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SUMMARY

Quality factorQ is a useful parameter to indicate potential reser-
voirs, especially gas pockets. However, Q tomography, as the
most popular scheme inverting for Q model from seismic data,
only provides background Q with limited resolution, which is
acceptable for compensation in velocity-structure imaging, but
cannot be interpreted directly for gas-bearing-reservoir bound-
aries. To provide a high-resolution Q model, we propose a
Q-interface imaging method powered by reverse time migra-
tion (RTM) with a virtual “Q-reflection” gather. The virtual
“Q-reflections” are obtained by comparing attenuation effects
along adjacent wavepaths arriving to the same receiver succes-
sively. We estimate the product of the cummulative attenuation
effects and traveltime in data domain by a phase-dominated
waveform inversion based on the difference between acoustic
and viscoacoustic dispersion relation. The numerical exam-
ples demonstrate the comparable resolution of our Q-interface
image to the velocity-structure image.

INTRODUCTION

Underground anelasticity, which is characterized by quality
factor Q, can cause amplitude decay and phase dispersion for
seismic waveforms. This is related to intrinsic attenuation due
to transformation from kinetic energy to heat in unconsolidated
rock matrix and absorbing fluid content. Hence, Q is required
for the purposes of both processing and interpretation. For pro-
cessing, Q is utilized to compensate for the attenuation effects
either in data domain, e.g., inverse Q filtering (Wang, 2002;
Li et al., 2015), or in model domain, such as Q-compensated
imaging (Zhu et al., 2014; Wang et al., 2018) and inversion
(Bai et al., 2014; Xue et al., 2018). For interpretation, Q is a
more sensitive indicator than velocity to certain petrophysical
properties, such as fracture azimuth (Maultzsch et al., 2007;
Clark et al., 2009) and gas saturation (Qi et al., 2017; Zhu
et al., 2017).

To perform Q compensation and interpretation, estimating at-
tenuation effects (e.g., dissipation factor 1/Q, or other related
parameters) is necessary. This estimation in data or image do-
main is often achieved using localized or transient waveform
spectra, such as spectral ratio (Tonn, 1991; Reine et al., 2012)
or centroid/peak frequency shift (Quan and Harris, 1997; Tary
et al., 2016). The estimated results can be applied directly for
inverse Q filtering, or iteratively for Q tomography. Q tomog-
raphy inverts for Q model by smearing estimated attenuation
residual along the wavepaths defined by ray tracing (Brzos-
towski andMcMechan, 1992; Quan and Harris, 1997) or wave-
equation solving (Dutta and Schuster, 2016; Shen et al., 2018).
However,Q tomography generally yields smooth backgroundQ
model since it only uses transmissive attenuation effect. This

background Q is useful in Q-compensated velocity-structure
imaging, but its low resolution leads to difficulty for geobody
(such as gas pockets) identification. Although Q boundary
might be inferred by comparing background Q model with
velocity image, such joint interpretation contains much uncer-
tainty. A potential high-resolution Q solution is employing
multiparameter full waveform inversion (FWI), which inverts
for both Q and velocity models (Kamei and Pratt, 2013; Bai
et al., 2017). However, these amplitude-and-phase matching
Q-FWI methods often require strict assumptions that are unre-
alistic for field applications.

As the middle ground of tomography and FWI, migration has
higher resolution than tomography and more robustness than
FWI. However, little effort in Q-interface imaging has been
reported. The major difficulty is that the physical reflections
generated byQ contrasts are tooweak comparedwith the reflec-
tions caused by velocity contrasts. In this abstract, we propose
a novel method to image theQ interfaces essentially by compar-
ing estimated attenuation effects from adjacent wavepaths. Li
et al. (2015) have shown that the effective dissipation factor for
single wavepath is approximately a linear combination of inter-
val dissipation factors along the wavepath weighted by the ratio
of interval traveltime to overall travel time. In view of tran-
simission regime, it indicates that the product of traveltime and
attenuation effects along the wavepath can be approximated by
a piecewise linear phase-shift functionΨ(t) in heterogeneousQ
medium. The slope ofΨ(t) changes only when the wave travels
across a Q-interface. In the reflection regime, the second-order
time differencing of the estimated Ψ(t) on a single trace lo-
calizes the Q contrast at the reflection event that comes right
above the Q-interface. Applying to all traces, a virtual “Q-
reflection” gather can be generated. This gather only contains
artifical reflections as if they are generated from Q contrasts
in the model domain. By migrating the virtual “Q-reflection”
gathers using acoustic RTM, we can image Q interfaces with
comparable resolution to the velocity-interface image.

The structure of this abstract is as following: first, we introduce
the derivation ofΨ(t) and its connection toQ interface; second,
we propose an inversion-based process for estimating Ψ(t) in
data domain by solving a regularizedwaveform-matching prob-
lem; third, we provide two synthetic examples to demenstrate
(1) the sensitivity of Ψ(t) to the variation of Q model and
(2) the validity of our proposed Q-interface imaging method,
respectively.

ATTENUATION EFFECT AND Q INTERFACE

According to the constant Q (CQ) theory (Kjartansson, 1979),
the complex phase velocity for viscoacoustic wave propagation
is

cv = c0cos(πγ/2)(iω/ω0)γ, (1)
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with i the imaginary unit, ω the angular frequency, c0 the
velocity for given reference angular frequency ω0, and γ =

arctan(1/Q)/π ≈ 1/(πQ). Note that c0 can vary in space,
whereas ω0 is a constant. Comparing the viscoacoustic com-
plex phase velocity with the acoustic phase velocity, i.e., c0 , we
can obtain the difference between viscoacoustic and acoustic
dispersion relation as following:

φv = (cv − c0)kt = [cos(πγ/2)(iω/ω0)γ − 1]ωt, (2)

in which, t is traveltime and k = ω/c0 is the scalar wavenum-
ber. Note that φv contains both real and imaginary parts, which
correspond to phase dispersion and amplitude attenuation re-
spectively. Since γ varies between 0 and 1/2, Equation 2 can
be approximated by Taylor expansion at γ = 0 as following:

φv ≈ ωln(iω/ω0)γt . (3)

When wave propagates through a piecewise-homogeneous Q
medium, φv along single wavepath is

φv =

M∑
m

[cos(πγm/2)(iω/ω0)γm ]ωtm

≈ ωln(iω/ω0)
M∑
m

γmtm. (4)

in which, M is the total number of locally homogeneous Q
regions through which the wave travels; γm and tm represent
the attenuation effect and the traveltime within mth region,
respectively. We can further approximate a cummulative or
effective attenuation effect as γe:

γe

M∑
m

tm =
M∑
m

γmtm, (5)

which essentially represents the attenuation effect in an equiva-
lent homogenous Q medium. Equation 5 is consistent with the
expression of effective dissipation factor proposed by Li et al.
(2015). In the continuous limit of Equation 5, we have

γe (t) · t =
∫ t

0
γ(τ)dτ, (6)

with t the total traveltime. By substituting γe (t) into Equa-
tion 3, viscoacoustic waveforms can be transformed into acous-
tic waveforms by applying non-stationary filter exp(−iφv ) in
data domain, which provides us inverse Q filtering. γe (t) can
also be applied iteratively into inversion process by smearing its
residual along wavepaths in model domain, which provides us
Q tomography. In addition to these conventional applications,
it is possible to further exploit γe (t) to obtain the Q-interface
information.

Taking the 2nd-order derivative on both sides of Equation 6,
we can obtain

Ψ
′′(t) = γ′(t), (7)

with Ψ(t) = γe (t) · t as a piecewise linear phase-shift func-
tion representing the product of cummulative attenuation ef-
fect and traveltime. Equation 7 indicates that Ψ′′(t) represents
the change of the original γ with respect to traveltime. In the
transmission regime, Ψ′′(t) highlights the change of γ along

single wavepath. In the reflection regime,Ψ′′(t) approximately
indicates the difference of γ between adjacent paths arriving
consecutively. For surface seismic data, Ψ′′(t) defined in re-
flection regime is more practical.

Based on a simple layered model, Figure 1 illustrates how
Ψ′′(t) is approximated to indicate the Q interface. The value
of Ψ′′(t) can be viewed as the Q-interface “reflectivity” in
data domain, which is proportional to the γ difference on both
sides of a Q interface in model domain. By convolving Ψ′′(t)
with a source wavelet, virtual “Q-reflections” can be obtained.
Note that the Q-interface “reflectivity” and the virtual “Q-
reflections” are not related to the physical reflections caused by
Q contrasts, which are negligible in comparison with the re-
flections caused by velocity contrasts. Instead, the Q-interface
information is essentially extracted from the difference between
attenuation effects along adjacent paths.
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Figure 1: Illustration of how Ψ′′(t) is approximated to indi-
cate the Q interface using a simple layered model. S and R
represent source and receiver respectively. v and γ with dif-
ferent subscripts denote the velocity and attenuation parameter
for different layers. t1, t2 and t3 indicate arrival time of three
events respectively caused by three velocity interfaces, among
which a co-locating Q interface is marked by the blue line.

ATTENUATION ESTIMATION IN THE DATA DOMAIN

According to Equation 4, a non-stationary filtering process
can be applied to transform an acoustic record Ra (t) into its
corresponding viscoacoustic record Rv (t) based on Ψ(t):

Rv (t) =
∫

R̃a (ω)exp[iφv (Ψ(t), ω)]exp(iωt)dω, (8)

in which,

R̃a (ω) =
∫

Ra (t)exp(−iωt)dt, (9)

φv (Ψ(t), ω) ≈ Ψ(t)ln(iω/ω0)ω. (10)

Equation 8 is the forward Q filtering, which is attenuating and
stable. Usingmatrix notation, the corresponding inversion pro-
cess for Ψ(t) given Ra (t) and Rv (t) is presented as following:

Ψ(t) = min
Ψ(t)

J (Ψ) =
1
2
‖RaΨ − Rv ‖

2
2 . (11)

To improve the robustness of the inversion, we introduce local
normalization and regularization as following:

Ψ(t) = min
Ψ(t)

J (Ψ) =
1
2
‖WRaΨ − Rv ‖

2
2+

1
2
∥∥Ψ′′(t)∥∥1

1 , (12)
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where, W is a non-stationary normalization matrix to empha-
size on phase matching. The regularization is to enforce the
prior knowledge that the phase-shift function Ψ(t) is piecewise
linear and is implemented by a preconditioning scheme.

After attenuation estimation, we can easily calculate Ψ′′(t)
and convolve it with a source wavelet to obtain virtual “Q-
reflection” gathers. Applying these virtual “Q-reflection” gath-
ers into acoustic RTM, the Q interfaces will be imaged with
comparable resolution to the velocity-structure image.

NUMERICAL TESTS

First, we provide contiuously varying models of velocity and
Q respectively in Figure 2 for demonstrating the sensitivity
of Ψ(t) to Q model variation. This test is also used to ver-
ify the accuracy of the filtering process shown in Equation 8.
Fiugre 2a displays the source and receiver locations. This ac-
quisition geometry is designed so that Receiver No. 1, 2 and
3 are observing the wavepath with heterogenous Q, while Re-
ceiver No. 4, 5 and 6 are with homogeneous Q. The velocity
is heterogenous for all receivers’ observation. Ψ(t) for all lo-
cations along the two receiver lines are calculated using Equa-
tion 5. Acoustic and viscoacoustic modeling are performed by
solving fractional-Laplacian wave equation (Zhu and Harris,
2014) based on low-rank approximation (Fomel et al., 2013).
Note that the acoustic modeling is achieved simply by setting
γ = 0. In Figure 3a, Ψ(t) and Ψ′′(t) varying along horizon-
tal receiver line, are plotted. The filtered acoustic waveforms
based on selected Ψ(t) from Figure 3a for Receiver No. 1-3
are compared with their corresponding modeled acoustic and
viscoacoustic waveforms in Figure 3b. In the same manner,
Figure 3c and d display similar plots for Receiver No. 4-6. By
comparing Figure 3a and c, it is evident that the variation of
Ψ(t)’s slope, i.e., Ψ′′(t), is non-zero wherever γ is changing
(e.g., along horizontal receiver line), whereas it remains 0 for
constant γ (e.g., along vertical reiceiver line). In Figure 3b
and d, it appears that all filtered results show consistent phases
with the modeled viscoacoustic waveforms, although the am-
plitude has some minor difference due to the approximations
made in Equation 4. Hence, the accuracy of Equation 8 is also
demonstrated.

The second example empolys an irregular layered model to
test the performance of our Q-interface imaging. Figure 4
shows the velocity and Q models. We assume the accessibility
to the acoustic data here by modeling acoustic seismograms
using the true velocity model. Figure 5 displays the synthetic
acoustic and viscoacoustic seismograms for a single shot at
x = 550 m. We initialize the inversion process with γe = 0.
The inverted Ψ(t) and the virtual “Q-reflection” gather are
shown in Figure 6. It appears that the events in Figure 6b
basically correspond to the events generated from the interfaces
with both velocity and Q contrasts, although there are some
anomalies due to cycle skipping. We modeled total 30 shot
gathers under acoustic and viscoacoustic scenarios respectively.
These gathers are used for the inversion ofΨ(t) andQ-interface
imaging as introduced before. Additionally, we also generate
the velocity-structure image for the purpose of comparison

based on RTM using the synthetic acoustic records. Figure 7
shows the stacked images of both velocity structures and Q
interfaces. This demonstrates that our proposed method can
image Q interfaces with comparable resolution to the velocity-
structure image using RTM.

DISCUSSION

First, the obtained Ψ′′(t) from our method is sparse and dis-
tributed along with velocity reflectivity, suggesting that our
method can only detect the Q interfaces co-locating with ve-
locity interfaces. Otherwise, the Q-interface location will be
imaged on its nearest velocity interface. Nonetheless, a sharp
Q contrast due to gas saturation for example, is often consistent
with the velocity contrast, especially P-wave velocity, because
of the significant reduction of bulk modulus in low-Q zone.

Second, our inversion-based estimation requires an acoustic
record as input. Although in this abstract we generate this
acoustic record based on accurate velocity model, our method
does not fully rely on the availability of an accurate veloc-
ity model. In fact, an acoustic record can also be obtained by
acoustic Bornmodeling based on a kinematically correct veloc-
ity model and a velocity image. Incidentally, Other effective-Q
estimation methods without prerequisite of the whole acoustic
record, such as centroid frequency shift or spectral ratio, can
also be applied into our Q-interface imaging strategy.

Third, Figure 6a shows that there are some unreliable solutions
in the obtained Ψ(t) due to cycle skipping triggered by event
interference and the increasing approximation error in Equa-
tion 4 as the offset becomes larger. However, their influence
on the final image is negligible after stacking multiple shots.
Furthermore, we can also utilize high-resolution Q-estimation
methods that can handle event interference (Reine et al., 2012)
to mitigate this problem.

CONCLUSIONS

We have developed a Q-interface imaging method based on
effective attenuation estimation in the data domain. The Q-
interface information is essentially extracted from the compar-
ison between adjacent wavepaths arriving successively at the
same receiver in the data domain. The synthetic test demon-
strates the capability of our method to image Q interfaces with
comparable resolution to velocity-structure image based on
RTM.
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Figure 2: Heterogenousmodels for (a) velocity and (b) γ values.
The empty circle and triangulars in (a) indicate the positions of
source and Receiver No. 1-6 respectively.

Figure 3: Plots of Ψ(t) and Ψ′′(t) varying along (a) horizontal
and (c) vertical directions, as well as waveform comparison for
(b) Receiver No. 1-3 and (d) Receiver No. 4-6.

 
(a) (b) 

Figure 4: Layered models for (a) velocity and (b) γ values.

 
(a) (b) 

Figure 5: (a) Acoustic and (b) viscoacoustic seismograms for
a single shot at x = 550 m. The red dash squre highlights the
difference between the acoustic and viscoacoustic records.

 
(a) (b) 

Figure 6: (a) InvertedΨ(t) and (b) generated virtual ‘reflection’
gather for the same shot in Figure 5. The red dash ellipse
highlights the anomaly in the inverted result and the convolved
gather.

 
(a) (b) 

Figure 7: Stacked (a) velocity image and (b) Q-interface image
corresponding to the models shown in Figure 4.
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