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Summary

Seismic wave propagation in fractured reservoirs exhibits anisotropy and attenuation that are related to
fracture properties (e.g. fracture density) and fluid parameters (e.g., fluid moduli and viscosity). Based on
the linear slip theory, we derive stiffness parameters for fractured and attenuative rocks, and present the
integrated attenuation factors involving both host rock intrinsic attenuation and fracture-induced
attenuation. Using the simplified stiffness parameters, we derive a linearized reflection coefficient in terms
of fracture weaknesses and integrated attenuation factors. A two-step inversion approach is proposed,
which involves an iterative damped least-squares algorithm to predict P- and S-wave moduli using angle
gathers at the azimuthal angle approximately equal to fracture orientation azimuth, and a Bayesian
inversion method to estimate fracture weaknesses and integrated attenuation factors from seismic
amplitude differences among the data at different azimuthal angles. The proposed approach is testified on
a real data set, within which we observe that reasonable parameters (fracture weaknesses and integrated
attenuation factors) are determined.

Introduction

The linear slip theory describes the effect of fractures on elastic parameters using fracture weaknesses or
compliances (Schoenberg and Sayers, 1995). Bakulin et al. (2000) related the normal and tangential
fracture weaknesses to fracture properties (fracture density, fracture aspect ratio and fillings). Chen et al.
(2017) studied how the normal and tangential fracture weaknesses change in the case of water and oil
saturated rocks, which shows that the normal fracture weakness difference between water and oil fractured
rocks is relatively small. It indicates that the normal fracture weakness in not a sensitive indicator to
discriminate water and oil saturated fractures. Hence, in the present study, we will involve the attenuation
factor as an additional factor for fluid identification. Much work has been done to study how the attenuation
affects the rock property and seismic wave propagation. Hudson et al. (1996) studied the effect of
connection between cracks and pores on the overall property of a cracked rock. Pointer et al. (2000)
discussed how the distribution and saturation of cracks affect the response quantity. Based on the linear
slip theory, Chichinina et al. (2006) proposed the complex normal and tangential fracture weaknesses that
related to Q anisotropy. Chen et al. (2017) proposed to use amplitude differences among azimuthal data to
implement seismic inversion, which can lead to a stable of estimation of the normal and tangential fracture
weaknesses. In this study, we first express perturbations in the simplified stiffness parameters in the case
of an interface separating two anisotropic and attenuative media. Using the perturbations, we then derive a
linearized reflection coefficient as a function of integrated attenuation factors and fracture weaknesses. We
finally propose an inversion method to estimate integrated attenuation factors and fracture weaknesses
from azimuthal seismic data. A test on real data acquired over a fractured reservoir demonstrates that the
proposed approach can estimate reasonable parameters for fracture prediction and fluid discrimination.

Linearized PP- wave reflection coefficient
Involving effects of both background and fracture-induced attenuation, we propose the complex stiffness

matrix
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and where A and A, represent the real parts of fracture weaknesses, 1/Q, and 1/Q, are parameters
related to fracture-induced attenuation, 1/Q, and 1/Q, are P- and S-wave attenuation factors while
propagating in the isotropic and attenuative background, M = A+2u, y=1/M =1-2g, and 4 and u are
Lamé constants of the elastic and isotropic background.

We express perturbations in stiffness parameters for the case of a reflection interface separating two
fractured and attenuative layers. In the present study, we focus on the derivation of the real part of P-to-P
reflection coefficient. The real parts of perturbations in the complex stiffness parameters are given by

AC,; ~ AM =AM /Q, —MA(1/Qpy ) —M Oy,

ACy, = AL =18, —AM/[Qpy = MA(1/Qpy )+ 2A2/Qqy + 214 (1Y Qqy ),

Aczs ~ A/1+(29 _1)/15AN + (29 _1)AM /QPN + (29 _1) M A(]/QPN ) + (2 - 49 )AIU/QSN + (2 - 49 )IUA(]‘/QSN ), (3)

ACy;; ~AM —Ms, +4Mg (1- g)5AN +49(1-9)AM/Q. +49(1-9)MA(YQ;y ).

ACyy = A, ACss ~ Apt = Apr/Qgr — A (l/QST ) —Hb,

where AM is perturbation in the compressional modulus across the interface, A4 and Ax are changes in
Lamé constants across the interface, 5, and o, are changes in the normal and tangential fracture
weaknesses across the interface, 1/Q,, =1/(Q.Qy) » ¥Qu =%(QQy) + ¥Qs =1/(Q%Q;) + A(YQuy) »
A(j/QSN) and A(]/QST) are changes in the corresponding inverse quality factors. Shaw and Sen (2004)

proposed a method to use the scattering function involving perturbation in stiffness matrix to derive
linearized reflection coefficients. Following Shaw and Sen (2004), we derive the linearized P-to-P complex
reflection coefficient as

Rep (6,0) = P, (0)AM/M + P, (0) Au/ i+ P, (0)Ap/ p,
+Po (6:8) A1 Q) + R, (6:8)A(/ Q)+ Py, (6:4)3,, + Py (6.6)5,,,

where B, (0)=1/4sec’ 0, P,(6,9)=-2gsin’ 4, Pp(e)zcosze/(4cosze),

(4)

P, (0.4.9)= %sec2 H[—sin4 0cos’ p(1+sin” ¢) + 2sin® Ocos’ O(2gsin® ¢ 1) + 4g (1 g )(sin* Osin* ¢ + cos* 6)] :
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Po., (6.4,9) =gsin” 0(tan® Osin® gcos® g +1-2gsin’ ¢), P, (6.4,9)= —%sec2 49[1— 29 (sin® @sin® ¢ + cos’ 0)]2 ,
P., (6.¢,9)=gsin* Ocos? gz)(l—tan2 gsin’ ¢) , and where AM/M , Au/u, and c are relative changes in P-
wave modulus, S-wave modulus, and density across the interface, and 6, and ¢, are changes in the
normal and tangential fracture weaknesses across the interface.

Estimation of integrated inverse quality factors from seismic data

We employ seismic amplitude differences among the input data at different azimuthal angles to estimate
the integrated inverse quality factors and fracture weaknesses. The seismic amplitude differences in the
case of five azimuthal angles (i.e. ¢, ¢,, 4,, ¢, and ¢, ) are given by

B=AX, ()
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and where s is the vector of observed seismic data, and W is the vector of seismic wavelet.
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) PQSN (¢3)_ PQSN (¢1) PAN (¢3) - PAN (¢1) PAT (¢3) - PAT (¢1)

) P (8) =P, (4) P (4)-P(4) P (4)-P (4)
( )

In order to solve the inverse problem, we employ the Bayesian theorem to construct the objective function.
Assuming uniform uncorrelated Gaussian noise included in observed seismic data and given a prior
information satisfying Cauchy distribution, we present the objective function

J(X)=(B-AX)" (B-AX)/(20%,)+In [1+ xz/(zai)]. ©)
We employ an iterative approach to obtain the inversion result

X, =X+ ATA+40?, [(1+05X7 o3, )]1 AT(B-AX,), (8)

where X, is the calculated result based on the ith solution X., and X, is the initial solution of the
unknown parameter vector.

Examples

We utilize a real dataset acquired over a fractured carbonate rock reservoir, which is respectively

processed in offset and azimuth domains, to verify the proposed inversion approach. We first use the data
along the fracture orientation azimuth to estimate P- and S-wave moduli (Figurel).
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Figure 1. Inversion results of P- and S-wave moduli. The ellipse indicates the fracture reservoir.
Using the Bayesian inversion as presented in the previous section, we implement the iterative inversion for
the integrated inverse quality factors and fracture weaknesses (Figure 2). we observe that there is a good
match between P-wave velocity curve and the inversion result.
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Figure 2. Inversion results of integrated attenuation factors and fracture weaknesses.

Conclusions

We begin with the derivation of perturbations in stiffness parameters for the case of an interface separating
two fractured and attenuative media. Using the perturbations, we derive a linearized reflection coefficient in
terms of P- and S-wave moduli, integrated attenuation factors and fracture weaknesses. Based on the
derived reflection coefficient, we propose an inversion method to use azimuthal seismic data to estimate
fracture weaknesses and integrated attenuation factors. Applying the proposed inversion method to a real
data set reveals that the proposed inversion method can provide realistic results of integrated attenuation
factors and fracture weaknesses for fracture prediction and fluid discrimination.
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