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ABSTRACT

Pan, X.P., Zhang, G.Z., Chen, H.Z. and Yin, X.Y., 2018. Elastic impedance
parameterization and inversion in a vertical, rotationally invariant fractured HTI medium.
Journal of Seismic Exploration, 27: 227-254.

Seismic wave propagating in a purely isotropic background medium containing a
single set of vertically aligned fractures exhibits a long-wavelength effective transversely
isotropy (HTI) with a horizontal symmetry axis. The estimation of fracture weaknesses is
significant for the characterization of anisotropy in a fracture-induced HTI medium. Our
goal is to demonstrate an azimuthal elastic impedance inversion approach for fracture
characterization by utilizing the observable wide- azimuth seismic reflection data in a
vertical, rotationally invariant fractured reservoir. Under the assumption of weak contrast
across the interface and weak anisotropy, we first derive the perturbations in elastic
stiffness parameters of a weakly HTI medium. Then we derive a linearized PP-wave
reflection coefficient in terms of P- and S-wave moduli, density, and fracture weaknesses
for the case of a weak-contrast interface separating two weakly HTI media based on the
perturbation matrix and scattering function. Using the least square ellipse fitting (LSEF)
method to calculate the azimuth of fracture normal, we build a perfect linear relationship
between the reflection coefficient and fracture weaknesses. Finally, we propose a novel
parameterization method for fracture weaknesses, and derive the elastic impedance
variation with angles of incidence and azimuth (EIVAZ) equation. In order to refine the
inversion stability and lateral continuity, we implement the EIVAZ inversion in a
Bayesian framework incorporating the Cauchy-sparse regularization and the
low-frequency information regularization, and the nonlinear iteratively reweighted least
squares (IRLS) strategy is employed to solve the linear inversion problem. A test on a
real data set indicates that the estimated results agree well with the well log interpretation,
and the proposed method appears to generate reliable results for the characterization of
fractured reservoirs.

KEY WORDS: fracture-induced HTI medium, rotationally invariant fractures,
weak-contrast and weak-anisotropy assumption,
quasi-weakness parameters, EIVAZ inversion.
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INTRODUCTION

A carbonate reservoir containing vertically parallel fractures is
considered to be a transversely isotropic (HTI) medium with a horizontal
symmetry axis (Riiger, 1997, 1998; Thomsen, 2002; Tsvankin and Grechka,
2011). Fractures in reservoirs are treated as a vital storage space and
migration pathway of hydrocarbon (Narr et al., 2006; Liu and Martinez,
2012). Fracture weaknesses, which are defined by the linear slip model (Hsu
and Schoenberg, 1993; Schoenberg and Sayers, 1995; Bakulin et al., 2000),
are related to fracture properties (e.g. fracture density, fillings, etc.). In this
paper, a novel parameterization method of facture weaknesses was presented
to characterize the fracture properties.

Much work has been done to derive the linearized PP-wave reflection
coefficients are in a weakly anisotropic HTI medium. Based on the weakly
elastic anisotropy theory (Thomsen, 1986), Tsvankin (1996) introduced a
series of P-wave anisotropic notations to characterize the HTI medium.
Following Tsvankin (1996), linearized PP-wave reflection coefficients were
derived in terms of weakly anisotropic parameters (Riiger, 1997, 1998;
Psencik and Gajewski, 1998; PSencik and Vavrycuk, 1998; PSencik and
Martins, 2001). However, the scattering of seismic wave propagating in
fractured layers should not be negligible (Burns et al., 2007; Yin et al.,
2013). Based on the elastic inverse scattering theory, Shaw and Sen (2004,
2006) proposed a different method to derive the linear PP-wave reflection
coefficients in terms of perturbation in stiffness matrix for a weakly
anisotropic medium. Using the stiffness matrix of HTI media (Schoenberg
and Sayers, 1995), we derive a linearized PP-wave reflection coefficient in
terms of fracture weaknesses for a weakly anisotropic HTI medium based on
the elastic inverse scattering theory.

The estimation of elastic and anisotropic parameters in HTI media is
influenced by signal-to-noise-ratio of azimuthal seismic data (Chen et al.,
2017; Pan et al., 2017a; 2017b). Elastic impedance (EI) inversion has been
widely studied in literatures due to the advantage of angle-stack data, and it
has been extended to the anisotropic media (Connolly, 1999; Whitcombe,
2002; Martins, 2006; Chen et al., 2014). However, the weakly anisotropic EI
part in the existing anisotropic EI equations represents an exponential
correction of EI attributable to weak anisotropy. The inversion accuracy of
the weakly anisotropic parameters based on the existing anisotropic EI
equation may be influenced enormously due to the expression difference
between the isotropic and anisotropic EI parts, and the anisotropic EI part is
an exponential correction of EI attributable to weak anisotropy. Hence, a
novel EIVAZ parameterization in terms of fracture weakness was proposed
to remove the exponential correction of EI attributable to weak anisotropy,
which may help to improve the inversion stability. Finally, we proposed a
stable EIVAZ inversion method in Bayesian framework with Cauchy-sparse
and low-frequency information regularization, where the elastic and
anisotropic parameters are estimated by employing the nonlinear iteratively
reweighted least squares (IRLS) strategy (Scales and Smith, 2000; Bissantz
et al., 2009; Daubechies et al., 2010). A test on a real data set validated that
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the proposed method makes a reliable estimation of the fracture weaknesses
from observed seismic data.

THEORY AND METHOD
Effective stiffness tensor in a weakly anisotropic HTI medium

Based on the first-order perturbation theory (PSen¢ik and Vavrycuk,
1998), the effective elastic stiffness tensor C of a inhomogeneous medium is
expressed as the sum of the stiffness tensor of a homogeneous isotropic
background medium and that of a perturbation medium (P$enc¢ik; Shaw and
Sen, 2004; Yin et al., 2013; Zong et al., 2015)

C=C,+AC, (1)

where C, and AC represent the stiffness tensors of the homogeneous
isotropic background medium and the perturbation medium, respectively.

Similarly, the effective elastic stiffness tensor C in a weakly anisotropic
medium can be expressed as (Yin et al., 2013)

C=C,+AC,_ +AC @)

iso ani®

where ACj,, and AC,,; represent the stiffness tensors of perturbations in the
isotropic and anisotropic parts, respectively.

Based on the linear slip theory (Schoenberg, 1980, 1983), the effective
compliance tensor S of a fracture-induced HTI medium is expressed as the
sum of the background compliance S; and the excess fracture compliance S,

(Bakulin et al., 2000; Grechka et al., 2003):

S=8,+S,. (3)

For a single set of vertically aligned fractures with normals parallel to
the x;-axis, the excess fracture compliance S, is given by (Bakulin et al.,
2000; Grechka et al., 2003)

(Z, 0 0 0 Z, Z,
0 000 0 0
§ - 0 000 0O 0 i
4 0 000 0 0 ()
Zyy 00 0 2, Z,
Zw 0 0 0 Zy Zy
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The subscripts N, V' and H represent the normal direction, the vertical
tangential direction and the horizontal tangential direction, respectively. The
compliances Zy, Zy, Zy, Zyy, Zyy and Zyy are defined to relate the change in
displacement across the fracture plane to the corresponding traction (stress)
components (Grechka et al., 2003). The dimensionless fracture weaknesses
are given by (Grechka et al., 2003)

S
Qa8 i TR 1, @
' 1+M,Z,
025, 8 B _ 1. (6)
1+, 2,
0<o, =tZn_ . (7)
1+u,Z,
0<8,, = VMZw ®)
L+ M, Z,,
0s6,, = NeMZu _, 9)
R UM, Z ,
Osép,,,EM-:l. (10)
I+\Ju,M,Z,,

Here M, and u, represent P- and S-wave moduli of the background medium.

Inverting the compliance matrix yields the stiffness matrix C
(Schoenberg and Sayers, 1995; Bakulin et al., 2000), which is related to the
background stiffness C j, and the excess fracture stiffness C ;

Cc=5"=(s,+S,) ~C,-C,, (11)
where
M,  M,-2u, M,-2u, 0 0 0]
M,-2u, M, M,-2u, 0 0 0
M, =2 M, =2 M 0 0 0
Ch _ b #h b ﬂb ] g (12)
0 0 0 w4 0 0
0 0 0 0 4 O
0 0 0 0 0 u

and
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0
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) (
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2g)+\Jgdy,

)
2g ) Jga.w;

3, (1-2g)8, (1-2g)8, © Jgé., Jedu,
(1-2g)8, (1-2¢)°8, (1-2g)'8, 0 (1-2g)Jgd,, (1-2g)Jgd,,
c =M, (1-2g)8, (1-2¢)°8, (1-2g)'8, 0 (1-2g)Jgd,, (1-2g)Jgd,, ‘
0 0 0 0 0
0
0

(13)

in which, g =y, /Mb = ﬁf/af , @, and f, represents P- and S-wave
velocity of the background medium, which are given by

ab=Vth/’oh’ 23,,=\H{.,/,Ob, )

where p, represents the background density. Based on the first-order
perturbation theory, the perturbation of weakly HTI media over a
homogeneous isotropic background is expressed as

AC=AC, +AC,,
AM  AM-20u AM-2A4 0 0 0
AM-20u AM  AM-24 0 0 0
| AM-28u AM-280  AM 0 0 0
0 0 0 Au 0 0
0 0 0 0 A0
0 0 0 0 0 Au

a8, (1-2g)88,  (1-2g)a8, 0 \fghs, Jehs,,

(1-2)88, (1-2¢)86,  (1-2¢] 88, 0 (1-2g)ss,, (1-2¢)\58,,

| (1-2¢)88,  (1- %) 85, (1-2g) 88, 0 (1-2¢)\gAs,, (1-2¢)ygAs,,
0 0 0 0 0 0
Jebo,  (1-2gleae,, (1-2g)gas, 0 gag, gghs,
\/g‘& é.-w (] -2 ) \{gﬁ 5.\-‘;; (l -2 ) \/«E& 6.~'u 0 g J«E’Aam g 5H

(15)
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where AM = M — M,, and Ap = -y, . In addition, AS, =3,,-3J,,,
AS, =6,,-6y,, A8, =6,,-0y,, Abyy =0y —Oun, Ay =06y, =Sy,
and Ady,;, =0J,,, -0y, are the changes in fracture weaknesses across the

interface, respectively. The two parts in eq. (15) represent the change in the
isotropic background and the perturbation induced by vertically aligned
fractures, respectively.

Linearized PP-wave reflection coefficients

To derive linearized PP-wave reflection coefficients of an interface
separating two weakly elastic anisotropic media, the reflecting layer elastic
parameters and density p are appropriately expressed as (Shaw and Sen,
2004)

CJ. =cC,;

[}

+Ac,, (16)

if_b if
and

P =P, +Ap, (17)

where the subscript b represents the background medium and the symbol A

indicates the small perturbation, namely |‘ACU / cg.| <<1 and |Ap/p|<<1.

Under the assumption of the small perturbation, the time-harmonic
scattered wave-field u of the heterogeneous medium given by (Cerveny,

2001)
ou, (x,a)) aG", (x,w)

dx,
ox, ox;

u(x,) -f @’ Ap(x)u] (x,0) G, (x,@)-Ac; (x)

(18)

where v represents the circular frequency, and «'(-) and G ()

represent the elastic wave-field resulting from the exciting source and the
Green’s function, respectively.

In the case of PP-wave propagation in a homogeneous isotropic
background media, the Green’s function is given by (Cerveny, 2001)

G::!- (X,a}) = %le"‘"fﬂ’fﬂm s (19)
JTM, ¥
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where r represents the source-receiver distance, and N, and », represent
the source and receiver directions, respectively.

Using the Born integral and stationary phase method, the linearized
PP-wave reflection coefficients for arbitrary anisotropic media embedded in
an isotropic background medium are given by (Shaw and Sen, 2004)

1

Ry =——
o 40, cos” @

S(r,)s (20)

where 6 is the angle of incidence, ¥, is the point on the horizontal

interface, and S(ro) is the scattering function (Eaton and Stewart, 1994;
Burridge et al., 1998), which is given by (Shaw and Sen, 2006)

S(r,)=ApE+AC,, 1, @1)
where

E=tt| > (22)
and O

Mo = GPPI,, 23)

in which, p and t represent the slowness vectors and the polarization vectors,
respectively. The prime represents the scattered wave. Relationships among
the subscripts m, n, i, j, k and / in eq. (23) are expressed as (Shaw and Sen,

20006)
m=id, +(9-i-j)(1-8,), (24)

and

n=kd, +(9-k-1)(1-6,), (25)

where 5,;,— and 5,,“, are the Kronecker delta function.

The linearized PP-wave reflection coefficient R, (6,(,25;6) in terms of
o)

fracture weaknesses 5=[5‘,\,, 85 0500, - ]T for the case of an

NIF 2
interface separating two fracture-induced HTI medium is derived as (see
Appendix A)

R, (6.4:8)=R, (6)+R, (6.4:3), (26)

P e



234

where

R (8)=a(6)R, +b(6)R, +c(8)R

e P2

Rum' (8, ¢,6) -

e

%d(é’,gﬁ]ﬁd\. +%e(9,¢)A¢5,. +%f(9,¢)a5,{ +%g(9,¢)A5_\__H,
a(6)=sec’6/2, b(8)=-4gsin’6, c(8)=1-sec’6/2,

d(6,9) = -sec’ /2 [ 2gsin’ sin’ g+ 2g cos’ 9—1]2,

e(6,¢)=2gsin’ Bcos’ ¢, f(6,¢)=-2gsin’ Htan’ Osin’ pcos’ ¢,
g(6,4)=2 gtarfasin;zscosgb[l-zg(sin?asin3¢+cosfs)].

The quantity & is the phase angle, which represents the angle between
the normal to the interface and the phase vector normal to the incident wave
front,and @ is the azimuth of the seismic line with respect to the symmetry
axis of the fracture system (i.e., @=9,, —gb,:‘.m , which represents the
difference between the observation azimuth ¢, and the fracture symmetry
axis azimuth @,,,, as shown in Fig. 1).

In order to obtain the linear expression of eq. (26), the fracture symmetry
YA 2L ?’@E;Wn'be “hirst extracted based on the amplitude mversion
method of small incident angle data easily and accurately (Jenner, 2002;
Mahmoudian and Margrave, 2012). In this paper, following Riiger (1997,
1998), we use azimuthal gradients to calculate the fracture symmetry axis
azimuth @, based on the least square ellipse fitting (LSEF) method (see
Appendix B).

North
A
: Fracture symmetry axis
9
:’ T Observation azimuth
r

Fig. 1. Azimuth angle with respect to fracture symmetry axis azimuth.
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In eq. (26), R;:j (6‘) and R;;" (6,¢) represent the background isotropic part
and anisotropic part of the reflection coefficient, respectively, and
1 AM 1A 1 A
s 0 W 22 and 5= e are the reflectivities of the P-
2 M, T2 Ps

and S-wave moduli and density, respectively. For a set of fractures with
properties that are invariant under rotation about the normal to the fracture
faces (Schoenberg and Sayers, 1995), the compliances satisfy the
relationships given by (Hsu and Schoenberg, 1993)

ZNV =ZNH = ZVH =0, ZV =ZH‘ (28)
Substituting eq. (28) into egs. (5) to (10) yields

ZNV =ZNH =ZVH =09 ZV =ZH = Z‘r: (29)

where O, represents the tangential fracture weakness.

Thus eq. (26) is then rewritten as
, 1 1
R (8,8;6y,6; )= Ed(e,gb)AéN + Eh(ﬁ,qﬁ)AéT, (30)

where
h(9,¢:) =2g (sin2 Bcos’ ¢ —sin” Btan’ Gsin® gcos’ ¢). (31)

We observe that the background reflectivity term R, (8) is related to
relative changes in the elastic parameters, which is different from the
weakly anisotropic term AR;;’ (9,1?5;5) that is expressed in terms of the

changes in fracture weaknesses. The inversion accuracy of elastic and
fracture weakness parameters may be influenced enormously due to these
two different expressions. Hence, we present a new parameterization
method of the normal and tangential fracture weaknesses (see Appendix C)

, 1
S =1 g On +1=0n); (32)
and
A 1
5?" = 1_51"0 (5?" +1_5T0 )’ (33)



236

where the subscript 0 represents the average quantities. Incorporating the
new fracture weaknesses yields

Ry =3 ?’{);% G4)
N NO

and
R,=l A‘_ST =1A5, (35)
® nd, ) 277

where ch‘;, and Ra; represent the fracture normal and tangential

weakness reflectivity, respectively. Therefore, the azimuthal dependent term
ARG (8,9) is rewritten as

Ry (6,4:0,,67)=d (6,9)R, +h(6,4)R,,.
(36)

Elastic impedance parameterization for fracture weaknesses

Following Connolly (1999) and Martins (2006), the PP-wave reflection
coefficient at horizontal interfaces separating the HTI media can be also
defined as

RPP (99 ¢) ™

1 AEI(6,9) glAln(EI(Q,qp)} .

2 EIG,¢) 2 El,

where EI represents the elastic impedance, and £/ represents the
medium impedance properties.

The single-interface reflectivity eq. (36) can be extended to a
time-continuous reflectivity function (Stolt and Weglein, 1985; Buland and
Omre, 2003)

1 5] 1 0 1 5]
R (1,6, 9) = Ea(r,e)aln M(r)+5b(t,9)51n,u(r)+5c(x,¢9)aln o(t)

1 8. 1 B
+Ed(1,9,¢)§ln Sy (1) + 2h(r,9,¢)a! In &) (1)

198
2 ar

In EI(1,6, ).
(38)
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Taking the integral for eq. (38) then yields

In EI(t,6,¢) = a(t,6)ln M (t)+b(2,6)In u(t)+c(£,0)n p(t)
+d(1,6,¢)In5, (t)+h(1,6,¢)In5; (t).
The evaluation of eq. (39) gives

(39)

EI(1,6,¢) - [M ]a(rs [#(I)]b(!‘s}.[’o( )] o(16). [5r( ]n‘:5‘¢ [5, ]mw}_ (40)

Following Whitcombe (2002), we derive the normalized EIVAZ as

EI(t,6,¢) = EI*"(1,6)AEI (1,6,8), (41)
where
r:[-‘ 3} b{l’ﬂ) c(r.e}
. !
Elr.s'o(t,g) =EI{] ( ) ( ) . p( ) , (42)
M(] IIU:(J p(l
and
d(1,8,¢) ) h(r,6.¢)
. oy (t o, (t
AEL; (1,6,9) = ﬁ : M 3 (43)
6;\*(} 6?'[}

where EI, M,, 4, Py, Oy, and s 8 represent the average values of

the elastic and anisotropic properties, which are estimated by using the well
log data or the rock physics experiments.

Martins (2006) and Chen et al. (2014) also derived expressions for
anisotropic EI equations

EI(1,6,¢) = EI"*(1,6)exp [2 [dAR,, (1,6, ¢;6)]. (44)

Compared with the E7 equations derived by Martins (2006) and Chen et
al. (2014), eq. (41) eliminates the exponential expression for the weakly
anisotropic EI term.

Elastic impedance inversion for fracture weaknesses

The EIVAZ inversion for the elastic parameters (i.e., P- and S-wave
moduli, and density) and fracture weaknesses in HTI media includes the
estimation of the elastic impedance data sets in different incidence angles
and azimuths, and the extraction of the elastic parameters and fracture
weaknesses from the estimated elastic impedance data sets. The elastic
impedance data sets are estimated by using the constrained sparse spike
inversion (CSSI) method (Dolberg et al., 2000; Helgesen et al., 2000).
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However, the extraction of the elastic parameters and fracture weakness
parameters from the estimated elastic impedance data sets is still a challenge.
In order to extract the elastic parameters and fracture weaknesses linearly,
the logarithmic expression of eq. (42) is expressed as

El(1,6,9)
EI

In

= a(t,9)ln($) +b(,,9)m(M

0 Hy

+c(r,e)1n[@)

!O(}

0

+d(1,6,4)n 5Nr(t) +h(1,6,¢)In 5753) .
5}\’0 5?'0
(45)
Defining ln(x/xﬂ) as L., we rewrite eq. (43) in terms of matrix

forms for the case of M incidence angles and K azimuths

L, =Gm, (46)
where
LEI=[LEI(I"91’¢1) LE.’(I’QZ’%) L LE!(I’QM’¢K)]T’ (4?)
a(t.6) b(1.6) c(n6) d(1.6.4) h(16.4)
. a(,6,) b(1,6,) c(1.6,) d(1,.6,.¢,) h(1,6,.¢,) -
M M M M M
a(t,6,) b(1.6,) c(1.6,) d(t.6,.4:) h(t.6,.¢)
and

m=[f‘.¢r(r) L#(r) Lp(t) Lé‘_;. (f) La,' (1‘)] - (49)

There is a strong correlation between the parameters, which may
influence the reliability of the inversion results (Downton, 2005). Hence, the
parameter decorrelation is employed in the present study. The parameter
covariance matrix Cov,, used for the parameter decorrelation, which is
expressed in terms of statistical calculation and rock physics relationships, is

r 2
O Onr,  ur,  ne, e,
2
Y, O Tty Do i
) Ay ar
2
Cov, =9, 9., Y, ULI,LA,\_ UL{,LM_ : (50)
y y Vo o
LiL v, “z, L, T,
By aly Ay Ay &r
2
Ly L Top, ey, g G
ﬁr. £ “j v AT' &I
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where the diagonal elements of covariance matrix represent the variance of
the log-domain elastic and anisotropic reflectivity, and the off-diagonal
elements represent the correlation between the unknown parameters. Using
the singular value decomposition (SVD) method, the covariance matrix is
decomposed as

Cov, =USU" =U o} u’, (51)

ag ]
where U represents the eigenvector, and 3 represents the eigenvalues.

After decorrelation, eq. (46) is expressed as
L, =G'm’, (52)

where G'=G-U and m'=U"m represent the coefficient matrix and the
inverted parameters after decorrelation, respectively.

In order to generate results with a high resolution for the unknown
parameters, we use the Cauchy-sparse regularization (Sacchi and Ulrych,
1995; Downton, 2005; Alemie and Sacchi, 2011) in the construction of the

objective function F(m')
K
F (m,) = (LFI R G?m’ )T (LEI = G’m’) + ACaucﬁa_\-' Z ln (l i+ m; )’ (53)

where K represents the time sampling points, and Ag,, =0, /oﬁ,
represents the Cauchy regularization parameter with ©, indicating the
noise variance and o, the estimated parameter variance.

The low-frequency components in seismic data are relatively weaker,
which are easily affected by the noise. In the objective function, we add the
low-frequency information regularization (Zong et al., 2013)

K
F(m')=(Ly, —G:m.)r (Lgy -G'm') + Ay 2 In(1+m;)+W¥, (54)

where
W= A, |8 - PL, [, + 4, |8, - PL,|. + 4, |8, - PL,|
2 2 (55)
e |G~ Pl % |G TLa | »

and
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l LJ‘ + ¥ r
'9;=§ln(L_),9 1=Mﬂ”sp’5~sars (56)

i0

where 4 represents the regularization parameters of the low-frequency
information terms, which may control the stability and lateral continuity of
the inversion results, and P represents the integral operator matrix. The
objective function becomes nonlinear because of the introduction of the
Cauchy-sparse and low-frequency regularization. In the present study, we
employ the IRLS strategy (Scales and Smith, 2000; Bissantz et al., 2009;
Daubechies et al., 2010) to solve the inversion.

EXAMPLES

Estimation of fracture symmetry axis azimuth based on the LSEF
method

In order to obtain the linear expression of eq. (41), we first use the LSEF
method to estimate the fracture symmetry axis azimuth ¢, . Fig. 2 plots the
estimated fracture orientation and fracture density e, and Figs. 3 and 4 shows
the fracture orientation and density nearby the well, in which the direction of
the black solid line indicates the fracture orientation, and the length indicates
the fracture development intensity (i.e., fracture density).

e()

0.14

12
A

06

04

e 02
1500
Y
1950400 e
Trac

Fig. 2. Estimated fracture orientation and den sity using the LSEF method.
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Fig. 3. Estimated fracture orientation and density nearby the well using the LSEF method.

Fig. 4. Estimated fracture symmetry axis azimuth rose diagram nearby the well.
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Fig. 5. Interpreted horizontal maximum stress direction of well A based on the analysis of
shear wave anisotropy, where (a) shows the shear wave anisotropic well log; and (b)
shows the interpreted horizontal maximum stress direction of well A.
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We observe that the fracture symmetry axis azimuth nearby the well A
is @,, ~240° and the direction of fracture development is about SE-NW,
which is consistent with the horizontal maximum stress direction of well A
shown in Fig. 5. Thus when implementing the azimuthal seismic inversion
using the linearized inversion methods, the azimuthal angle ¢ used is equal
to the difference between the observation azimuth ¢, and the fracture
symmetry axis azimuth ¢, (240°).

Estimation of elastic and anisotropic parameters based on EIVAZ
inversion method

A real seismic data set is used to validate the proposed method of
EIVAZ inversion for anisotropy in weakly anisotropic HTI media, which is
acquired over on an oil-bearing reservoir in East China. The azimuthal
angles of this seismic data set are 13° (an average angle of 0°-26°), 45° (an
average angle of 23°-66°), 90° (an average angle of 63°-116°), and 135° (an
average angle of 113°-156°), as shown in Fig. 6. Before being used in the
EIVAZ inversion method, the data are first partially stacked over the
incidence angle to generate the near, middle, and far offset/angle data, which
may enhance the signal-to-noise ratio of the seismic data. It is important to
stress that the seismic data have been processed to preserve the amplitudes,
which means the seismic amplitude is considered to be the true response of
subsurface reflection interfaces. The target reservoir is a carbonate
oil-bearing reservoir around 2.45 seconds at Trace No. 1397. The logging
fracture weaknesses are calculated by using well logs and rock physics
analysis results (Pan et al., 2017a,b), including the rock minerals and their
volume fraction, the porosity of matrix pores, the pore fluid types and water
saturation, and the fracture density. Using eq. (41), we can calculate the
azimuthal EI information. Fig. 7 shows the estimated EI data at different
incidence angles and azimuths, and Figs. 8 and 9 show results of elastic
parameters and new-defined fracture weaknesses extracted from the
estimated EI data, in which the red solid line indicates the corresponding
logging elastic and anisotropic parameters, and the red dashed ellipse
indicates the location of the reservoir.

From Fig. 7, we observe that there is a good match between the
inversion result of azimuthal EI and the well log curve, which indicates the
input for the extraction of elastic parameters and new-defined fracture
weaknesses is reliable. From Fig. 8, we observe that the estimated P- and
S-wave moduli and density agree with the well log data, and the P- and
S-wave moduli are also a sensitive indicator of the target reservoir.
Moreover, from Fig. 9, we see that the estimated J, and ¢; related to the
normal fracture weakness dy and the tangential fracture weakness ¢, show
relatively high values, and they may reflect the fracture development zones
well. The estimated parameters are consistent with the well log interpretation,
which may validate the stability and reliability of the inversion method
proposed in this paper. Combining the estimated elastic parameters and the
new-defined fracture weaknesses may help to characterize fractured
Ieservoirs.



244

1380 1400 1420 1440 1380 1400 1420

1380 1400 1420 1440

Time (s)

240 T S 2.40'
2.50

2.60
Azimuth 4

Trace Number

(a)

1400 1420 1440 1380 1400 1420 1440

Time (s)

Azimuth 3 Azimuth 4
Trace Number

(b)

1380 1400 1420

1400 1420 1440

Time (s)

Azimuth 3 Azimuth 4

Trace Number
(©

Fig. 6. Azimuthal seismic data at different angles of incidence, where (a) shows an
average angle of 10° (and a range of 5°-15°); (b) shows an average angle of 20° (and a
range of 15°-25°); (c) shows an average angle of 30° (and a range of 25°-35°).
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Fig. 7. Inverted azimuthal EI data at different angles of incidence, where (a) shows an
average angle of 10° (and a range of 5°-15°); (b) shows an average angle of 20° (and a
range of 15°-25°); (c) shows an average angle of 30° (and a range of 25°-35°).
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Fig. 8. Extracted elastic parameters based on inverted azimuthal EI data, where (a) shows
inverted P-wave moduli M ; (b) shows inverted S-wave moduli #; (c¢) shows inverted
density # . Note that the red dashed ellipse indicates the target reservoir.
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Fig. 9. Extracted fracture weakness parameters based on inverted azimuthal EI data,
where (a) shows inverted anisotropic parameter J, related to the normal fracture
weakness J,; (b) shows inverted anisotropic parameter &; related to the tangential
fracture weakness J;. Note that the red dashed ellipse indicates the target reservoir.

CONCLUSIONS

A single set of vertically parallel fractures forms a common
long-wavelength effective HTI anisotropic medium, which are characterized
by using the fracture weaknesses. Based on the elastic inverse scattering
theory, we first derive a linearized PP- wave reflection coefficient in weakly
anisotropic and heterogeneous HTI medium is derived, and then we propose
a novel EIVAZ parameterization and inversion method in Bayesian
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framework with the Cauchy-sparse and low-frequency regularizations.
Finally, the new-defined fracture weaknesses that are related to the normal
and tangential fracture weaknesses are estimated by using the nonlinear
IRLS strategy. A test on a real data set validate that the proposed method
can generate reliable results for the detection of fractured reservoirs. Fluid
identification is also important in the characterization of fracture reservoirs.
The inversion for fracture fluid factor is a main direction, which is useful to
realize the quantitative characterization of fractured oil and gas reservoirs.
Applying the EIVAZ method to predict a reasonable fracture fluid factor is a
priority for our next study.
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APPENDIX A

DERIVATION FOR THE LINEARIZED PP- WAVE REFLECTION
COEFFICIENT IN WEAKLY ANISOTROPIC AND
HETEROGENEOUS HTI MEDIA

The P-wave polarization and slowness vectors are given by (Shaw and
Sen, 2006)

t= [sin@cosqé, sin @sin @, cos 9], (A-1)

t =[-sin&cos @, —sinEsing,cos 6], (A-2)

p=1l/a, [sin 6 cos ¢,sin Gsin ¢, cos 9], (A-3)
and

p =/a, [—sin Bcos ¢, —sin Gsin ¢, cos 8]. (A-4)

Substituting egs. (A-1) and (A-2) into eq. (22), then the expression of & is
given by

& = cos’ B -sin’ 6 = cos 26. (A-5)

Thus the expression of 77,, can be given by

mn
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My = (sin* Gcos’ ¢) [t} ;

M = (sin2 B cos’ 8cos’ ?5)/0-': ’

s =2(sin’ GcosGcos’ )425/&: ;

My = (sin‘1 sin’ gcos’ ¢)/a’: 5

Ny = (sin2 B cos’ Bsin’ ¢5)/a’f ;

s = z(sin3 BcosPsin’ ¢COS¢)/‘1§ ;
7, = (sinz @cos’ Bcos’ ¢)/af ;

M = (cos.4 9)/9': ;

Nys = 2(sin Gcos’ E?cosgb)/a,f;

Ny = —2(sin" B cos Fsin g cos’ ¢)/C€§;
Ny = =2 sinecos38sin¢)/af;

4(sin* 8 cos’ Ssingbcosqb)/a’f :

~4(

—2(3in3 6 cos 8 cos’ gﬁ)/af :
_2(sin @cos’ Scosqb)/af :
~4(

s
51
753
7ss = —4(sin” B cos® O cos’ ¢)/O-'§ ;
76, = 2(sin* @sin g cos’ ¢’)/0‘:;

Ney =2

(
(sin2 B cos Gsin ¢cos¢)/a: :
Mes = 4(sin3 6 cos Gsin g cos’ qb)/gf :

Ny = (sin" @sin® gcos’ ¢)/a§ :

My = Z(Sin" BcosBsin pcos’ ¢)/a: :
W =2(sin‘6’sin¢cos3¢]/aj;

Ny = (sin‘I Gsin’ ¢>)/af ;

My = 2(5in39cos€sin3¢)/af;

The = Z(sin‘1 Gsin’ ¢cos¢]/afj 5

T = (sin2 @cos’ Gsin’ ¢)/af;

My = 2(sin Bcos’ 85in¢)/af ;

M = 2(sin2 8 cos’ Gsin;ﬁcosqﬁ]/a: ;
Ny = =2(sin’ BcosBsin’ g) [ ;

M = -4(sin’ B cos’ Bsin’ ¢) [z} ;

Tis = _4(sin3 6 cosBsin’ ¢COS¢)/C‘§ ;
1 = =2(sin’ Bcos Hsin’ ¢cos¢)/a'f
Moy = —4(sin2 8 cos’ SsinqﬁCOS@)/Q'f :
Nes = —4(sin3 6 cosEsingcos’ ¢)/Q’: ;
Yo = 2(si1'14 Bsin’ ¢cos¢)/a’f ;

Mgy = 4(sin3 Bcosasin2¢005¢)/a: ;

Mes = 4(sin4 @sin’ ¢ cos’ q&)/aff &

Substituting egs. (15), (A-5) and (A-6) into eq. (21) yields

(A-6)
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S(r,) = ApE +ACh,,
sin* &cos* ¢[
ab

N 2sin* @sin’ g cos’ ¢+,251n‘ Bcos” Bcos” ¢ [AM _2Au-M, (1 —Zg)Aéh.]
ay

= Apcos26 + AM -AS M, ]

. 4 . 4 -2 2 = 2 4
+sm @sin” ¢+ 2sin” @cos” @sin” ¢ + cos 9[&M—Mb(l—2g)2A5N}

7
a,

4sin29005298in2¢aﬂ 4sin2900829c052¢[‘&# M,285,]
o = - M,gAS,

3 3

a, a,
4sin® Bsin’® gcos’ 4sin* @sin ¢ cos’
+ - ¢ ¢[A,u— M,gAs, ]+ 2"’5 ‘P\/‘Ead_,\,,,
a, &y
4sin* @sin’ gcos @ + 4sin” Gcos’ Fsin gcos
ah
1 sin’ Bcos* @
=—,AM——Ap+cos29Ap——[2gsm Osin® ¢+ 2g cos’ :‘9—1] AS,
a, o,
4M,,gsm 8cos’ ¢ AS, _4M,,gsm @sin’ gcos’ ¢A<5H
a:‘! a:‘l
4M g sin’ 931n¢cos¢[l—2g sin’ @sin’ ¢ + cos’ 9)]
ab NH *

(A-7)

Thus the calculation of eq. (20) gives

.. 9
R (Gd) s A= 2 O 2 My *_J4p
” 4M, cos” 6 M, 2p, 2cos” @

; [ngm @sin’ ¢ + 2g cos’ 9—1] Ad,
4cos’
+ gsin® @cos’ pAS, — gsin’ Btan’ Bsin® gcos’ pAS,,

- \/Etang @singcos ¢ [1 - Zg(sin2 Bsin® ¢ + cos’ 9)] Adys.
(A-8)

In the absence of anisotropy (Jy =96, =39, =J,,, =0), eq. (A-8)
reduces to the linearized PP-wave reflection coefficients of an isotropic
medium (Zong et al., 2012).
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APPENDIX B

ESTIMATION OF FRACTURE SYMMETRY AXIS AZIMUTH
BASED ON LSEF METHOD

Riiger (1997, 1998) proposed the linearized PP-wave reflection
coefficient for an isotropic half space over an isotropic half space:

-

1{Ap AV
RH‘ (9,?5] = 5[? +VT:]+

Ze(2k
Vp Vp o Vs

AV, N
+ % {Vfﬁ +Ae" cos’ g+ A8 sin’ gcos’ q&] sin’ ftan’ 6, (B-1)

I3

20V . 7Y | s
[an+T‘]+IA5(F’+2[2?‘] Ay]cos'gb]Sln'e
P

The behavior of Rpp (8,¢) at small incidence angles is described by the
AVO gradient G composed of the azimuthally invariant part G,, and the
anisotropic contribution G, multiplied with the squared cosine of the
azimuthal angle @ with the symmetry axis. If the symmetry-axis
orientation is unknown, @ should be formally expressed by the difference
between the azimuthal direction @, of observed azimuth and the direction
of the symmetry-axis plane @, . Thus for the case of small angles of
incidence, the linearized PP-wave reflection coefficient in terms of AVO

intercept P and gradient G can be written as
Rpp (9’ ¢nb.c ) o P + G (¢ob§ - ¢.¢ym )Sin2 6" (B‘Z)

where G(gﬁm - ) -G, +G,. cos’ (gﬁm - ) represents the AVO

gradient measured at azimuth ¢,,. Thus the azimuthal gradient can be then
expressed as

G (e = Bym ) = Ag + By c08(2(2, ~ 2, ))- (B-3)

where A, =G, sin’6+G,, sin®0/2 and B, =G, sin’6/2 . In a
weakly anisotropic medium, the azimuthal gradient varies with the cosine
function when the angle of incidence is fixed. The cosine curve is
approximated as an ellipse in a polar coordinate, in which A4; +B; and

A; - B; represent the semi-major axis and the semi-minor axis, respectively.
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Based on the LSEF method, the fracture intensity and orientation in
reservoirs can be estimated using the azimuthal gradients, in which the
ellipticity indicates the anisotropic intensity or the fracture density, and the
semi-axis of ellipse indicate the fracture orientation. However, this
introduces a 90 degree ambiguity into the estimate of the fracture symmetry
axis azimuth, and the incorporation of the a priori knowledge about the
fracture orientation may effectively eliminate the ambiguity.

APPENDIX C

PARAMETERIZATION FOR THE FRACTURE WEAKNESS
REFLECTIVITY

Assuming R;

N

1{AS, 1
-l A 5( 5,“: ) = EAJ.\.- , then it gives

5!"

NO

d@v=d(éij, 1)

where the subscript 0 represents the average quantities, and Ad, =Jy, -9,

indicates the changes of the parameter J,, across the interface. Taking the
integral on eq. (C-1), the calculation of eq. (C-1) then yields

[doy -0y, = [ddy. (C-2)
The evaluation of eq. (C-2) then yields

Oy =0y, Oy +C, (C-3)

where C is a constant. 5'\, indicates the first-order expression of &, , and

it can be written as
r
Oy =m0y, +n, (C-4)

where m and n are two unknown quantities. Substituting eq. (C-3) into
eq.(C-4), the two unknown quantities can be written as
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n=m(1-8,,)=C, (C-5a)

and

m= < i (C-5b)
1_53\«'0

Substituting eq. (C-5) into eq. (C-4) yields

; C
oy =
N 1—6

NO

(5,\5 O 5}\!0 ) (C-6)

For simplicity, C can be valued to unit, eq. (C-6) then gives

2 1
8, = r (8y +1=3y, ). (C-7)

NO

Similarly, assuming that Ra; =R5T and similar expression of the

anisotropic parameters can be also obtained written as

, 1
Sy =—— (6, +1-6,). (C-8)
1-0;,
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