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a b s t r a c t

Accurate estimation of fracture density and orientation is of great significance for seismic character-
ization of fractured reservoirs. Here, we propose a novel methodology to estimate fracture density and
orientation from azimuthal elastic impedance (AEI) difference using singular value decomposition (SVD).
Based on Hudson's model, we first derive the AEI equation containing fracture density in HTI media, and
then obtain basis functions and singular values from the normalized AEI difference utilizing SVD.
Analysis shows that the basis function changing with azimuth is related to fracture orientation, fracture
density is the linearly weighted sum of singular values, and the first singular value contributes the most
to fracture density. Thus, we develop an SVD-based fracture density and orientation inversion approach
constrained by smooth prior elastic parameters. Synthetic example shows that fracture density and
orientation can be stably estimated, and the correlation coefficient between the true value and the
estimated fracture density is above 0.85 even when an S/N ratio of 2. Field data example shows that the
estimated fracture orientation is consistent with the interpretation of image log data, and the estimated
fracture density reliably indicates fractured gas-bearing reservoir, which could help to guide the
exploration and development of fractured reservoirs.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Natural fractures developed in reservoirs are closely related to
fluid flow properties. Fracture density (or crack density) and
orientation are the key parameters for characterizing fractures in a
reservoir, a high density of naturally open fractures could provide
channels with high permeability for fluid, and fracture orientation
may control the direction of fluid flow. Knowledge of fracture
density and orientation is of great significance for the optimization
of well placement and drilling direction of horizontal wells (Liu and
Martinez, 2013).

Post-stack geometric seismic attributes (coherence, curvature,
ant-tracking, etc.) allow for qualitatively characterizing faults and
indirectly delineating fractures (Chopra and Marfurt, 2007; Liu
et al., 2011). Recently, fracture-induced azimuthal anisotropy esti-
mate becomes an effective tool for seismic characterization of a
z@upc.edu.cn (G.-Z. Zhang).
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fractured reservoir. Fitting an ellipse to various azimuthal seismic
attributes (amplitude, velocity, attenuation, Young's modulus, etc.)
is a feasible method for fracture development intensity and fracture
orientation estimates (Mallick et al., 1998; Grechka and Tsvankin,
1999; Al-Marzoug et al., 2006; Zong et al., 2018; Chen et al.,
2018). However, a quantitative characterization of fractures re-
quires modeling seismic response given the prior rock properties of
fractured rock. With the development of the seismic acquisition
and processing technology, fracture detection by pre-stack seismic
inversion combing with effective medium theories becomes a topic
of increased interest due to the potential in extracting quantita-
tively fracture properties from pre-stack 5D seismic data (Yin et al.,
2018). Hudson's model (1981) and Schoenberg's linear slip model
(1980) are two classic models for simulating subsurface fractures,
and they are equivalent under the low-frequency assumption
(Bakulin et al., 2000). Hudson's model assumes that fractures are
aligned isolated penny-shaped cracks, while Schoenberg's linear
slip model treats fractures as imperfectly bonded interfaces.
Considering the simple case that isotropic overlying horizontal
transverse isotropy (HTI) media induced by aligned vertical
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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fractures (Rüger, 1997), several authors proposed to obtain fracture
development intensity by extracting anisotropic gradient based on
Rüger's approximation (Sun et al., 2011; Zhang et al., 2012; Li et al.
2017, 2018; Liu et al., 2018). Downton et al. (2011) rewrote
azimuthal P-wave reflectivity in terms of Fourier coefficients (FCs)
and presented the second FC as a scaled anisotropic gradient.
Furthermore, methods estimating fracture weaknesses from
azimuthal seismic data based on Schoenberg's linear slip model
were reported in several papers (Chen et al., 2015; Downton and
Roure, 2015; Pan et al., 2018; Pan and Zhang, 2019; Li et al., 2020).

Singular value decomposition (SVD) has been successfully
applied to image denoising processing, AVO attribute prediction
(Causse et al., 2007a), and pore fluid and lithofacies classification
(Causse et al., 2007b). Zong et al. (2013) developed the damping
SVD method to enhance the estimation stability of Young's
modulus and Poisson's ratio. Yuan et al. (2020) presented to use
SVD to calculate the azimuthal anisotropy among 6D phase-
difference attributes. Varela et al. (2007) and Varela (2009) pro-
posed to extract fracture density using the weights derived from
SVD of the azimuthal reflection coefficient, which is applicable for
the case of an isotropic layer over an HTI halfspace. However, for the
case where the upper and lower layers are both HTI media, the
inversion result is the difference in fracture density across the
boundary, but not fracture density. In addition, the inversion is
highly dependent on the prior model parameters (P- and S-wave
velocities and density).

Here, we extend the approach proposed by Varela et al. (2007)
and Varela (2009) to HTI media with the same symmetry axis
orientation and propose a novel methodology to estimate fracture
density and orientation from azimuthal elastic impedance (AEI)
difference using SVD. We first derive the AEI equation containing
fracture density in HTI media using the relationship between
fracture density and fracture weaknesses for gas-filled fractures. To
reduce the influence of the isotropic background and highlight the
contribution of the fracture density term, we then present to
perform SVD on the normalized AEI difference to obtain SVD at-
tributes (basis functions and singular values). Next, we analyze the
relationship between fracture density, fracture orientation, and
SVD attributes, and propose a complete workflow to estimate
fracture density and orientation from these SVD attributes. Finally,
the proposed approach is validated by synthetic and field data
examples.
2. Theory and method

2.1. AEI equation with fracture density

Schoenberg (1980) modeled fractures as imperfectly bonded
interfaces and assumed that the stress along these interfaces is
continuous, while the displacement is not continuous, and linear
tangential slip occurs. Furthermore, Schoenberg and Sayers (1995)
introduced two non-negative dimensionless fracture parameters
(normal dN and tangential dT weaknesses), which are used tomodel
the seismic response of fractured reservoirs. Pan et al. (2017)
rewrote the Rüger's approximation (1998) in terms of fracture
weaknesses, which is given by

Rðq;4Þ ¼ 1
2
aðqÞDa

a0
þ 1
2
bðqÞDb

b0
þ 1
2
cðqÞDr

r0
þ 1
2
dðq;4ÞDdN

þ 1
2
eðq;4ÞDdT (1)

with
1676
aðqÞ¼ sec 2 q

bðqÞ¼ � 8gsin 2 q

cðqÞ¼1� 4gsin 2 q

dðq;4Þ¼ � 2g
h

�
�
cos 2 4sin 2 qþ sin 2 4cos 2 4sin 2 qtan 2 q

�
ð1�2gÞ

þ
�
cos 4 4sin 2 qtan 2 q

�
ð1� gÞ

i

eðq;4Þ¼2gcos 2 4sin 2 q� 2gsin 2 4cos 2 4sin 2 qtan 2 q

where, a, b, and r represent P- and S-wave velocities, and density in
the isotropic background; The subscript 0 denotes the average

value across the boundary; g≡b20=a20 represents the squared S-to-P-
wave velocity ratio; DdN and DdT are the differences of the normal
and tangential weaknesses across the boundary; q is the incident
angle; 4 is azimuth between the source-receiver-line azimuth f

and the fracture symmetry axis azimuth fsym.
In seismic exploration, geophysicists often use fracture or crack

density for fracture characterization. Hudson (1981) modeled
cracks as ‘penny’ shape and defined fracture density as:

e¼Kr3

V
(2)

where K/V is the number of cracks per unit volume, r is the average
radius of cracks.

Bakulin et al. (2000) derived the relationship between fracture
density and fracture weaknesses. For dry or gas-filled cracks:

dN ¼ 4e
3gð1� gÞ (3)

dT ¼ 16e
3ð3� 2gÞ (4)

For very flat cracks (with very small aspect ratio) filled with
fluid, which gives:

dN ¼ 0 (5)

dT ¼ 16e
3ð3� 2gÞ (6)

Here, we mainly focus on the case of gas-filled cracks. Substituting
equations (3) and (4) into equation (1) to give:

Rðq;4Þ¼ 1
2
aðqÞDa

a0
þ1
2
bðqÞDb

b0
þ1
2
cðqÞDr

r0
þ 1
2
f ðq;4ÞDe (7)

where De represents the difference in fracture density across the
boundary,

f ðq;4Þ¼
�
4ð2g � 1Þ
3ð1� gÞ þ 16g

3ð3� 2gÞ
�
cos 2 4sin 2 qþ

�

� 4
3
cos 2 4þ gð1� 2gÞ

3ð3� 2gÞð1� gÞ cos 4 4

�
sin 2 qtan 2 q

Azimuthal reflection coefficient could be deduced from AEI us-
ing the logarithmic approximation (Connolly, 1999; Martins, 2006):
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Rðq;4Þ¼DEIðq;4Þ
2EIðq;4Þz

1
2
ln EIðq;4Þ (8)

Combining equations (7) and (8), we derive the normalized AEI
equation with fracture density:

EIðq;4Þ¼ EI0

�
a

a0

�aðqÞ� b

b0

�bðqÞ� r

r0

�cðqÞ
exp½f ðq;4Þe� (9)

where EI0 is the average of the EI log.
Taking the logarithms of both sides of equation (9), the linear-

ized logarithmic AEI equation is given by (Whitcombe, 2002):

LEIðq;4Þ¼ aðqÞLP þ bðqÞLS þ cðqÞLD þ f ðq;4Þe (10)

where, LEIðq;4Þ ¼ ln EIðq;4Þ
EI0

,LP ¼ ln a
a0
,LS ¼ ln b

b0
,LD ¼ ln r

r0
.

2.2. SVD of the normalized AEI difference

Varela et al. (2007) and Varela (2009) proposed to perform SVD
on the azimuthal reflection coefficient to obtain the SVD seismic
attributes, which is expressed as:

Rðq;4Þ¼C1ðq; eÞf1ð4ÞþC2ðq; eÞf2ð4ÞþC3ðq; eÞf3ð4Þ þ… (11)

wherefið4Þði¼ 1;2;3:::Þ represents basis function changing with
azimuth; Ciði¼ 1;2;3:::Þ represents weight changing with incident
angle and rock properties (velocities, density, and fracture density);
Varela et al. (2007) and Varela (2009) proposed to estimate fracture
density from weights obtained from the SVD of the modeled and
observed azimuthal reflection coefficients. The approach proposed
by Varela et al. (2007) and Varela (2009) is applicable for the case of
isotropic overlying HTI media. However, for the case where the
upper and lower layers are both HTI media, the inversion result is
the difference in fracture density across the boundary, but not
fracture density. In addition, the inversion is highly dependent on
the prior model parameters (P- and S-wave velocities and density).

Following Varela et al. (2007) and Varela (2009), we propose to
perform SVD on the normalized AEI difference for fracture density
and orientation estimates, which is applicable for HTI media with
the same symmetry axis. Since the weight coefficients of the
isotropic terms are much larger than that of the anisotropic term in
equation (10), the effect of fracture density term on the AEI is not
prominent (Pan et al., 2017). To reduce the influence of isotropic
terms on fracture density inversion, the normalized AEI difference
is calculated:

DLEIðq;4Þ ¼ LEIðq;4Þ � LEIðq;40Þ
¼ ½f ðq;4Þ � f ðq;40Þ�e (12)

where 40 ¼ f0 � fsym represents the azimuth between the refer-
ence observed azimuth f0 and the fracture symmetry axis.

Performing SVD on equation (12) to give:

DLEIðq;4Þ¼ f1ð4Þd11ðeÞv1ðqÞþ f2ð4Þd22ðeÞv2ðqÞþ f3ð4Þd33ðeÞv3ðqÞ
þ :::

(13)

Here, different from the approach proposed by Varela et al.
(2007) and Varela (2009), the weight Ciðq; eÞ is decomposed into
the product of the singular value diiðeÞ and the basis function viðqÞ
changing with incident angle.

In the case of M azimuths and N incident angles, we rewrite
equation (13) in matrix form as:
1677
DLEI ¼ FDVT (14)

with,

DLEI ¼

2
664
DLEIð41; q1Þ DLEIð41; q2Þ / DLEIð41; qNÞ
DLEIð42; q1Þ DLEIð42; q2Þ / DLEIð42; qNÞ
« « «
DLEIð4M; q1Þ DLEIð4M; q2Þ / DLEIð4M; qNÞ

3
775
M�N

F¼

2
664
f1ð41Þ f2ð41Þ / fMð41Þ
f1ð42Þ f2ð42Þ / fMð42Þ
« « «
f1ð4MÞ f2ð4MÞ / fMð4MÞ

3
775
M�M

V¼

2
664
v1ðq1Þ v2ðq1Þ / vNðq1Þ
v1ðq2Þ v2ðq2Þ / vNðq2Þ
« « «
v1ðqNÞ v2ðqNÞ / vNðqNÞ

3
775
N�N

where, F (M � M) and V (N � N) are unit orthogonal matrices; The
columns of F represent basis functions changing with azimuth,
which are eigenvectors of DLEIDLEI

T; The columns of V represent
basis functions changing with incident angle, which are eigenvec-
tors of DLEI

TDLEI; D (M � N) is singular value matrix, the diagonals
of D are singular values, which are square roots of the nonzero
eigenvalues ofDLEIDLEI

T andDLEI
TDLEI . The symbol T represents the

transpose of the matrix.
We set up a single-layer HTI model induced by a single set of

vertical fractures. The fracture density is 0.05, the fracture orien-
tation (normal to fracture symmetry axis orientation) is 0�; The P-
and S-wave velocities and density are 4.388 km,s�1, 2.530 km,s�1,
2.800 g,cm�3 (Rüger and Tsvankin, 1997); The incident angle
ranges from 0� to 50�, and the observed azimuth ranges from 0� to
180�. The normalized AEI calculated using equation (10) is shown in
Fig. 1a, the normalized AEI difference is shown in Fig. 1b. We find
that the EI variation with azimuth is mainly presented at large
incident angles (q>20o). Fig. 1c and d shows DLEIDLEI

T and
DLEI

TDLEI calculated from the normalized AEI difference. We can
see that DLEIDLEI

T is related to azimuth, both row and column of
DLEIDLEI

T are functions with a period of p changing with azimuth.
Thus, DLEIDLEI

T reflects the AVAZ (amplitude variation with angle
and azimuth) behavior of the normalized AEI difference. In addi-
tion, DLEI

TDLEI is related to the incident angle, and reflects the AVA
(amplitude variation with angle) behavior of the normalized AEI
difference.

The SVD is performed on the normalized AEI difference, and the
first three singular values are d11 ¼ 1:9316, d22 ¼ 8:5795� 10�4,
and d33 ¼ 3:1071� 10�15, respectively. We find that the first sin-
gular value is much larger than the second and third singular
values. Due to the rapid reduction of singular values, the first two or
three basis functions and singular values are sufficient to accurately
recover the normalized AEI difference (Varela, 2009). Fig. 2 shows
the first two basis functions obtained from the normalized AEI
difference using SVD. We calculate the normalized AEI difference
using different basis functions and singular values respectively and
obtain the relative error between them and the true value. Fig. 3
shows the relative error between the true value and the normal-
ized AEI difference recovered from different basis functions and
singular values. We can see that the relative error between the true
value and the normalized AEI difference recovered from the first
basis function and singular value is large, while the relative error
between the true value and the normalized AEI difference recov-
ered from the first two basis functions and singular values is very
small, which indicates that the first two basis functions and



Fig. 1. Synthetic (a) normalized AEI, (b) normalized AEI difference, (c) DLEIDLEI
T, and (d)DLEI

TDLEI .

Fig. 2. The first two basis functions obtained from the normalized AEI difference using SVD, where (a) shows basis functions changing with azimuth, and (b) shows basis functions
changing with incident angle.
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singular values are sufficient to accurately recover the normalized
AEI difference. Therefore, equation (13) is simplified to:

DLEIðq;4Þz f1ð4Þd11ðeÞv1ðqÞ þ f2ð4Þd22ðeÞv2ðqÞ (15)
2.3. The relationship between SVD attributes and fracture density
and orientation

From Fig. 2a, we find that f1ð4Þ and f2ð4Þ are functions with a
period of p changing with azimuth, but the trends are different. The
peak or trough may directly indicate fracture orientation (0� or
90�). The function that changes periodically with azimuth can be
expressed by the Fourier series (Downton et al., 2011) as:
1678
f ð4Þ¼ a0 þ
X∞
n¼1

ðan cos nfþ bn sin nfÞ (16)

where, an and bn represent the nth Fourier coefficients, and fracture
symmetry axis azimuth (normal to fracture orientation) can be
calculated using

fsym¼1
n
arctan

�
bn
an

�
±90o (17)

For HTI media with the same symmetry axis, only the n ¼ 0;2;4
Fourier coefficients are non-zero (Downton and Roure, 2015).
Therefore, f1ð4Þ and f2ð4Þ can be expressed as:



Fig. 3. The relative error between the true value and the normalized AEI difference recovered from different basis functions and singular values, where (a) shows the relative error
between the true value and the normalized AEI difference recovered from the first basis functions and singular value, and (b) shows the relative error between the true value and
the normalized AEI difference recovered from the first two basis functions and singular values.
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f1ð4Þ¼ af10 þ af12 cos 2 fþ bf12 sin 2 fþ af14 cos 4 f

þ bf14 sin 4 f (18)

f2ð4Þ¼ af20 þ af22 cos 2 fþ bf22 sin 2 fþ af24 cos 4 f

þ bf24 sin 4 f (19)

From Fig. 2b, we find that v1ðqÞ and v2ðqÞ are functions that vary
with incident angle, and reflect the AVA behavior of the normalized
AEI difference. Thus, v1ðqÞ and v2ðqÞ can be expressed as:

v1ðqÞ¼ av11sin
2 qþ av12sin

2 qtan 2 q (20)

v2ðqÞ¼ av21sin
2 qþ av22sin

2 qtan 2 q (21)

where, av11, av12, av21 and av22 are fitting coefficients.
We use Fourier series to fit f1ð4Þ and f2ð4Þ, and use basis func-

tions sin 2 q and sin 2 qtan 2 q to fit v1ðqÞ and v2ðqÞ, the corre-
sponding results are shown in Fig. 2. We can see that the fitting
results (red dashed line) are consistentwith the true basis functions
(black curve).

Substituting equations (18)e(21) into equation (15) leads to the
following expression:

DLEIðq;4Þ¼

2
6666664

 
d11af10av11þ
d22af20av21

!
þ

 
d11af12av11þ
d22af22av21

!
cos 2 fþ

 
d11bf12av11þ
d22bf22av21

!
sin 2 f

3
7777775
sin 2 q

þ

2
6666664

 
d11af10av12þ
d22af20av22

!
þ

 
d11af12av12þ
d22af22av22

!
cos 2 fþ

 
d11bf12av12þ
d22bf22av22

!
sin 2 fþ

 
d11af14av12þ
d22af24av22

!
cos 4 fþ

 
d11bf14av12þ
d22bf24av22

!
sin 4 f

3
7777775

sin 2 qtan 2 q (22)

Comparing equations (12) and (22) to yield:
1679
e ¼ af12av11
x1 cos 2fsym

d11 þ
af22av21

x1 cos 2fsym
d22

¼ bf12av11
x1 sin 2fsym

d11 þ
bf22av21

x1 sin 2fsym
d22

(23)

e ¼ � 3af12av12
4 cos 2fsym

d11 �
3af22av22

4 cos 2fsym
d22

¼ � 3bf12av12
4 sin 2fsym

d11 �
3bf22av22
4 sin 2fsym

d22

(24)

e ¼ af14av12
x2 cos 4fsym

d11 þ
af24av22

x2 cos 4fsym
d22

¼ bf14av12
x2 sin 4fsym

d11 þ
bf24av22

x2 sin 4fsym
d22

(25)

where,

x1 ¼
4ð2g � 1Þ
3ð1� gÞ þ 16g

3ð3� 2gÞ

x2 ¼
gð1� 2gÞ

3ð3� 2gÞð1� gÞ
Equations (23)e(25) show that fracture density is related to

singular values and the fitting coefficients of basis functions. To
analyze the relationship between fracture density, singular values,
and the fitting coefficients of basis functions, we first combine the
elastic parameters of the above single-layer HTI model with a range
of fracture densities (increase from 0 to 0.3, in increments of 0.01)
to calculate the normalized AEI difference, and then perform SVD
on the normalized AEI difference to obtain modeled basis functions
and singular values. Fig. 4 shows the basis functions obtained by
performing SVD on the synthetic normalized AEI difference in the
case of different fracture densities. We can see that all the basis
functions do not change with fracture density, which indicates that
the fitting coefficients of basis functions are not related to fracture
density. Fig. 5 shows singular values obtained by performing SVD
on the synthetic normalized AEI difference in the case of different
fracture densities. We find that the first and second singular values
are linearly related to the fracture density.

Analysis shows that the fitting coefficients of basis functions are
not related to fracture density, and singular values are linearly



Fig. 4. Basis functions obtained by performing SVD on the synthetic normalized AEI difference in the case of different fracture densities, where (a) shows f1ð4Þ, (b) shows f2ð4Þ, (c)
shows v1ðqÞ, and (d) shows v2ðqÞ.

Fig. 5. Singular values obtained by performing SVD on the synthetic normalized AEI difference in the case of different fracture densities, where (a) shows d11, and (b) shows d22.
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related to fracture density. Combing equations (23)e(25), we find
that there is a relationship between fracture density and singular
values as follow

e¼ ad11 þ bd22 (26)

Since the first singular value (d11 ¼ 1:9316) is much larger than
the second singular value (d22 ¼ 8:5795� 10�4), the contribution
of the second singular value to fracture density is almost negligible,
that is, the contribution of singular values to fracture density is
mainly from the first singular value. Thus, equation (26) is simpli-
fied to

ezad11 (27)
1680
Equation (27) shows that fracture density can be estimated from
the modeled relationship between the first singular value and
fracture density.

We propose a complete workflow to estimate fracture density
and orientation using SVD as follows:

(1) Inversion of AEI. The constrained sparse spike inversion is
performed by combining azimuthal angle stacks, azimuthal
angle wavelets, and low-frequency models of AEI to obtain
the AEI data volume.

(2) Estimation of fracture orientation.We use AEI data volume to
calculate the normalized AEI difference, and then perform
SVD on the normalized AEI difference to obtain singular
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values and basis functions. Furthermore, we perform Fourier
series fitting on the first basis function changing with azi-
muth to estimate the initial fracture orientation. Combing
prior fracture orientation information, we obtain the final
fracture orientation.

(3) Estimation of fracture density. Combining final fracture
orientation and smooth prior ratio g, we calculate the
normalized AEI difference using a range of fracture densities
and then obtain the relationship between fracture density
and the first singular value using SVD. Finally, the estimated
first singular value is used to invert fracture density.
3. Examples

3.1. Synthetic examples

We utilize real well logs to generate synthetic data to validate
the proposed approach. Fig. 6 shows well logs, including P- and S-
wave velocities, density, and fracture density curves. The fracture
orientation is assumed to be 0�. Combining well curves and a 30Hz
Ricker wavelet, we generate synthetic seismic data based on the
convolution model and then add Gaussian noise with an S/N
(signal-to-noise) ratio of 2 to synthetic data to simulate observed
data. Fig. 7 shows synthetic seismic data with different S/N ratios.
Fig. 8 shows the estimated fracture orientation from the first basis
function changing with azimuth for different S/N ratios. We
observe that the estimated fracture orientations for different S/N
ratios are 0�, which are consistent with the true value. Therefore,
fracture orientation can be estimated reliably from the first basis
function changing with azimuth even when the S/N ratio is 2.

The ratio g needs to be determined before fracture density es-
timate. To test the influence of the ratio g on the inversion result of
fracture density, the true ratio g and the smooth ratio g for 100
Fig. 6. Wel

1681
times are used to perform fracture density inversion, respectively.
Fig. 9 shows the estimated fracture density from the first singular
value for synthetic data with different S/N ratios. We observe that
both inversion results of fracture density obtained by using the true
ratio g (green curve) and the smooth true ratio g (red curve) show
good agreement with the true value (black curve) for synthetic data
without noise. In the case of S/N ratio being 2, although inversion
results of fracture density obtained by using the true ratio g and the
smooth true ratio g are slightly different in local areas, both
inversion results are consistent with the true value.

In addition, we calculate the correlation coefficient between the
true value and inversion result for synthetic data with different S/N
ratios, respectively. In the case of synthetic data without noise, the
correlation coefficients between the true value and the inversion
results obtained from the true ratio g and the smooth ratio g are
0.9714 and 0.9630, respectively. In the case of synthetic datawith S/
N ratio being 2, the correlation coefficients between the true value
and the inversion results obtained from the true ratio g and the
smooth ratio g are 0.8574 and 0.8551, respectively; The results
show that the correlation coefficient between the true value and
the estimated fracture density by the proposed approach is above
0.85 even in the case of S/N ratio being 2. Therefore, fracture den-
sity can be reliably estimated from the first singular value provided
the smooth prior information of ratio g.
3.2. Field data example

A 3D seismic data set is acquired over the Xinchang gas field in
Sichuan Basin. The target is a naturally fractured gas-bearing
reservoir in the Xujiahe formation, mainly developed nearly ver-
tical fractures, so reservoirs are equivalent to HTI media. The
porosity of the reservoir is generally less than 4%, and the perme-
ability is generally below 0.1 � 10�3mm2. Natural fractures
l logs.



Fig. 7. Synthetic seismic data with different S/N ratios, where (a) shows the case without noise, and (b) shows the case of S/N ratios being 2.
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developed in the reservoir contribute little to porosity but have a
significant effect on increasing permeability. Relative amplitude-
preserved processing is applied to the 3D pre-stack seismic data
to preserve the relative azimuthal amplitude variation. Processed
data are subdivided into four different source-to-receiver azimuth
sectors: 22.5� (0�e45�), 67.5� (45�e90�), 112.5� (90�e135�), and
157.5� (135�e180�). Each azimuth sector is then partially stacked
for small incident angle 18� (15�e21�), middle incident angle 22�

(19�e25�), and large incident angle 26� (23�e29�).
Fig. 10 shows azimuthal angle stack profiles. We can see that the

quality of azimuthal angle stacks at small incident angle is better
than that at middle and large incident angles. Fig. 11 shows the
1682
inverted AEI profiles obtained by the commercial software Jason.
Fig. 12 shows the rose diagram of fracture orientation at the loca-
tion of well A.We find that the fracture orientation is mainly N60�E.
Fig. 13 shows the initially estimated fracture orientation profile. We
observe that the initially estimated fracture orientation profile
mainly shows N60�E and N150�E, so there is a 90� ambiguity in the
initially estimated fracture orientation profile. We use the prior
fracture orientation of well A to correct the initially estimated
fracture orientation, and obtain the final estimated fracture orien-
tation profile as shown in Fig. 14. We can see that the fracture
orientation shown in the final estimated fracture orientation profile
is mainly N60�E, and the 90� ambiguity is removed. To verify the



Fig. 8. Estimated fracture orientation from the first basis function changing with azimuth for synthetic data with different S/N ratios, where (a) shows the case without noise, and
(b) shows the case of S/N ratio being 2.

Fig. 9. Estimated fracture density from the first singular value for synthetic data with different S/N ratios, where (a) shows the case without noise, and (b) shows the case of S/N
ratio being 2.
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reliability of the estimated fracture orientation, the estimated
fracture orientation at the location of well A is extracted as shown
in Fig. 15. We observe that the estimated fracture orientation at the
location of well A is mainly N60�E, which is consistent with image
logs at the well (Fig. 12). Fig. 16 shows the estimated fracture
density profile. The red ellipse represents fractured gas-bearing
reservoirs, and the estimated fracture density shows high-value
1683
anomalies, which could reliably indicate fractured gas-bearing
reservoirs. Fig. 17 shows the estimated fracture density horizontal
slice of HOR in the target zone, the orientations of the black seg-
ments represent fracture orientations, which are weighted by
fracture density value. Our results indicate that the areas of the
highest fracture densities are mainly located in the northwest and
north of the study area. Furthermore, we observe that well A is



Fig. 10. Azimuthal angle stack profiles, where (a) shows the data at small incident angle 18� (15�e21�), (b) shows the data at middle incident angle 22� (19�e25�), and (c) shows the
data at large incident angle 26� (23�e29�). The black curve indicates the location of well A, and the red ellipse indicates the fractured gas-bearing reservoir.
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Fig. 11. Inverted AEI profiles, where (a) shows the data at small incident angle 18� (15�e21�), (b) shows the data at middle incident angle 22� (19�e25�), and (c) shows the data at
large incident angle 26� (23�e29�).
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Fig. 12. Rose diagram of fracture orientation at the location of well A.

Fig. 13. Initially estimated fracture orientation profile. Fig. 14. Final estimated fracture orientation profile.
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located in the area with high fracture density, and the estimated
fracture orientation nearby well A is mainly N60�E, which is
consistent with image log data.
4. Conclusions

Considering HTI media induced by nearly vertical parallel gas-
filled fractures, we derive the AEI equation with fracture density
and propose a novel approach to estimate fracture density and
orientation from the normalized AEI difference using SVD. Analysis
shows that the first two basis functions and singular values are
sufficient to accurately recover the normalized AEI difference. The
1686
basis function changing with azimuth is related to fracture orien-
tation, singular value is linearly related to fracture density; Fracture
density is the linearly weighted sum of singular values, and the first
singular value contributes the most to fracture density. Synthetic
examples demonstrate that fracture orientation can be stably
estimated from the first basis function changing with azimuth,
fracture density can be reliably estimated from the first singular
value provided the smooth prior ratio g, the correlation coefficient
between the true value and the estimated fracture density is above
0.85 even in the case of S/N ratio being 2. Field data example shows
that the estimated fracture orientation is in agreement with image
log data, and the estimated fracture density has good lateral



Fig. 15. Estimated fracture orientation at the location of well A.

Fig. 16. Estimated fracture density profile. The columnar plotting illustrates the gas-
bearing shows.

Fig. 17. Estimated fracture density horizontal slice of HOR in the target zone. The
orientations of the black segments represent fracture orientations.
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continuity and reliably indicates fractured gas-bearing reservoirs,
which helps to further identify the lateral distribution of fracture
development areas.
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