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ABSTRACT

Viscoelastic full-waveform inversion (FWI) is applied to walk-away vertical seismic
profile (W-VSP) data acquired at a producing heavy-oil field in Western Canada, for the
determination of subsurface velocity models (P-wave velocity a and S-wave velocity /)
and attenuation models (P-wave quality factor (), and S-wave quality factor ()g). To mit-
igate strong velocity-attenuation tradeoffs, a two-stage approach is adopted. In stage-1, o
and ( models are first inverted using a standard waveform-difference (WD) misfit function.
Following this, in stage-II, different amplitude-based misfit functions are used to estimate
the (), and (g models. Compared to the traditional WD misfit function, the amplitude-
based misfit functions show stronger sensitivity to attenuation anomalies and appear to be
able to invert (), and ()3 models more reliably in the presence of velocity errors. Over-
all, the root-mean-square amplitude-ratio and spectral amplitude-ratio misfit functions out-
perform other misfit function choices. In the final outputs of our inversion experiments,
significant drops in both « to [ ratio (~ 1.6) and Poisson’s ratio (~ 0.23) are apparent
within the Clearwater formation (depth ~ 0.45-0.5 km) of Mannville Group in Western
Canada Sedimentary Basin. Strong (), (~ 20) and ()3 (~ 15) anomalies are also evident
in this zone. These observations provide informative inferences to identify the target at-
tenuative reservoir saturated with heavy-oil resources. In the final section of this report,
anisotropic-elastic FWI in vertical transverse isotropic (VTI) media with different model
parameterizations are applied to this W-VSP data.

INTRODUCTION

Full-waveform inversion (FWI) has been widely studied in exploration geophysics (Taran-
tola, 1984; Pratt et al., 1998; Virieux and Operto, 2009; Brossier et al., 2009; Leeuwen and
Mulder, 2010; Guitton and Diaz, 2012; Warner et al., 2013; Yang et al., 2014; Yuan and
Simons, 2014; Routh et al., 2017; Pan et al., 2018b; Yao et al., 2018) and global seismology
(Tromp et al., 2005; Liu and Tromp, 2006; Tape et al., 2009; Zhu and Tromp, 2013; Zhu
et al., 2013; Bozdag et al., 2016) and is now regularly applied to produce high-resolution
subsurface velocity structures. When the seismic waves propagate in real geological vol-
umes, the amplitude and phase of the waveforms are affected by processes of dissipation
and dispersion (Liu et al., 1976; Carcione et al., 1988a; Robertsson et al., 1994). Ignoring
attenuation and dispersion may produce biased velocity estimations in FWI. Reliable esti-
mation of subsurface attenuation parameters is critical, both for compensation of the am-
plitude and phase distortions in seismic imaging (Innanen and Lira, 2010; Margrave et al.,
2011; Zhu, 2014; Zhu et al., 2014; Dutta and Schuster, 2014; Zhu and Harris, 2015; Guo
etal., 2016; Guo and McMechan, 2018; Shen et al., 2018a,b), and for interpretation — atten-
uation parameters can provide independent constraints on the rock/fluid properties of the
reservoir target (Innanen, 2011; Moradi and Innanen, 2015; Chen and Innanen, 2018). Es-
timating attenuation models from seismic waves is a challenging task. Conventionally, the
spectral-ratio (SR) (Bath, 1974) and central-frequency shift (CFS) (Quan and Harris, 1997)
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methods can be used to estimate the attenuation values. However, the SR and CFS methods
are especially sensitive to noise and data variations not obeying assumed statistics (Tonn,
1991), and, because they are ray-based, may provide unrealistic attenuation models in the
areas with complex geological structures. There are thus at least two motivating factors
to include attenuation within FWI: to suppress bias in velocity estimation, and to construct
interpretable attenuation models, invoking the same degree of wave-theoretic completeness
used for the velocities.

In a linear viscoelastic model, the anelastic effects are often quantified by the quality
factor (). Wave propagation in viscoelastic media can be simulated using the general-
ized standard linear solid (GSLS) model (Carcione et al., 1988a,b; Robertsson et al., 1994;
Blanch et al., 1995; Komatitsch and Tromp, 2005). In the numerical simulation based on
GSLS model, the convolution stress-strain relationship is approximated with a set of dis-
cretized partial differential equations that accommodate arbitrary spatial () distributions.
Thus, an FWI scheme can be set up to invert the attenuation parameters alongside other
elastic properties by solving the visco-elastodynamic wave equation. One difficulty of in-
verting attenuation parameters using FWI is known as the interparameter tradeoff problem.
When simultaneously inverting multiple physical parameters, the errors in one physical
parameter tend to be mapped into the estimation of others (Operto et al., 2013; Innanen,
2014; Alkhalifah and Plessix, 2014; Pan et al., 2016, 2018a; Chen and Sacchi, 2018; Pan
et al., 2019). These errors lead to artifacts in the inverted models. Different strategies have
been developed to reduce interparameter tradeoffs in viscoacoustic FWI. Kamei and Pratt
(2013) introduced a scaling term to control the magnitudes of the attenuation model up-
dates for reducing the parameter crosstalk artifacts in viscoacoustic FWI. Métivier et al.
(2015), Keating and Innanen (2018) and Yang et al. (2018) used Newton-based optimiza-
tion methods, which, at increased computational cost, account for the parameter crosstalks
with approximations of the inverse multiparameter Hessian. The problem may also be
approached with alternative misfit function definitions; for instance, Dutta and Schuster
(2016) designed an central-frequency misfit function for wave-equation () tomography. It
is also not at present clear under which circumstances attenuation parameters should be
inverted for simultaneously alongside elastic properties, and under which circumstances
velocities and attenuation parameters should be determined sequentially (for an analysis of
this issue in the context of 3D viscoacoustic FWI, see Operto and Miniussi, 2018).

Most published viscoelastic FWI studies are theoretical analyses and synthetic experi-
ments (Brossier, 2011; Fichtner and van Driel, 2014; Fabien-Ouellet et al., 2017; Bai et al.,
2017; Trinh et al., 2018); results from field applications need to increase before the optimal
workflow is identified. In this paper, we apply viscoelastic FWI to the walk-away vertical
seismic profile (W-VSP) data acquired at a producing heavy-oil field in Western Canada,
with the aim of determining elastic velocity models (P-wave velocity o and S-wave veloc-
ity ) and attenuation models (P-wave quality factor (), and S-wave quality factor ()).
The forward modelling problem in viscoelastic media is solved in the time domain with a
spectral-element method based on the GSLS model (Komatitsch and Tromp, 2005). The
velocity sensitivity kernels are calculated efficiently with the adjoint-state method (Tromp
et al., 2005; Liu and Tromp, 2006; Plessix, 2006). Because the quality factor () is not
explicitly incorporated in the time domain visco-elastodynamic wave equation, follow-
ing Tromp et al. (2005), we calculate the attenuation sensitivity kernels by introducing
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additional adjoint sources with the assumption of frequency-independent (). To reduce
the influence of velocity errors on the determination of attenuation parameters, we intro-
duce and consider several candidate amplitude-based misfit functions, including instanta-
neous amplitude-ratio (I-AR), root-mean-square amplitude-ratio (RMS-AR) and spectral
amplitude-ratio (S-AR), to estimate the (), and () models. Compared to the standard
waveform-difference (WD) misfit function, these amplitude-based misfit functions are de-
signed to accentuate the importance of attenuation over velocity on the seismic data, and
thus may lead to more reliable () model building, in particular with weaker interparameter
tradeoffs. Synthetic examples are used to verify the stronger sensitivity of the amplitude-
based misfit functions to attenuation anomalies in the presence of velocity errors.

For the W-VSP data application, the workflow is as follows. We first create o and (3
starting models from the well-log data. Then, averaged (), and ()3 values estimated using
the traditional SR and CFS methods are used to build the (), and () starting models. We
then begin a two-stage sequential viscoelastic FWI process. In stage-I, the o and 3 models
are inverted using a standard WD misfit function. High-resolution o and 3 models are ob-
tained. At the depth of 0.45-0.5 km, the Clearwater formation of lower Mannville Group
in Western Canada Sedimentary Basin, we observe obvious reductions of « to [ ratio (o/(
~ 1.6) and Poisson’s ratio (v ~ 0.23) models indicating potential sandstone deposits, in
agreement with earlier elastic FWI studies (Pan et al., 2018b). In stage-II, we employ
the amplitude-based misfit functions to estimate the (), and ()3 models compared to the
traditional WD misfit function. Overall, the RMS-AR and S-AR misfit functions show
comparable inversion performance, and between them appear to outperform the other mis-
fit function choices, in providing attenuation models which match expectations based on
the reservoir geology. In the final inverted attenuation models, we observe strong Q),, (~
20) and Q3 (~ 15) anomalies in the target Clearwater formation. This represents an im-
portant complement to the velocity models for identifying and characterizing the reservoir
formation.

Ignoring anisotropic effects may produced distorted velocity formations. In the final
section this report, the anisotropic-elastic FWI in vertical transverse isotropic (VTI) media
with four different model parameterizations, are applied to this W-VSP data. The inver-
sion results show that incorporating anisotropy in elastic FWI produces models with more
continuous and coherent geological formations.

This paper is organized as follows. The basic principle of forward modelling in vis-
coelastic media based on GSLS model and adjoint viscoelastic FWI are reviewed. The
three amplitude-based misfit functions are then introduced. Synthetic example is given to
verify the stronger resolving ability of the amplitude-based misfit functions for attenuation
estimation in the presence of velocity errors. In the field data application section, we in-
troduce the geological background of the studied area, data preparation and the inversion
workflow. Then the two-stage inversion strategy is used to invert the velocity and atten-
uation model sequentially. The inversion results are interpreted to characterize the target
heavy-oil reservoir. Finally, anisotropic-elastic FWI with different model parameterizations
are applied to this W-VSP data.
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FORWARD MODELLING IN VISCOELASTIC MEDIA BASED ON GSLS
MODEL

We simulate the wave propagation in viscoelastic media based on the common general-
ized standard linear solid (GSLS) model (Carcione et al., 1988a,b; Robertsson et al., 1994;
Blanch et al., 1995; Komatitsch and Tromp, 2005). In a linear anisotropic viscoelastic
medium, the momentum conservation law is given by

P (X) Ui (X’ t) + 8jgij (X’ t) = fz (Xs) ) (D

where p is the mass density, u; is the ith component displacement field at subsurface loca-
tion x and time ¢, the symbol “"" means the second-order time derivative, f; represents the
source term in the ith direction at location Xx,, and the stress tensor o;; is determined by the
entire history of the strain field (Aki and Richards, 2002; Dahlen and Tromp, 1998):

t
oij (x,1) = / Cigir (X, t — ") gy (x, ") dt”, (2)
0

where ¢y, is the strain tensor, the symbol “ " denotes the first-order time derivative, and
the fourth-order tensor c;;;; (with 7, j, k, [ taking on the values of z, y, z) determines the
medium attenuation, and can be simulated by a GSLS model with several parallel relaxation
mechanisms. In general anisotropic media, the relaxation function is given by

L P
1+ Tijki > ZeXP <—%>] H(t), 3)
p=1

where cf;“-kl is the relaxed stiffness, P is the maximum number of relaxation mechanisms,
H(t) is the Heaviside function, and 7;;;; determines the attenuation magnitude (Blanch
et al., 1995):

Cijrt (X,1) = Cﬁkl (x, +00)

Ep

T
R ijkl .
Tijkl = —op ]-7 (4)

where Té’}d and 797 are the strain and stress relaxation times of the pth relaxation mecha-
nism. The convolution in the constitutive relation can be eliminated by taking time deriva-
tive of equation (2):

P
Gij (%, 1) =clh (X, +00) (Tyju + 1) éu (X,1) — cligy (X, +00) Ty Y _ by (%,£), (5)

p=1
where €}, are the memory strain variables
1 t t — t”
P(x,t) = exp | — H(t—t")én (x,t") dt" 6
€ (X, 1) PTUP/O p( Tgp) ( )éw (x, ") dt”, (6)
satisfying the equation
. 1 )
EZ_Z (X, t) = —5621 (X, t) + Prop Ekl (X, t) . (7)

The convolution operation within the constitutive relation is in this way replaced with a
set of partial differential equations. Using a superposition of relaxation mechanisms, wave
propagation in an attenuating medium with arbitrary spatial distributions of quality factors
can be simulated.
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VISCOELASTIC FULL-WAVEFORM INVERSION WITH THE ADJOINT-STATE
METHOD

In traditional seismic FWI, the model properties are estimated iteratively by minimizing
the differences between the seismic observation u$™ and synthetic seismogram w;, which
we will refer to in this paper as the waveform-difference (WD) misfit function. The in-
verse problem is solved subject to equation (1), which leads to the following augmented

Lagrangian misfit function:

t/
0w =537 [ [ o tm) (5]

—i—/o /Q)\Z- (x,t) {p (x) i, (x,t) + 0; (/o Cijrr (X, 0 — ") gy (x,87) dt”) — f; (XS)} dxdt,
(8)

where x,. indicates receiver location, t’ is the maximum recording time, m is the model
property vector, 2 denotes all contributing space and J; is the Lagrangian multiplier. The
variation of the misfit function associated with perturbations in density p and elastic stiff-
ness tensor c¢;jx; has the form (Liu and Tromp, 2008; Fichtner and van Driel, 2014)

t/
AxWP = — / / Ap (x)ul (x,t" —t) il; (x, t) dxdt
0 Q

oy

where ! and 5% are the adjoint displacement and strain fields defined as the time-reversed
Lagrangian displacement field \; and strain field ¢;; = 9;\x. These can be obtained by
solving the adjoint-state equation

)

t'—t
/ Acijp (X, 8" —t —t") éjj (x,t") dt”] £k (X, t) dxdt,
0

t
p(x) Ai (x,t) — 0 {/ cijia (X, — ") & (x, ") dt”} = flwo (x.1), (10)
0
where fZ»T’WD is the regular adjoint source for the WD misfit function:

Flap ) == [u; (%, t;m) — u™ (x,,1)] 6 (x — X,) . (11)

Xr

In isotropic viscoelastic media, the relaxation function simplifies to ¢;jx; = (n — % ,u) 0ij 0+
i (6:x051 + 0,104 ), where &;; is the Kronecker delta function, and  and y are the bulk mod-
ulus and shear modulus, respectively. Variation of the misfit function is re-formulated as

AXYP = /Q (4, (%) K, (x) + ax (x) Ky (x) + a, (x) K, (x)] dx, (12)
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where a, = Ap/p, a,, = Ax/k and a, = Ap/p are the relative model perturbations of p,
kand p. K,, K,; and K, are the corresponding sensitivity kernels:

K, =— < pulii; >, (13a)

K,= < <n % g';) SRS (13b)
2 .

K, =< [(5%5]1 + 0,104 — §5z‘j5kz) 1 * 5%} Epl >, (13¢)

where x denotes time convolution, and the summations over volume, time, sources and
receivers are replaced with the symbol < - >>. The attenuation and dispersion effects
are often quantified with the quality factor (). However, () is not explicitly incorporated
in the time domain visco-elastodynamic wave equation, which complicates the derivation
of the attenuation sensitivity kernels. In this paper, we derive the attenuation sensitivity
kernels following Tromp et al. (2005). Within the exploration geophysics frequency band
(approximately 1 ~ 200 Hz), ) is nearly constant; within this approximation the bulk
modulus and shear modulus quality factors (Q),; and (),,) can be written as (Liu et al., 1976;
Dahlen and Tromp, 1998; Tromp et al., 2005):

k(W) = K (wo) [1 + 7Téﬁln% —isgn (w) é} : (14a)
p(w) = p(wp) [1 + %Quln% —isgn (w) QLJ : (14b)

where w indicates the angular frequency, wy is the reference angular frequency, i denotes
the complex unit, and sgn (w) denotes the sign of w. Within the GSLS model, several
standard linear solid systems at specific reference frequencies can be used to fit a constant
( value within the seismic frequency band. The Fréchet derivative sensitive kernels for (),
and (), are given by

K9~ Ko

KQH - Q 7KQ,u - Q ) (15)
K Iz

where the kernels K@~ and K ,? * are the same as K, and K, but invoking different adjoint
source fi o

¥ 1 Foo 2 ]w[ . . it .
fio (x,t) = —/ —In— —isign (w) | fiwp (X, w) exp (iwt) dw, (16)

2 J_ o T wo

where f, T wp 18 the Fourier transform of the regular adjoint source for the WD misfit func-

tion. In this paper, we describe the viscoelastic media with density p’, P-wave velocity «,
S-wave velocity /3, P-wave quality factor (), and S-wave quality factor (3. The velocity
quality factors (), and () are related to the modulus quality factors ()., and @), by (Dahlen
and Tromp, 1998)

042_62

T Qu = Qs (7)
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The corresponding sensitivity kernels for o/, «, 3, Q) and () are then

K,=K,+ K, +K, (18a)
A A PR P
o2 (K= g gte) + (o) e (99
.= (= + gt ) e (159
Kq, = Kq,. (18e)

At each nonlinear iteration of the inversion process, the model is updated by:

m;,, =mg — ji;Amg, (19)
where fi; and Am;, are the step length, calculated with a line search (Nocedal and Wright,
2006) and the search direction of the kth iteration. The L-BFGS method is used to construct

the search direction for model updating at each nonlinear iteration (Nocedal and Wright,
2006).

AMPLITUDE-BASED MISFIT FUNCTIONS

Sequential inversion strategy is employed to invert the elastic velocities and attenuation
parameters with alternative misfit functions, which accentuate the influences of different
physical parameters on the data. Attenuation results in both phase and amplitude changes
of the waveforms as the seismic wave propagates. However, traveltime, and, at moderate
frequencies, the phase, of the seismic data are mainly controlled by the velocity pertur-
bations. The influence of attenuation is more pronounced on seismic amplitudes. For this
reason we attempt a sequential viscoelastic FWI using amplitude-based misfit functions for
estimating the subsurface attenuation models.

Instantaneous amplitude-ratio misfit function

The envelope attribute measures the strength of the seismic signal at a particular instant
(through the instantaneous amplitude). Following Bozdag et al. (2011), we define the in-
stantaneous amplitude-ratio (I-AR) misfit function as the squared logarithmic ratio of the
envelope of the observed and synthetic data:

Eobs X t)
IAR T
Z/ { thmﬂ dt, (20)

where In is the natural logarithm, and E?* and F; represent the envelopes of the observed
and synthetic data respectively. The regular adjoint source of the I-AR misfit function is
given by

fiT,I—AR (x,t) = — Z {ln { EP™ (x,1) } w (t) u; (X, t;m)

— Ei (xp,t;m) | E? (%, £;m) o
EP™ (X, 1) | H W () us (X, t;m)]
] R )
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where H indicates the Hilbert transform. To calculate the attenuation sensitivity kernels,
we need another different adjoint source, which can be obtained by replacing the Fourier
transform of the adjoint source fiWD in equation (16) with the Fourier transform of the

adjoint source f; | .

Root-mean-square amplitude-ratio misfit function

The root-mean-square (RMS) amplitude measures the energy variation of the seismic
data within a time period and captures the amplitude loss of the seismic data caused by
attenuation. Following Dahlen and Baig (2002), Tromp et al. (2005) and Bozdag et al.
(2011), we introduce the RMS amplitude-ratio (RMS-AR) misfit function defined as the
squared logarithmic ratio of RMS amplitude of the observed and synthetic data:

RMS-AR _ 1 A (x,) :
X (m) = 3 Z {lnm} : (22)

Xpr

where A represents the RMS amplitude of the synthetic seismogram in time window w (¢) =
[tla t2]

A(xr;m):\/ ! /Ot w (£) s (x,, £:m)]2 dt, (23)

to— 1

and A°® is the RMS amplitude of the observed data. The regular adjoint source of the
RMS-AR misfit function is derived as

Fansag (%) Zl {A"bs xr)] (w(t) u; (X, t;m) Sx—x). %)

(x,;m) | (t2 —t1) A% (x,;m)

The adjoint source for calculatmg the attenuation sensitivity kernels can be obtained by
inserting the Fourier transform of the adjoint source f;RMS_ AR 10to equation (16).

Spectral amplitude-ratio misfit function

The SR method is widely used to estimate () values, because the phase information is
naturally separated from the amplitude information in the frequency domain. An associated
spectral amplitude-ratio (S-AR) misfit function is defined in the frequency domain as:

Aobs X w) 2
SAR Ty
2/ [ N mJ dw, (25)

where w' indicates the maximum angular frequency, AS* and A; are the amplitude spec-
trum of the observed and synthetic data within the frequency band of w (w). The regular
adjoint source of the S-AR misfit function in frequency domain is given by

obs 4 I .
Flsar (%, Zl [A XT’W)]W(W)ui(xr’w’m)ﬂx—xr). (26)

(X, w;m) A? (x,,w; m)

where I denotes the complex conjugate. The time domain form of the adjoint source (used
for calculating the attenuation sensitivity kernels) can be obtained by substituting equation
(26) into equation (16).
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DIFFERENT MODEL PARAMETERIZATIONS FOR ANISOTROPIC-ELASTIC
FWI IN VTTI MEDIA

When the seismic waves propagate in subsurface media, the traveltime at different di-
rections are affected by the anisotropy effects a lot. Anisotropy also produces influences on
the amplitudes of the seismic reflections. Thus, ignoring anisotropy effects in elastic FWI
may produce distorted velocity estimations. Different model parameterizations in VTI me-
dia have different inversion performances for anisotropic-elastic FWI. In this report, we
design four different model parameterizations including elastic-constant (cy1, ¢13, ¢33 and
c44), velocity-Thomsen-I (o, 3, € and 6), velocity-Thomsen-II (o, = av/1 + 2¢, 3, € and
n= 15;2‘55) and VTI-velocity (a, 8, ap, = ay/1 + 2¢, and oy, = /1 + 26).

Our inversion results show that in the model parameterizations of elastic-constant and
VTI-velocity, incorporating anisotropy in elastic FWI produces the models with more con-
tinuous and coherent geological formations. In the model parameterizations of velocity-
Thomsen-I and velocity-Thomsen-11, it is difficult to control the magnitudes of updates of
the Thomsen parameters. Only very weak updates appear in the inverted models of Thom-
sen parameters. The improvements in inverted velocity models using velocity-Thomsen-I
and velocity-Thomsen-II parameterizations are not obvious.

SENSITIVITY ANALYSIS FOR ATTENUATION ESTIMATION WITH
DIFFERENT MISFIT FUNCTIONS

We begin with a sensitivity analysis carried out using a synthetic example; our summary
here is designed to illustrate the advantages of the amplitude-based misfit functions for
attenuation estimation in the presence of velocity errors. The numerical experiments in
this study are carried out using the open-source software package SeisElastic2D based on
the spectral-element forward modelling software package SPECFEM2D (Komatitsch and
Tromp, 2005).

The model is 0.25 km wide and 0.5 km deep with 25 and 50 elements uniformly dis-
tributed in the X and Z directions. The unstructured quadrilateral spectral-element mesh
is defined using 5 x 5 Gauss-Legendre-Lobatto points. A total of 20301 grid points are
generated to characterize the model. The initial velocity and attenuation models are homo-
geneous with o = 2.0 km/s, 8 = 1.4 km/s and ), = ()3 = 100. The true o and 8 models
are created by embedding velocity anomalies in the upper parts of the velocity models, as
shown in Figures 1a-1b. To examine the influence of velocity errors on attenuation estima-
tion, velocity anomalies with + 5 % and 10 % perturbations of the background values are
applied, respectively. The true ), and ()3 models are created by embedding the attenua-
tion anomalies ((), = ()3 = 10) in the lower parts of the attenuation models, as plotted in
Figures 1c-1d. The influence of density on attenuation estimation is neglected in this paper.
The true and initial o’ models are homogeneous with a constant value of 1.5 kg/m>. We
arrange a total of 32 sources and 120 receivers on the left and right sides of the model, as
indicated by the green triangles and red stars in Figure 1a. A P-SV mode source with a 30
Hz dominant frequency Ricker wavelet is used to generate the observed data.

We first calculate the attenuation sensitivity kernels using different misfit functions in
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FIG. 1. (a) True « model; (b) True 5 model; (c) True @, model; (d) True @)z model.

the presence of + 10 % velocity perturbations, as illustrated in Figure 2. The WD misfit
function attenuation sensitivity kernels (Figures 2a-2b) are strongly contaminated by the
velocity errors artifacts (gray arrows), which are much stronger than the correct attenuation
updates (black arrows). When using the I-AR misfit function, the correct attenuation up-
dates (black arrows in Figures 2c-2d) appear to be relative stronger, compared to the WD
misfit function attenuation sensitivity kernels. However, the parameter crosstalks are still
very strong, as indicated by the gray arrows in Figures 2c-2d. In the attenuation sensitivity
kernels calculated using the RMS-AR and S-AR misfit functions (Figures 2e-2h), the cor-
rect attenuation updates become stronger than the parameter crosstalks. We then calculate
the attenuation sensitivity kernels using different misfit functions with + 5 % velocity per-
turbations, as illustrated in Figure 3. Compared to Figure 2, the parameter crosstalks in the
attenuation sensitivity kernels calculated by the amplitude-based misfit functions are much
weaker. However, the WD misfit function attenuation sensitivity kernels still exhibit very
strong parameter crosstalks.

Next, we carry out experiments to invert for the attenuation models in the presence of +
5 % velocity perturbations. In Figure 4 the attenuation models determined from the differ-
ent misfit functions are plotted. We observe that, because of strong parameter crosstalks,
the WD misfit function only inverts weak attenuation anomalies (Q), ~ 92 and ()3 ~ 88),
as indicated by the black arrows in Figures 4a-4b. The WD data misfit also reduces slightly,
by 8%, after 3 iterations. Figures 4c-4h show the attenuation models determined through
minimization of the amplitude-based misfit functions. The I-AR, RMS-AR and S-AR data
misfits reduces by approximately 27.7 %, 69.8 % and 69.7 % after 5, 7 and 6 iterations,
respectively. Furthermore, stronger attenuation anomalies (Q), ~ 38 and Q3 ~ 14) are
resolved in the inverted attenuation models.

These observations in the synthetic inversion experiments suggest that, in comparison
to the standard WD misfit function, the amplitude-based misfit functions respond sharply
to attenuation anomalies and appear to produce a higher degree of accuracy in attenuation
models in the presence of velocity errors.
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FIG. 2. Attenuation sensitivity kernels calculated using different misfit functions in the presence
of + 10 % velocity perturbations. (a-b) are the WD misfit function attenuation sensitivity kernels
K} and K}}?;(c-d) are the I-AR misfit function attenuation sensitivity kernels K% and K;7; (e-

f) are the RMS-AR misfit function attenuation sensitivity kernels K5"5*" and KgVS*";(g-h) are the
the S-AR misfit function attenuation sensitivity kernels K5*" and K3R. The blue color indicates
positive value.

FIELD W-VSP DATASET APPLICATION

We next apply viscoelastic FWI to the practical W-VSP dataset for attenuative reservoir
characterization with the two-stage inversion strategy and amplitude-based misfit functions.

Geological background and data preparation

The W-VSP survey was carried out in a producing heavy-oil field of Western Canada
in 2011. The VectorSeis accelerometers were arranged from depth 70 m to 512 m with
a regular interval of 2 m in the borehole. Both dynamite sources (0.125 kg charge) and
EnviroVibe sources (10-300 Hz linear sweep over 20 s) were used for data acquisition.
The maximum recording time is 3 s with a sampling interval of 0.001 s. In Figure 5 the
acquisition configuration of the W-VSP survey is illustrated.

The target formation in the study area is one stratigraphical unit of Cretaceous age in
the Western Canadian Sedimentary Basin; it was deposited as prograding tide-dominated
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FIG. 3. The corresponding attenuation sensitivity kernels calculated using different misfit functions
in the presence of + 5 % velocity perturbations.

deltas and is composed of stacked incised valleys that lie encased within more regional
deltaic, shoreface sands and marine muds. In Figures 6a-6¢, we plot the «, p’ and Gamma
ray well-logs from the borehole. In Figure 6a, the Clearwater formation (depth ~ 0.45-0.5
km), conformably overlain by the Grand Rapids formation and overlies the McMurray for-
mation within the Mannville Group, displays low «, p’ and Gamma ray values, indicating
potential hydrocarbon deposits. We calculate the 3 well-log (Figure 6¢) from the «/f ra-
tio log (Figure 6d) obtained from an adjacent well. The «//f ratio, an important lithology
discriminator, will contain inaccuracies because of the distance between the two wells, but
it provides a plausible source for an approximate /3 log.

The EnviroVibe source W-VSP data with a known Klauder source wavelet is used for
viscoelastic FWI. Figures 7a-7b show the Klauder source wavelet and its amplitude spec-
trum. We apply a series of operations to pre-process the EnviroVibe source W-VSP data.
Traces with abnormal amplitudes and polarities are removed. Horizontal component ro-
tation is applied using the principal component analysis method. Topographic variations
are compensated for with elevation statics. We select 6 shot gathers with which to perform
the inversion, focusing on the area around the borehole. The source and receiver locations
after re-datuming are illustrated in Figure 5. Figures 8a-8c show the processed vertical (z)
and radial (z) component shots at horizontal position of 0.09 km within the time window
of 0-0.8 s. We observe strong direct down-going P- and S-waves radiating from the source.
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FIG. 4. The inverted attenuation models obtained using different misfit functions in the presence
of + 5 % velocity perturbations. (a-b) are the WD misfit function inverted attenuation models m‘g’f
and mg,°. (c-d) are the I-AR misfit function inverted attenuation models mg*® and mgf'®; (e-f) are
the RMS-AR misfit function inverted attenuation models m*SA% and m3*SR; (a-b) are the S-AR

misfit function inverted attenuation models m%‘g‘R and mgg‘R.

Reflected up-going P-waves in the z component and converted down-going and up-going
S-waves in the  component can also be identified clearly.

In Figure 9, we plot the amplitude spectrum of the direct down-going P-waves (time
window Tb) and down-going S-waves (time window Ta) in the z and x component shots.
High frequencies within the down-going P-waves (100-200 Hz) and the down-going S-
waves (30-60 Hz) are observed to decrease significantly; this is attributable to seismic
attenuation. For the down-going P-waves (Figures 9a-9b), from trace 50 to 150 (depth
~ 0.17-0.37 km), magnitudes of the amplitude spectrum reduce significantly, indicating
strong P-wave attenuation within this zone. For the down-going S-waves (Figures 9¢c-9d),
magnitudes of the amplitude spectrum decrease from trace 40 to 100 (depth ~ 0.15-0.27
km), indicating strong S-wave attenuation within this zone. Partial amplitude reduction is
also attributed to geometrical spreading, reflection and transmission loss, etc.
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FIG. 5. The W-VSP acquisition configuration. The red stars and blue triangulares indicate the
positions of the EnviroVibe sources and receivers. The red line indicates the location of the borehole
at horizontal distance of 0.01 km.

Building initial models and inversion strategy

The 1D initial o and 8 models (Figures 10a-10b) are created by smoothing the well-log
data. The model is 0.57 km deep and 0.54 km wide, with 108 and 100 elements uniformly
distributed in vertical and horizontal dimensions. A total of 173633 grid points are pro-
duced to characterize the model. The derived initial /5 ratio model is shown in Figure
10c. From our previous studies, the lateral p’ variation is small. Thus, the p’ model is
created by slightly smoothing the well-log data and kept unchanged in the inversion exper-
iment. We first estimate the (), and ()3 models using the traditional SR and CFS methods
and then use the averaged (), and ()3 values to create the initial attenuation models for
viscoelastic FWI, as shown in Figures 10e-10f.

As we observed in the synthetics, velocity errors can produce strong parameter crosstalk
artifacts in the inverted attenuation models. However, the influence of attenuation on ve-
locity estimation is less significant (Kamei and Pratt, 2013; Fabien-Ouellet et al., 2017).
Thus, a two-stage inversion strategy is designed and carried out for this viscoelastic FWI
problem. We designed time windows Ta and Tb (red and blue shaded areas in Figure 8a)
to separate the direct down-going S-waves and P-waves radiating from the source. This
is designed to reduce potentially damaging tradeoffs between the source mechanism and
structure models. In stage-I, we invert S model in time window Ta and then invert o and
£ models simultaneously in time window Tb using the standard WD misfit function. A
multi-scale strategy is applied by expanding the frequency band from [12 Hz, 30 Hz] to
[12 Hz, 60 Hz]. At each frequency band, we terminate the inversion when the data misfit
reduces to sufficiently small value. In stage-II, we invert the ()3 model using the direct
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FIG. 6. (a-e) are the well-log data of «, p/, Gamma ray, «/g ratio and §. In (a), the red shaded
area indicates the Viking formation (lower Colorado Group). The blue shaded area indicates the
Grand Rapids formation (upper Mannville Group). The cyan and magenta shaded areas are the
Clearwater and McMurray formations forming the lower Mannville Group.

down-going S-waves in time window Ta. In time window Tb, we use a median filter to
separate P- and S-waves, which are then used to invert the (), and ()3 models. The three
amplitude-based misfit functions are applied to invert the (), and ()3 models compared to
the WD misfit function.

Stage-I inversion results

In the stage-I inversion experiment, we obtain high-resolution o and 3 models, as
shown in Figures 11a-11b. The WD data misfit reduces by approximately 83.0% after a
total of 67 iterations. Due to source-receiver illumination limitations, we only plot the
inverted models with a maximum horizontal distance of 0.3 km, as indicated by the gray
area in Figure 5. Trend variations of the & model match the well-log data closely. The
low av anomaly in the Clearwater formation (depth ~ 0.45-0.5 km) has been successfully
determined, as indicated by the arrow and cyan-shaded area in Figure 11a. The derived
a/ 3 ratio and Poisson’s ratio models are shown in Figures 11c-11d. Because the sand-
stones saturated with heavy-oil resources have lower o/ ratios than the shale formations,
the /3 ratio is always used to map the subsurface bitumen sands. From the Grand Rapids
formation to the target Clearwater formation, the o/ 5 ratio derived from the waveform data
reduces from 2.2 to 1.6 and the Poisson’s ratio drops from 0.36 to 0.23. This is associated
with the lithology change from shale to sand, as indicated by the arrows and cyan-shaded
areas in Figures 11c-11d.

In Figures 12a-12d the z and = component observed data are compared with the syn-
thetic data calculated from the initial models. In time windows Tb and Ta, the traveltime
and phase differences of the down-going P- and S-waves between the observed and syn-
thetic data can be observed, as indicated by the red and blue ellipses. Amplitudes of the
down-going P- and S-waves in the synthetic data are much stronger than those of the ob-
served data, as indicated by the cyan and red arrows. The amplitude spectra of the synthetic
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FIG. 7. (a) is the zero phase Klauder source wavelet; (b) is the amplitude spectrum of the source
wavelet.

data and the observed data are plotted in Figure 13; large differences between the two are
observed. From trace 50 to 150, the amplitude spectra of the observed data are for instance
observed to be much weaker than those of the synthetic data calculated from the initial
models.

In Figures 12e-12h the observed data and the synthetic data calculated from the stage-
I inverted models are compared. The traveltime of the down-going P- and S-waves of
the synthetic data match those of the observed data well, suggesting that the inverted «
and 3 models are capturing much of true velocity information in the medium. Converted
down-going and up-going S-waves in = component of the synthetic data (Figure 12f) can
be identified clearly. In Figure 14, the differences between the stage-I synthetic amplitude
spectra and those of the observed data are much weaker than the amplitude spectrum dif-
ferences in Figure 13. We attribute this to the amplitude reduction caused by reflection and
transmission processes rather than seismic intrinsic attenuation. Although the initial (),
and () models are considered for the forward modeling, we observe that the amplitudes of
the down-going P- and S-waves of the stage-I synthetic data are still stronger than those of
the observed data, as indicated by the red and cyan arrows in Figure 12. Furthermore, the
amplitude spectra of the stage-I synthetic data are still stronger than those of the observed
data, especially from trace 50 to 150, as indicated by the red dash squares in Figures 13
and 14. We attribute this component of the amplitude loss to attenuation; actual (), and ()3
values are expected to be lower in this region of the model.

Estimating attenuation models using amplitude-based misfit functions in stage-11

Even though the velocity models in stage-I have been improved significantly, the resid-
ual velocity errors may still produce parameter crosstalk artifacts in the inverted attenuation
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FIG. 8. (a-b) are the processed z and x component shots at horizontal location of 0.09 km. The
red and blue shaded areas in (a) indicate the time windows Ta and Tb. The red and cyan arrows
indicate the direct down-going P- and S-waves radiating from the source. The blue, green and black
arrows indicate the reflected P-waves, converted down-going and up-going S-waves, respectively.

models. In the stage-II inversion experiment, we use the different amplitude-based misfit
functions to estimate the (), and ()3 models compared to the traditional WD misfit func-
tion. In Figure 15 the inverted (), and () models using the WD and I-AR misfit functions
are plotted. The WD and I-AR data misfits reduce by approximately 15.2% and 35.6% after
56 and 43 iterations respectively. In Figure 16 the inverted (), and () models using the
RMS-AR and S-AR misfit functions are plotted. The RMS-AR and S-AR data misfits re-
duce by approximately 55.6% and 54.1% after 26 and 24 iterations respectively. In Figures
17 and 18 the observed data and the synthetic data calculated from the inverted attenuation
models using the different misfit functions are plotted.

Compared to the initial attenuation models, the inverted (), and ()3 values as deter-
mined by minimizing the WD misfit function decrease by approximately 20-35 and 5-10
respectively. The anomaly at 0.45-0.5 km depth in the (), model is clearly identifiable.
The I-AR misfit function inverts the attenuation models more efficiently than the WD mis-
fit function and is associated with a decrease in the attenuation values around the borehole.
Strong (), and ()g anomalies are resolved at 0.45-0.5 km depth. Compared to the WD
and I-AR misfit functions, the RMS-AR and S-AR misfit functions invert the attenuation
models more efficiently and provide stronger attenuation anomalies at depths of 0.15-0.35
km and 0.45-0.5 km. The amplitudes of the synthetic down-going P- and S-waves decrease
rapidly, and comparably to those in the observed data, as shown in Figure 18. The RMS-AR
and S-AR misfit functions exhibit similar inversion performance, and provide attenuation
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FIG. 9. (a-b) are the amplitude spectrum of the direct down-going P-waves of z and x component
data (time window Tb); (c-d) are the amplitude spectrum of the direct down-going S-waves of z and
x component data (time window Ta).

models of comparable quality.

We select the inverted (), and Q3 models by the RMS-AR misfit function (Figures
16a-16b) as the stage-II inverted attenuation models. Trends within the inverted (), and
(53 models are generally consistent with those of the o and S models. At 0.1-0.15 km in
depth, relatively large (), and ()3 values are obtained, as are relatively large o and 3 values,
as indicated by the arrows in Figure 11. At 0.17-0.35 km in depth, the relatively low Q)
(~ 20-30) and Qg (~ 10-20) values are derived, which explain the significant amplitude
losses of the traces 50-150 in the data. Higher (), (~ 30-45) and ()3 (~ 30-40) values are
obtained at depth of 0.35-0.45 km, i.e., within the Grand Rapids formation shales. At depth
of 0.45-0.5 km, lower @), (~ 25) and ()g (~ 20) values are recovered within the heavy oil
saturated Clearwater formation sandstones.

The amplitude spectra of the stage-II synthetic data are closer to those of the observed
data and their differences become weaker, as shown in Figure 19. In Figure 20, traces 70
and 180 with their down-going S-waves and P-waves in the time windows Ta and Tb, and
their amplitude spectra, are plotted in detail. Compared to the initial synthetic data (gray
lines), the travel times of the stage-I synthetic data (blue lines) match those of the observed
data (black lines) qualitatively closely, but still have much stronger amplitudes. However,
both the amplitudes and traveltimes of the stage-1I synthetic data exhibit a close match to
those of the observed data. The amplitude spectra of the traces in stage-1I synthetic data
also exhibit an improved match with those of the observed data traces. Note that in the
low frequency band (with band pass filtering), the central-frequency shift in the amplitude
spectra caused by seismic attenuation is not obvious. For these reasons we consider the
() and ()3 models determined via the RMS-AR misfit function in stage-II to be the most
compelling and plausible.

18 CREWES Research Report — Volume 30 (2018)



Elastic FWI

APPLYING ANISOTROPIC-ELASTIC FWI WITH DIFFERENT MODEL
PARAMERTIZATIONS TO THE W-VSP DATA

In this section, we applied anisotropic-elastic FWI in VTI media with different model
paramertizations to the W-VSP data. The model parameters in elastic-constant and VTI-
velocity model parameterizations have the same physical units. Thus, the model parameters
in these two model parameterizations are simultaneously inverted. The model parameters in
velocity-Thomsen-I and velocity-Thomsen-I have different physical units. Thus, for these
two model parameterizations, in stage-I, we invert the velocity parameters and Thomsen
parameters simultaneously. The inverted Thomsen parameters have weak magnitudes. In
stage-1II, we only invert the Thomsen parameters.

The inverted models using the model parameterizations of elastic-constant, VTI-velocity,
velocity-Thomsen-I, and velocity-Thomsen-II are given in Figures 21-24. Because we only
use the frequency band of [12 Hz, 30 Hz] for inversion, the inverted models associated
with S-wave velocity have lower resolution. AS can be seen that, the inverted models of
css (Figure 21c) and « (Figure 22a) by the elastic-constant and VTI-velocity model pa-
rameterizations have very continuous and coherent geology formations. This is caused by
the fact that in the inversion experiments the anisotropic models are reasonably updated.
The geological formations in the inverted velocity models o and o, (Figures 23a and 24a)
by the velocity-Thmosen parameterizations appear to be distorted. This is because in the
inversion process, the Thomsen parameters are not reasonably updated.

DISCUSSION

In the W-VSP data studied in this paper, the effects of high frequencies reduction (~
100-200 Hz) and amplitude loss due to seismic attenuation are clearly discernible. Both the
amplitude-based and central-frequency shift (Dutta and Schuster, 2016) misfit functions are
potential candidates for attenuation estimation in viscoelastic FWI. However, in this study,
the highest frequency used for inversion is 60 Hz. When using low frequency bands for
inversion with the multi-scale strategy, the central-frequency difference between the syn-
thetic and observed data, especially early in the process, is small and difficult to detect.
Thus, the amplitude-based misfit functions are selected to invert the attenuation models
for the W-VSP data. Amplitudes of the seismic data are also influenced by other factors
including geometrical spreading, reflection and transmission loss, etc. The influence of
geometrical spreading can be suppressed in the misfit function between the synthetic and
observed data. Further, after the stage-I inversion step, we assume that more accurate P-
wave velocity, S-wave velocity and density models have been obtained. Thus, the influence
of reflection and transmission loss is also in principle removed, preparing the way for the
attenuation inversion in stage-1II using the amplitude-based misfit functions. Seismic atten-
uation also results in phase changes of the seismic data, but we proceed assuming these are
much weaker than the phase changes caused by velocity perturbations. When this is true,
strong velocity-attenuation tradeoffs should be expected when using a phase misfit function
for attenuation estimation.

In the paper of Pan et al. (2018b), we evaluated the performances of different model
parameterizations for isotropic-elastic FWI without considering attenuation using the dy-
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namite source W-VSP data. However, errors in the estimated dynamite source wavelet
exposed us to potential biased velocity estimations due to the source-structure tradeoffs. In
this study, we apply viscoelastic FWI to EnviroVibe source data, with the known Klauder
source wavelet. Although the low-frequency content and energy of the EnviroVibe data
will tend to be weaker than those associated with dynamite source, because of better source
control, we should be less exposed to damaging tradeoffs between the source time func-
tion and the structure models. The strong S-waves contained in the EnviroVibe source data
also lead to more stable, and presumably accurate, S-wave velocity model. The attenuation
models derived from FWI lead to a significant improvement in match between the synthetic
and observed data, and provide independent constraints on the rock properties for lithology
discrimination and reservoir characterization.

When simultaneously inverting seismic data for velocity and attenuation parameters,
strong parameter crosstalks tend to appear in the recovered attenuation models. In this
study, a two-stage inversion strategy is employed, in which the velocity and attenuation
parameters are determined sequentially. Further detailed comparisons between the sequen-
tial and simultaneous inversion strategies are under way and will be reported on in a future
communication.

W-VSP data, with their strong transmission modes and relatively complete ray path
coverage, are in many ways ideal for analyses of multiparameter elastic FWI and related
workflows. Here we make use of a high quality dataset of this kind to analyze the relative
merits of various amplitude-based misfit functions. Performances and stability of these
amplitude-based misfit functions should be evaluated using reflection seismic data. The
adjoint sources for calculating the attenuation sensitivity kernels are derived based on the
assumption that the quality factor () is constant within the seismic frequency band, which
also increases the computational cost. Frequency-dependent (or independent) attenuation
sensitivity kernels can be calculated following Fichtner and van Driel (2014).

CONCLUSION

Visocoelastic FWI is applied to practical W-VSP data acquired at a producing heavy-
oil field in Western Canada for attenuative reservoir characterization. To reduce the strong
velocity-attenuation tradeoffs, a two-stage inversion strategy is designed and carried out.
The amplitude-based misfit functions show stronger sensitivity to attenuation anomalies in
the presence of velocity errors and then are used to invert the attenuation models in stage-II.
Overall, the RMS-AR and S-AR misfit functions invert the attenuation models more reli-
ably than the other misfit function choices. In the final inversion results, obvious reductions
of o/ ratio and Poisson’s ratio models within the Clearwater formation clearly indicate
the occurrence of the heavy-oil resources. Strong (), and (s anomalies in this zone also
provide independent constraints on the rock properties for identifying the attenuative reser-
voir. The performances of different model parameterizations in anisotropic-elastic FWI are
evaluated.
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FIG. 10. (a-d) are the initial «, 8, o/ ratio and p’ models; (e-f) are the initial @, and Qs models. At
each sub-panel, the black and gray lines indicate the well-log data and initial models, respectively.
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inversion experiment. At each sub-panel, the black, gray and red lines indicate the well-log data,
initial models and inverted models.
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FIG. 12. (a-b) show the comparison of the z and = component observed data (dZ, , and d, ) with
synthetic data (dj and dg) calculated from the initial models in time window Tb; (c-d) show the
comparison of the z and = component observed data with synthetic data calculated from the initial
models in time window Ta; (e-h) show the comparison of the observed data with the synthetic data

(df and df) calculated from the stage-I inverted models in time windows Tb and Ta.
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FIG. 13. (a-b) are the amplitude spectrum of down-going P-waves of z and = component observed
data in time window Tb (plotting frequency range 20-70 Hz); (c-d) are the amplitude spectrum of
down-going S-waves of z and x component observed data in time window Ta (plotting frequency
range 10-70 Hz); (e-h) are the amplitude spectrum of z and = component synthetic data calculated
from the initial models; (i-1) are the corresponding amplitude spectrum differences.
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FIG. 14. (a-d) are the amplitude spectrum of down-going P- and S-waves of z and = component
synthetic data calculated from the stage-I inverted models in time windows Tb and Ta; (e-h) are the
amplitude spectrum differences between the stage-I synthetic data and observed data.
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FIG. 17. (a-d) show the comparison of the observed data with the synthetic data calculated from the
inverted attenuation models by the WD misfit function; (f-h) show the comparison of the observed
data with the synthetic data calculated from the I-AR misfit function inverted attenuation models
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FIG. 18. (a-d) show the comparison of the observed data with the synthetic data calculated from
the RMS-AR misfit function inverted attenuation models; (f-h) show the comparison of the observed
data with the synthetic data calculated from the S-AR misfit function inverted attenuation models.
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FIG. 19. (a-d) are the amplitude spectrum of down-going P- and S-waves of z and = component
synthetic data calculated from the stage-Il inverted attenuation models in time windows Tb and
Ta; (e-h) are the amplitude spectrum differences between the stage-1l synthetic data and observed
data.
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FIG. 20. (a-b) are the comparison of the trace 180 of down-going P-wave in z and = component
observed data and synthetic data (time window Tb); (c-d) are the comparison of the trace 70 of
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h) are the corresponding amplitude spectrum with Gaussian smoothing. The black and gray lines
indicate the observed data (d..s) and initial synthetic data (dy). The blue and red lines indicate the
stage-| synthetic data (d;) and the stage-Il synthetic data (drns—ar)-
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FIG. 21. The inverted models of c1; (a), c13 (b), ¢33 (€) and ¢s5 (d) using the elastic-constant model
parameterization.
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FIG. 23. The inverted models of « (a), S8 (b), € (¢c) and § (d) using the velocity-Thmosen-I model
parameterization.
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parameterization.
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