constraints (See Eqn. (14) in Hu 2011)

min"Ax - b|| subjectto 1<x<u, (8)

where 1 and u are the vectors storing the lower boundaries and the upper boundaries of the

1/Q values, and x is a vector of the unknowns, i.c.,

x,=1/Q,.
[0025] A preferred type of algorithm that may be employed to solve the optimization
problem of Eqn. (8) is a multi-index active-set method such as was disclosed by Morigi et al.
(2007).
[0026] In one of its embodiments, the present invention can be implemented according

10
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to the flow chart shown in Fig. 10. In step 40, the velocity model 10, the seismic data 20, and
the source/receiver positions 30 are input into the migration code to obtain the common
image gather. In step 50, the poststack migration result is input into a dip estimation

algorithm to estimate the dip angles (&, in Eqn. (2)). D In step 60, at least one horizon is

selected and at least one point on this horizon is selected. If the obtained common image
gather is a common offset gather (92), then in step 96 virtual sources are deployed on the
surface and the wavefront construction based ray tracing is performed from the virtual
sources to the subsurface; the ray incident angle for each CDP for each virtual source is saved
and used to build an angle table. After that, in step 98, for each selected CDP in each image
from the common offset gather, the associated takeoff angle is found in the angle table.
Then, in step 100, two rays are shot from each of these selected points to the surface by using
a ray tracing algorithm. As explained earlier, these are not arbitrary rays. If at step 92 the
CIG is a common angle gather as shown in Fig. 5, then the takeoff angle for the ray tracing
from the selected CDP point is known; if the CIG is a common offset gather, for cach
selected CDP point and the specific offset, the takeoff angle already has been found in step
98. With this takeoff angle and the estimated dip angle, two rays are traced from the CDP

point according to Snell’s law.

[0027] The raypath information obtained in step 100 is input to step 110 to construct
the kernel matrix for Q tomography. In step 70, the vertical seismic trace is extracted from
the images obtained in step 40 for each CDP selected in step 60 and these extracted traces are
truncated to contain only the events associated with the selected CDPs. A vertical seismic
trace here means the extracted vertical slice from the migration image as shown in Fig. 7 and

Fig. 16. Because it is extracted from an image, this trace is in depth domain.

[0028] In step 80, the depth-to-time conversion and the wavelet stretching correction
are applied on the extracted depth domain seismic traces obtained in step 70. In step 90, the
centroid frequency shifts of the extracted traces with respect to the source wavelet centroid
frequency are calculated to construct the measurement vector. The measurement vector and
the kernel matrix are input into step 120 to formulate the box-constrained tomographic
optimization problem and this optimization problem is solved iteratively for 1/Q. If the
reconstructed Q model is accepted after the judgment in step 130, the Q tomography process
finishes. Otherwise, the user may reselect the horizons and the points on the horizons and

repeat steps 70 to 120 until the reconstructed Q model is satisfactory.
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Examples
[0029] In this section, a synthetic example of reflection seismic data Q tomography is

presented. Fig. 11 shows the velocity model, which is a layered model. The first layer (from
the surface to the depth of 1500 m) has a constant velocity of 1500 m/s. The second layer
(from the depth of 1500 m to the depth of 2500 m) has a constant velocity of 3000 m/s. The
third layer (from the depth of 2500 m to the depth of 3000 m) has a constant velocity of 5000
m. In the first layer, there is an embedded Q anomaly with a constant Q value of 20, as shown
in Fig. 14A. Although this Q anomaly is located in a shallow region, the refraction seismic
data still cannot be used. The reason is that, in this case, the refractive seismic rays only exist
at the surface (i.e., z = 0) because the seismic velocity in this example is a constant in the first

layer. For a constant seismic velocity model, the refractive rays travel only on the surface.

[0030] Fig. 12 shows the migrated reflection seismic data for a specific offset. At a
selected CDP point P, a vertical post-migration seismic trace is extracted and then only a
short segment of the trace (highlighted line in Fig. 12) is kept to contain only the event
associated with CDP P. This segment of the trace (depth domain) is converted to the time
domain and the wavelet stretching correction is applied for nonzero offset. After that, the
time domain trace is converted to frequency domain. The frequency amplitude spectrum is
plotted in Fig. 13. As shown in Fig. 13, in comparison with the source amplitude spectrum,
as expected, the frequency content of the post-migration seismic data is different from the
source frequency content. The amount of the centroid frequency downshift can be measured
as Af. shown Fig. 13. This procedure is repeated until all the Af; are measured to build the

measurement vector using formulation (7).

[0031] Ray tracing (the procedure shown in Figs. 7 and 16) is implemented for each
selected CDP to build the kernel matrix A. Eventually, the tomographic inversion problem
(8) is solved and the Q anomaly is reconstructed as shown in Fig. 14B, which is close to the

true Q model.

[0032] The foregoing description is directed to particular embodiments of the present
invention for the purpose of illustrating it. It will be apparent, however, to one skilled in the
art, that many modifications and variations to the embodiments described herein are possible.
All such modifications and variations are intended to be within the scope of the present

invention, as defined by the appended claims.
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CLAIMS

1. A ray-based Q-tomography method using recorded reflection seismic data from a
subsurface region, comprising migrating the seismic data to depth domain to obtain common
image gathers, said common image gathers being common offset gathers, where a kernel
matrix is constructed using raypath information obtained through a ray tracing procedure, and
selected seismic traces from a common image gather are converted to time domain, then a
centroid frequency shift relative to a seismic source wavelet centroid frequency is
determined, then an expression relating the centroid frequency shift and the kernel matrix to
seismic attenuation, as measured by a frequency independent quality factor Q, is iteratively

solved for Q using a computer.

2. The method of claim 1, wherein the kernel matrix construction comprises:

(a) in each image corresponding to a common offset, selecting at least one

horizon, and on the horizon at least one common depth point;
(b) tracing two rays from each selected common depth point to the surface;

() measuring ray lengths in each penetrated subsurface grid, each subsurface grid
corresponding to a column index of the kernel matrix, and using a subsurface velocity model

to form elements of the kernel matrix.

3. The method of claim 2, wherein (b) comprises:

(1) estimating a dip angle of the selected horizon where the selected common

depth point is located;

(i1) finding two takeoff directions making equal angles with the normal direction
to the horizon at the selected common depth point such that two rays traced using Snell’s
Law from the selected common depth point at the two takeoff directions reach surface

locations that are separated by the common offset;
(iii)  tracing the two rays defined in (ii).

4, The method of claim 3, wherein (ii) comprises:
14
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deploying a plurality of virtual sources on the surface;

performing wavefront construction based ray tracing from the virtual sources to the
selected common depth point and building a table giving ray incident angle at the selected

common depth point for each virtual source location; and

selecting from the table two incident angles for the selected common depth point that
match the common offset, and using these two selected incident angles as the takeoff

directions.

5. The method of claim 1, wherein:

the selected seismic traces comprise a vertical trace for each selected common depth

point, extracted from the common image gather;

the conversion to time domain of the selected seismic traces is performed while

applying a wavelet stretching correction; and

the centroid frequency shift is determined for each selected trace after transforming

the selected trace to frequency domain.

6. The method of claim 5, wherein the conversion to time domain and the wavelet

stretching correction, can be expressed by

AH(z) = AVZ(ZZ)) [cos(6, +6,)+cos(6, - 6, )]

where At is a time duration corresponding to Az, which is proportional to vertical mesh size
in a computational grid, as a function of depth z; v(z) is vertical seismic velocity profile as a
function of the depth z; 6; is seismic ray incident angle at the selected common depth point;

and 6, is dip angle of the selected horizon at the selected common depth point.

7. The method of claim 5, wherein the determination of the centroid frequency shift
comprises analyzing the source wavelet frequency distribution and fitting an asymmetric
frequency distribution with a frequency weighted exponential function of frequency, and
further comprising computing a component of a measurement vector from the centroid

frequency shift and using the measurement vector to represent the centroid frequency shift in
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the expression that is solved by iterative optimization.

8. The method of claim 7, wherein the frequency-weighted exponential function of

frequency can be expressed in the form

F(f)=4f" exp[— ij
fo
where f'is frequency, 4 is a constant for amplitude scaling, f; is a characteristic frequency,

and # is a symmetry index.

9. The method of claim 5, wherein the extracted vertical traces are truncated to include

only the events associated with the selected horizon.

10. The method of claim 1, wherein the iterative solving for ( comprises a linear
optimization using box constraints to keep estimated Q values within position-dependent

ranges specified by upper boundaries and lower boundaries.

11. The method of claim 1, wherein the iterative solving for Q comprises a constrained
optimization that is solved by a multi-index active-set method that allows updates of the
active set by multiple computational grid indices at a time, wherein a grid index denotes

subsurface location.
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