Method for Survey Data Processing
Compensating for Visco-Acoustic Effects in

Tilied Transverse lsotropy Reverse Time Migration

CROSS REFERENCE 7O RELATED APPLICATIONS

16004] This application claims priority and benefit from U1.S, Provisional Patent
Application No. 62/140,728 filed on March 31, 2015, for “Compensate for visco-acoustic
effects in TTI reverse time migration,” the content of which is incorporated in its entirety

herein by reference.

BACKGROUND

TECHNICAL FIELD

[0662] Embodiments of the subject matter disclosed herein generally relate to
seismic data processing, more particularly, to obtaining an enhanced image of
structures under complex geological regions with strong velocity contrast and
substantial attenuation, by compensating for visco~-acoustic effecis in a tilted transverse

isotropy (TT1) medium while applying a reverse time rmigration (RTM) method.

DISCUSSION OF THE BACKGROUND

{00031 in spite of the momentary over-supply of fossil fuel, inferest in developing
new oil and gas production fields remains strong for both land and offshore locations.
Drilling is an expensive process. Therefore, before engaging in such a costly

undertaking, geophysical sutveys are performed to achieve more accurate information
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about underground formations (the term “underground” includes under the seafioor).
Data acquired during geological surveys is processed 1o generate @ profite (image) of
the underground formations, While this profile does not provide an accurate location of
oil and gas, it-suggests, to those trained in the field, the presence or absence of oil
and/or gas.

10004] Figure 1 illustrates a marine seismic survey during which seismic data is
collected to explore a geological structure under the seafloor. Vessel 10 tows ary array
of seismic receivers 12 provided on cables 14 that form streamers 16 (only one is
visible in this vertical view, but plural streamers may be arranged in a horizontal xy
plane), at a depth z; below water surface 18. The streamers may be towed horizontally
(at substantially constant depth z; throughout their length during the survey as
ilustrated), arranged in a slanted or curved configuration (i.e., depth varying along the
streamer), or at different depths. Vessel 10 may also tow a wave source 20 configured
to generate waves 22a. Waves 22a propagate down toward the seafloor 24 penetrate it
and are then partially reflected and/or refracted at interfaces between layers where the
wave propagation velocity changes. Reflected acoustic waves such as 22b and 22¢
(redirected upward by reflecior 26) may he detected by receivers 12 directly as
emerging from the seafloor and/or as ghost reflections from the water surface, such as
22d. Data (wave amplitude versus time series) recorded by the receivers is processed
to extract information about the underground formations. Processing may include
various phases, e.g., velocity model determination, pre-~stack migration, post-stack

processing, etc., which are known in the art.
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[0005] It has been observed {as discussed in the book, Quantitative Seismology.
by Aki and Richards, published 1980 by W.H. Freeman & Co, relevant portions of which
are incorporated by reference) thaf the anelastic effects {e.g., anelastic attenuation,
which is characterized by seismic quality factor Q that is inverseiy proportional to
attenuation) cause seismic energy to decrease along the path and wavelet distortion.
For example, gas trapped in overburden (i.e., above structures of interest such as an oil
reservoir) can strongly attenuate seismic P-waves. As a resuit, not only is the migrated
amplitude dim below the gas, but the imaging resolution is also greatly reduced due to
high.-frequency energy loss and phase distortion.

[0008} Some conventional methods {as described, e.g., in Kjartansson,'s 1979
article, “Constant Q-wave propagation and aftenuation,” in the Journal of Geophysical
Research 84, B9, pages 4,737-4,748; Bickel et al.'s 1085 article, “Plane-wave Q
deconvolution,” published in Geophysics 50, pages 1,426~ A39; and/or Calvert et al’s
1991 article, “Inverse Q-filtering by Fourier transform,” in Geophysics 56, pages 519-
527, the contents of which are incorporated herein in their entirety) compensate for the
seismic absorption in the data domain using an inverse Q-filter. These methods are
based on one-dimensional backward propagation and cannot cotrectly handie real
geological complexity. Some methods correct for anelastic attenuation and dispersion
in a pre-stack depth migration {a logical choice since these phenomena occur during
wave propagation). However, most migration methods usually treat the underground
sormation’s made! as a lossless acoustic medium, attempting to correct only for the

amplitude effect due to geometric spreading {see, 6.g., relevant portions of the book,
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Mathematics of multidimensional seismic inversion, by Bleistein et al., Springer
Publishing Company, 2001). Two main reasons account for this situation. First, itis
difficult to accurately estimate the Q factor from seismic data. Second, the technology
of migrating seismic data using a visco-acoustic equation or an anelastic equation has
not been well-established.

[00067] [n & generalized method for estimating absorption losses {e.g., as
described in Xin et al’s 2008 article, “3D tomographic amplitude inversion for
compensating amplitude attenuation in the overburden,” in 78" SEG Annual
International Meeting, Expanded Abstracts, pages 3,239-3,243, the content of which is
incorporated herein in its entirety), the analysis is performed on the migrated data and
based on a tomographic velocity updating algorithm (e.g., as described by Zhou et al.’s
2003 arficle, “Tomographic residual curvature analysis: The process and its
components,” in 73 SEG Annual International Meeting, Expanded Abstracts, pages 666-
869, the content of which is incorporated herein in its entirety). Efficient approaches for
compensaticn of frequency-dependent dissipation effects in Kirchhoff and Gaussian
beam pre-stack depth migration making use of the absorption model estimated from a
3D tomographic amplitude inversion apply Q compensation during migration, fully honor
actual raypaths (see, e.g., Xie et al.’s 2009 article, “3D prestacic depth migration with
compensation for frequency-dependent absorption and dispersion,” in 79" SEG Annual
International Meeting, Expanded Abstracts, pages 2,919-2,822; and Xie et al.’s 2010
article, “3D prestack beam migration with compensation for frequency dependent

absorption and dispersion,” presented at the 72™ EAGE Annual International
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Conference and Exhibition, the contents of which are incorporated herein in their
entirety).

j0008] Some effort has been made fo develep an inverse Q-migration using one-
way wave equation migration (see, e.g., Dai ef al. 1994’s article, "inverse Q-migration,”
in 64" SEG Annual International Meeting, Expanded Abstracts, pages 1,418-1,421; and
Yu et al.'s 2002 article, “Compensation for the effects of shallow gas atteriuation with
visco-acoustic wave-equation migration,” in 72™ SEG Annual International Meeting,
Expanded Abstracts, pages 2,062-2,065, the contents of which are incorporated herein
in their entirety). The one-way wave equation is in this case formulated in the frequency
domain to directly account for frequency-dependent dissipation. RTM based on directly
solving the two-way wave equation provides a superior way to image complex geologic
regions and has become a standard migration tool for subsalt imaging, especially in the
Gulf of Mexico. A time domain wave equation to model the visco-acoustic effects is
needed to incorporate an attenuation correction in RTM. A pseudo-differential equation
to model isotropic visco-acoustic waves based on the dispersion relation has been
applied in reverse time migration fo compensate for the anelastic effects in seismic
images (see, e.g., Zhang et al.’s 2010 article, “Compensating for visco-acoustic effects
in reverse-time migration,” 80" SEG Annual international Meeting, Expanded Abstracts,
pages 3,160-3,164, the content of which is incorporated herein in its entirety). However,
extending Zhang's approach to formulate visco-acoustic TTI RTM is difficult, if at all

possible.



[0602] Alternatively, a visco-elastic mechanical modet consisting of standard
linear solids (SLSs) has been proposed to model real earih materials and employed io
solve the visco-elastic wave eguation for forward modeling (see, e.g., Robertsson et
al.’s 1994 article, "Viscoe!-astic finite-difference modeling,” in Geophysics 58, pages
1.444-1,456, the content of which is incorporated herein in its entirety). In this
approach, one SL.S consists of a spring in parallel with a spring and a dashpot in series,
and can approximate a constant Q within a defined frequency band with a series of
S1.Ss connected in paraliel (as described in Day et al.’s 1984 article, “Numerical
simuiation of attenuated wavefields using Pade approximation method,” in the
Geophysical Journal of Royal Astronomy Society 78, pages 105-118, the content of
which is incorporated herein in its entirety). In an SLS, the stress-strain refationship is
expressed as a causal time convolution of a stress relaxation function with the strain
rate. This time dependence of the relaxation maéhanism is governed by stress and
sfrain relaxation times. A visco-slastic rheology with muitiple relaxation mechanisms
can explain experimeantal observations of wave propagations in the earth. Carcione et
al. (1988) designed a system of equations of motion and introduced memory variables
fo obviaie storing the entire strain history required by the time convolution. This visco-
acoustic wave propagation based on multiple relaxation mechanisms can be extended
to account for anisotropy; however, the time reversal propagation is unstable, which

poses challenges in implementing visco-acoustic TTI RTM.



10010] it is desirable to develop RTM methods that compensate for the
absorption effects in TTI medium to obtain enhanced images of structures under
complex geological regions with strong velocity contrast and substantial attenuation.
SUMMARY
[0011] According to various embodiments, visco-acoustic wave propagation in a
TT1 medium compensates for the anelastic effects to correct the frequency-dependent
energy attenuation and phase distortion caused in the overburden.
10012] According to an aspect, there is a method for obtaining an image of an
explored underground formation. The method includes obtaining survey data carrying
structural information of the explored formation, generating initial velocity and
absorption models of the explored formation based on the survey data, and updating
the initial velocity and absorption models while also determining Thomsen anisotropy
parameters depending on tilt angle and azimuth angle of a tilted transverse isotropy,
TTI, symmetry axis, using a visco-acoustic reverse time migration, RTM, wherein the

visco-acoustic RTM includes calculating a backward propagated receiver wavefield at

P (Fw)

2
W) I W(%, w), where W(X, w) is a field

each subsurface point X as p(X, ) =

obtained by solving a visco-acoustic TTI wave equation in a conjugate medium, and
Po (X, ) is a wavefield obtained by solving an acoustic TTl wave equation in a lossless

medium.
[0013] According to another aspect, there is a survey data processing apparatus

configured to obtain an image of an explored underground formation. The apparatus
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includes a communication interface and a data processing unit. The communication
interface is configured to obtain survey data carrying structural information of the
explored formation. The data processing unit is configured to generate initial velocity
and absorption madels of the explored formation based on the survey data, and to
update the initial velocity and absorption models while also determining Thomsen

anisotropy parameters depending on tilt angle and azimuth angle
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of a tilted transverse isotropy, TT1, symmetry axis, using a visco-acoustic reverse time

migration, RTM, wherein the visco-acoustic RTM includes calculating a backward

propagated receiver wavefield at each subsurface point X as

B, (Fw)

2
o) W (%, w), where W(X, w) is a field obtained by solving a visco-

px, w) =
acoustic TTI wave equation in a conjugate medium, and P, (X, w) is a wavefield

obtained by solving an acoustic TTI wave equation in a lossless medium.

[0014] According to yet another aspect, there is a non-transitory computer
readable recording medium storing executable codes which, when executed on a
computer having access to survey data, make the computer to perform a method for
obtaining an image of an explored underground formation. The method includes
obtaining survey data carrying structural information of the explored formation,
generating initial velocity and absorption models of the explored formation based on the
survey data, and updating the initial velocity and absorption models while also
determining Thomsen anisotropy parameters depending on tilt angle and azimuth angle
of a tilied transverse isotropy, TTl, symmetry axis, using a visco-acoustic reverse time

migration, RTM, , wherein the visco-acoustic RTM includes calculating a backward

propagated receiver wavefield at each subsurface point X as

B, Fw)

2
P, w) = |3 5 ’ W(%, w), where (¥, @) is a field obtained by solving a visco-

acoustic TTI wave equation in a conjugate medium, and Pq (X, w) is a wavefield
obtained by solving an acoustic TTl wave equation in a lossless medium.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The accompanying drawings, which are incorporated in and constitute a
part of the specification, illustrate one or more embodiments and, together with the

description, explain these embodiments. In the drawings:

[06016] Figure 1 illustrates seismic data acquisition;

[0017] Figure 2 illustraies Q estimation and compensation phases;
[0018] Figure 3 is an illustration of RTM;

[0019] Figure 4 is a flowchart of a Q TTI RTM method according to an
embodiment;
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[0020] Figures 5-7 Hllustrate test data as simuiated, conventionally processed and

processed using a Q TTI RTM method, respectivaly,

[00211 Figures 8 iifustrates spectra of data in Figures 5-7;

[og22] Figure 9 represents a velocity model corresponding to real survey data;
[0023] Figure 10 represents a Q model corresponding to real survey data;
[0024] Figures 11 and 12 illustrate results obtained for the same data slice using

conventional Kirchhoff TTI PSDM and conventional TT1 RTM, respectively;
[0025] Figures 13 and 14 iliustrate results obtained for the same data slice using

3D Q Kirchhoff PSDM and Q TTI RTM, respactively; and
fo0n26] Figure 15 is a block diagram of a survey data processing apparatus

according to an embodiment.

DETAILED DESCRIPTION

{0027] The following description of the exempiary emhodiments refers io the
accompanying drawings. The same reference numbers in different drawings identify
the same or similar elements. The following detailed description does not limit the
invention. Instead, the scope of the invention is defined by the appended claims. The
following embodiments are discussed in the context of processing seismic data.
However, similar methods may be employed when other types of waves (e.g.,
electromagnetic waves) are used to explore an underground formation.

16828} Reference throughout the specification to “one embodiment” or “an

embodiment’ means that a particular feature, structure or characteristic described in
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connection with an embodiment is included in at least one embodiment of the subject
maiter disclosed. Thus, the appearance of the phrasas “in one embodiment” or “in an
embodiment” in various places throughout the specification is not necessarily referring
to the same embodiment. Further, the particular features, structures or characteristics
may be combined in any suitable manner in one or more embodiments.

[0029] Figure 2 is a graphical illustration of a seismic data processing method
addressing the attenuation issue. A Q estimation is performed in a first phase (above
the dashed line). Starting from measured amplitude variations along key horizons
(which depend on offset and frequency) at 210, Q tomography (i.e., evaiuating Q along
a trajectory from the source to a receiver) is performed at 220. For example, the
methods described in the previously mentioned 2009 and 2014 Xin arlicles may be
used., At 230, output of Q tomography is assembied to generate a three-dimensional
(3D) volume mapping of Q. Conventionally, Q compensation is achieved in a second
phase by applying a Q Pre-Stack Depth Migration (PSDM) with absorpiion
compensation, for example, the Kircheff Q@ PSDM, the beam Q PSDM or the isotropic Q
RTM. Various embodiments described in this document correct frequency-dependent
energy attenuation and phase distortion using a Q TTI RTM method in this second
phase.

{6030] RTM uses a two-way wave equation to correlate the source data
representative for the emitted wave and the receiver-recorded data representative for

reflactions of the emitted wave inside the explored underground formation. Figure 3
iflustrates source data 8 (x — x ) f (#}forward propagated pr correlated with reverse
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propagated Pp receiver data D{x,) through layers 310, 320 and 330. Source data

characterizes the seismic/acoustic waves generated by source S af position X, and

receiver data D(x,t) is amplitude versus time recorded by receivers Ry, Rz and Rs. The

imaging condition is that reflection coefiicient R js:
R(z) = | pp(z,0)pF (R,0)dt . (N

[0631] The visco-acoustic wave equation in a TTI anisotropic medium is derlved

from the relationship between strass and strain in the case of linear visco-elasticity as

follows:
o2 ( p} _ v cozz fgi{ 1+2¢ \ﬂ?&)(Gn +.GJ,), 0 ){ p} 2)
r ofr \WI+25 1 0 G \r
where
p(%,1) is the wavefield at the imaging point in the subsurface x,
£ and & are the Thomsen anisotropy parameters,
y(%) = 1/(=zQ) is the absorption coefficient,
), is the reference frequency,
G G,y and G,. are rotated differential operators,
vp{X) is the velocity field at the reference frequency, and
#(%,£) is the auxiliary wavefield.

{0032} The rotated differential operators are caleulated as:
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Gxx = (DI )T(Dx) with Dx = '?‘COS_Q?COS 8 + §Hsm @ COs & '"""S*Sin g, and (Dx')Tthe

h y 2
transposed of (D,,},
G,y =(Dy)T(Dy)With D, :isin¢__@_cog¢, and (Dy)T the fransposed of (D),
o dy '
and
z

Gy = (D) (D with D, = -g—cosqosinﬁ +-§~singasin Z +§—c{)39 and (D,)’
x i

transposed of (D).

[0033] The fractional derivaiive is approximated by the (¥ order generalized

Maxwell bodies,

—2y _
i ~1+
(i) Zﬁmw @

where @, are the relaxation frequencies and €; are the weight factors of the classical

Maxwell bodies, which form the generalized Maxwel body. A good approximation is
achieved through optimized rational expansion up to the 3" order (L=3) generalized
Maxwell bodies, while keeping memory usage minimum. Thus, the visco-acoustic TTl

wave equations can be reformulated in the time domain as:

[ 2 2 Y
& (p +§L:_gf_ g\ NS 142 V1426 (0.+G, 0 Yp
i \r) o e ol \J1+26 1 0 G. A\r) ()

d, ¢ .dz P
o, = =g
e ) o\ g ¥

12

A




Cy <

P and € = -

¥ are the memory variables.
@, io+

where d, = -
i

[0634] Time marching using equation (4) forward propagates the wavefield in an
anisotropic visco-acoustic medium. The wavefield is subject {o frequency-dependent
attenuation through the propagation. Visco-acoustic RTM requires a time-reversed
propagation of the receiver wavefield. Unfortunately, the time reversal propagation
using equation {4} is unstable. To overcome the instability issue, the anisotropic wave

equation in a so-cailed conjugate medium is used:

L2 ARy
VY COS i f G+ G 0
L N2 N2y . . uy 9§ 1+2  NI+20 U 70y ][u}
iw) o cosy +isin =
oo sy visom |- (m S AP

6‘)0 a

{5)
where u(x,t), w(X,1} are the wavefield and the auxiliary wavefield, respeciively.
[0035] The conjugate medium has the same phase velocity as the original visco-
acoustic medium, but the fime reversal propagation of equation (&) atienuates (instead

of boosts) the wavefield in its propagation from the receivers back to the subsurface
imaging points. The desired backward propagated receiver wavefield p{(X,®) is

calculated at each subsurface imaging point X by the following amplitude spectrum

compensation:

e P
pa(x!a}) ﬁj

p(x,0) = 3.0

(%, ) (6)
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where W(¥,®) is the wavefield obtained by solving equation (5), and P (X,0) isthe

wavefield obtained by solving the acoustic TTI wave equation in a lossless medium.

The acoustic TT] wave equation in a lossless medium is:

2 27y U
(ZCO) _ = “*”""‘i'—“““ : (?)
ra @07/ \,‘1‘*‘25 1 O Gzz FCZ'
whare 7, (X,t) is the corresponding auxiiary wavefield in the acoustic TT1 wave

equation,

[0036] The conjugate propagation corresponding to the TTI visco-acoustic

propagation in equations (4) is:

. 2 27 : .
_?fm(p)+§£2_(dl}_vo cos ‘2""( 1+2¢ Juzs}(axxﬂaaw 0 ](p]
ar\r zziafz €l a)g‘y V1+28 1 0 G A7) (8)

@)=
&y —— ==y
] lep) Otie ¥

[0037] Returning now to equation (1), operators pp{X,f) and pp(X,f) are

’

o,

calcuiated as;

B = BN oz )
PF(.X,(D)
- 2
PB(X,@)

14



where a indicates sofution of acoustic lossless propagation equation for source and
receiver, respectively.

[c038] Figure 4 is a flowchart of a Q TTI RTM methad 400 for obtaining an image
of an explored subsurface formation according io an embediment. Method 400 includes
obtaining survey data carrying structural information of the explored underground
formation at 410. Method 400 further includes generating initial velocity and absorption
models at 420. Inifial velocity and absorption models may be generated using a Q
tomography method. For example, the initial velocity and absorption modeis may be
generated using a Q tomography method in the previously mentioned 2009 and 2014
Xin arlicles.

[6039] Method 400 then includes, at 430, updating the inverted velocity and
absorption models together with determining Thomsen anisotropy parameters
depending on tilt angle and azimuth angle of a tilted transverse isotropy, TTi, symmetry
axis using a visco-acoustic reverse time migration, RTM. The model update may use Q
TTI RTM, Kirchoff Q TTI RTM or Beam Q TTI RTM.

[0040] The seismic data processing results obtained with the above-described Q
TTI RTM are compared with conventional approaches for both synthetic and field dafa
examples.

[a041] An impulse response test is ilustrated in Figures 5-8, which show a range
of lines with shot and receiver co-located at a central subline and central crossline in the
represented range, with a 7 Hz Ricker wavelet as seismic source wavelet and 3

reflectors placed attime 1 s, 2 s and 3 s, respectively. The vertical axis of Figures 4-6
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is time in ms. The medium has a constant velocity of 2,000 mfs. Figure 5 shows the
impulse response obtained using conventional TTI RTM applied to input data without
attenuation (i.e., a reference for the resuits to be achieved if, on attenuated input, the
attenuation is correcily taken into account).

[0642} Then a frequency-dependent abscrption is applied to the single trace
seismic input, with a constant Q=100, and a reference frequency 100 Hz. Figure 6
shows the impulse response of the input data with absorption, migrated using
conventional TT1 reverse time migration. The amplitudes are attenuated and the phase
is distorted as the velocity varies with frequency. The input data with absorption is then
migrated using a visco-acoustic TTI reverse time migration (i.e., Q TTI RTM} according
to an embodiment. Figure 7 shows the Q TTI RTM impuise response, which
substantially matches the result in Figure 5, indicating that the Q TTI RTM successfully
compensates for absorption effects.

[0043] Figure 8 comparas the spectra (amplitude versus frequency)
corresponding to Figures 5-7. Line 810 corresponds to Figure 5, line 820 to Figure 6
and line 830 to Figure 7. The spectra comparison indicates that Q TTI RTM efficiently
compensates for attenuation in a frequency-dependent manner, thereby matching the
spectra corresponding to the image migrated from the input data without attenuation
(the reference).

[0044] The Q TTI RTM method according to an embodiment has also been
applied to a field dataset from offshore Southeast Asia, in a situation in which complex

gas pockets in the overburden challenge the imaging of deeper targets. Figures 8 and
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10 show the velocity model and the absorption anomalies estimated using-Q
tornographic inversion. Figures 9 and 10 represent vertical slices with a horizontal
range corresponding to about 1,000 m. The different nuances of gray correspond to
different velocities in a range between 1,500 and 2,700 m/s and Q vaiues in a range
between 0 and 0.1, respectively.

[0045] Figures 11 and 12 compare results obtained for the same slice (the
nuances of gray correspond to amplitude) using conventional Kirchhoff TT1 PSDM and
conventional TT! RTM, respectively. The circles in the middle emphasize a region
‘where different approaches have biggest impact. RTM handles multi-pathing due to the
strong velocity contrast of gas clouds with surrounding sediments, giving a better image
than Kirchnoff PSDM. Howsver, amplitude dimming caused by gas in the shallow
region was observed in both the Kirchheff PSDM and RTM sections. The amplitude
loss makes it difficult to identify and interpret reflectors.

[0046] Estimated absorption anomalies have then been used in both 3D Q
Kirchhotf PSDM and Q TTi RTM to mitigate dissipation effects, as iliustrated in Figures
13 and 14. The amplitudes are more balanced after the correction, and the resolution is
also increased. The amplitudes of events underneath the shallow gas are visibly
restored, wavelets are sharper, and the continuity is improved. Comparing Kirchhoff Q
PSDM and Q TTi RTM, they both compensate for the amplitude attenuation, phase
distortion and resclution reduction due to the absorption of shallow gas. However, the
avents underneath the complex shaliow gas are clearer, more continuous and stronger

in the Q TTI RTM image, attributed to the multi-pathing capability of Q TTI RTM.
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[0047] Figure 15 illustrates a block diagram of a survey data processing
apparatus 1500 configured to perform any of the Q TT1 RTM methods described in this
document, according to an embodiment. Apparatus 1500 includes a computer or server
1502 having one or more central processing units (CPU) 1504 in communication with a
communication module 1506, one or more input/output devices (/Q) 1510 and at least
onhe storage device 1508. Hardware, firmware, software or a combination thereof may
be used to perform the various steps and operations of the methods described in this
section. |

[0048] Communication module 1506 may be used to obtain the survey data, and
may intermediaie wired or wireless communication of server 1502 with other computing
systems, databases and data acquisition systems across one or more {ocal or wide area
networks 1512,

[0049] 11O devices 1510 may be used to communicate with a user or fo display
any images or models of the surveyed underground formation. /O devices 1510 may
include keyboards, point-and-click-type devices, audic devices, optical media devices
and visual dispiays.

[0050] CPU 1504, which is in communication with communication module 1506
and storage device 1508, is configured, for exampie, to generate initial velocity and
absorpiion models, and to update the initial velocity and absorption models together
with determining Thomsen anisotropy parameters depending on tilt angle and azimuth
angle of a filted transverse isotropy, T11, symmetry axis using & visco-acoustic reverse

fime migration, RTM.
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[0051] Storage device 1508 may include magnetic media such as a hard disk
drive (HDD), solid state memory devices including flash drives, ROM and RAM and
optical media. The storage device may store data as well as software code for
executing various functions, including the methods described in this section.

jocs2] The disclosed exemplary embodiments are used to obtain an image of an
explored subsurface formation using Q TTI RTM. It should be understood that this
description is not intended to limit the invention. On the contrary, the exemplary
embodiments are intended to cover alternatives, modifications and eguivalents, which
are included in the spirit and scope of the invention as defined by the appended claims.
Further, in the detailed description of the exemplary embodiments, numerous specific
details are set forth in order to provide a comprahensive understanding of the claimed
invention. However, ane skilled in the art would understand that various embodiments
may be practiced without such specific details.

10053] Although the features and elements of the present exemplary
embodiments are described in the embodiments in particular combinations, each
feature or element can be used alone without the other features and elements of the
embodiments or in various combinations with or without other features and elements
disciosed herein.

[0054] This written description uses examples of the subject matter disclosed to
enable any person skilled in the art to practice the same, including making and using
any devices or systems and performing any incorporated methods. The patentable

scope of the subject matter is defined by the claims, and may include other examples
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that ocour to those skilled in the art. Such other examples are intended to be within the

scope of the claims.
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WHAT IS CLAIMED IS:

1. A method for obtaining an image of an explored underground formation,
the method comprising:

obtaining survey data carrying structural information of the explored formation;

generating initial velocity and absorption models of the explored formation based
on the survey data; and

updating the initial velocity and absorption models while also determining
Thomsen anisotropy parameters depending on tilt angle and azimuth angle of a tilted
transverse isotropy, TTI, symmetry axis, using a visco-acoustic reverse time migration,
RTM,

wherein the visco-acoustic RTM includes calculating a backward propagated
receiver wavefield at each subsurface point X as

B, ()|
WEw)

p(X, w) = WX, w)
where W (X, w) is a field obtained by solving a visco-acoustic TT] wave equation

in a conjugate medium, and B, (¥, w) is a wavefield obtained by solving an acoustic TTI

wave equation in a lossiess medium.

2. The method of claim 1, wherein a propagation in the conjugate medium
has a same phase velocity as in an original visco-acoustic medium, but a time-reversal

propagation equation attenuates a backward propagating wavefield.
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3. The method of claim 1 or 2, wherein the generating of the initial velocity
and absorption models includes extracting amplitude variations as function of offset and

frequency from the survey data.

4. The method of any one of claims 1 to 3, wherein the initial velocity and

absorption models are generated using a Q tomography method.

5. The method of any one of claims 1 to 4, wherein the survey data is

acquired during a marine seismic survey.

6. A survey data processing apparatus configured to obtain an image of an
explored underground formation, the apparatus comprising:

a communication interface configured to obtain survey data carrying structural
information of the explored formation; and

a data processing unit configured

to generate initial velocity and absorption models of the explored formation based
on the survey data; and

to update the initial velocity and absorption models while also determining
Thomsen anisotropy parameters depending on tilt angle and azimuth angle of a tilted
transverse isotropy, TTI, symmetry axis, using a visco-acoustic reverse time migration,

RTM,
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wherein the visco-acoustic RTM includes calculating a backward propagated

receiver wavefield at each subsurface point X as

~ ~a(§:‘! )2 o~ r—
B(X w) = %@% w(x, w)

where W (X, ) is a field obtained by solving a visco-acoustic TT] wave equation in a

conjugate medium, and 7, (%, @) is a wavefield obtained by solving an acoustic TTI

wave equation in a lossless medium.

7. The apparatus of claim 6, wherein a propagation in the conjugate medium
has a same phase velocity as in an original visco-acoustic medium, but a time-reversal

propagation equation attenuates a backward propagating wavefield.

8. The apparatus of claim 6 or 7, wherein the data processing unit extracts
amplitude variations as function of offset and frequency from the survey data to

generate the initial velocity and absorption models.

9. The apparatus of any one of claims 6 to 8, wherein the data processing

unit generates the initial velocity and absorption models using a Q tomography method.

10.  The apparatus of any one of claims 6 to 9, wherein the survey data is

acquired during a marine seismic survey.
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11. A non-transitory computer readable recording medium storing executable
codes which, when executed on a computer having access to survey data, make the
computer to perform a method for obtaining an image of an explored underground
formation, the method comprising:

obtaining the survey data which carries structural information of the explored
formation;

generating initial velocity and absorption models of the explored formation based
on the survey data; and

updating the initial velocity and absorption models together with determining
Thomsen anisotropy parameters depending on tilt angle and azimuth angle of a tilted
transverse isotropy, TTI, symmetry axis using a visco-acoustic reverse time migration,
RTM,

wherein the visco-acoustic RTM includes calculating a backward propagated

receiver wavefield at each subsurface point X as

PG
Py w(X, w)

%, w) =
where W (X, w) is a field cbiained by solving a visco-acoustic TTI wave equation in a

conjugate medium, and P, (X, w) is a wavefield obtained by solving an acoustic TTI

wave eguation in a lossless medium.

12.  The non-transitory computer readable recording medium of claim 11,

wherein a propagation in the conjugate medium has a same phase velocity as in an
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original visco-acoustic medium, but a time-reversal propagation equation attenuates a

backward propagating wavefield.

13.  The non-transitory computer readable recording medium of claim 11 or 12,
wherein the generating of the initial velocity and absorption models includes extracting

amplitude variations as function of offset and frequency from the survey data.

14.  The non-transitory computer readable recording medium of any one of
claims 11 to 13, wherein the initial velocity and absorption models are generated using

a Q tomography method.

15.  The non-transitory computer readable recording medium of any one of

claims 11 to 14, wherein the survey data is acquired during a marine seismic survey.
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