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Abstract Amplitude variation with offset and azimuth
(AVOA) inversion is a mainstream method for predicting
and evaluating fracture parameters of conventional oil and
gas reservoirs. However, its application to coal seams is
limited because of the specificity of the equivalent media
model for coal—also, the traditional seismic acquisition
system employed in coal fields falls within a narrow
azimuth. In this study, we initially derived a P-P wave
reflection coefficient approximation formula for coal
seams, which is directly expressed in terms of fracture
parameters using the Schoenberg linear-slide model and
Hudson model. We analyzed the P-P wave reflection
coefficient’s response to the fracture parameters using a
two-layer forward model. Accordingly, we designed a two-
step inversion workflow for AVOA inversion of the
fracture parameters. Thereafter, high-density wide-azimuth
pre-stack 3D seismic data were utilized for inverting the
fracture density and strike of the target coal seam. The
inversion accuracy was constrained by Student’s ¢-
distribution testing. The analysis and validation of the
inversion results revealed that the relative fracture density
corresponds to fault locations, with the strike of the
fractures and faults mainly at 0°. Therefore, the AVOA
inversion method and technical workflow proposed here
can be used to efficiently predict and evaluate fracture
parameters of coal seams.

Keywords equivalent media model, fracture density
and strike, azimuth, Student’s ¢-distribution

1 Introduction

Accurate identification of coal-bed methane (CBM)-rich
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areas is vital for successful CBM exploitation. These
CBM-rich areas must satisfy two basic conditions to
ensure profitable extraction: high gas content and
elevated permeability (Chen et al., 2014). Unfortunately,
most coal seams in China cannot meet both conditions,
especially that of high permeability. Therefore, the
delineation of high-permeability areas requires attention.
The development of a natural fracture system in a coal
field usually has a positive effect on the permeability (Fu
et al., 2007). Predicting the natural fracture parameters
before evaluating the permeability of a coal seam is
valuable for guiding the reservoir fracturing and exploita-
tion design.

Recently, the amplitude variation with offset and
azimuth (AVOA) inversion method has become a com-
monly applied solution for predicting fracture parameters
and evaluating conventional hydrocarbon reservoirs. This
method was introduced by Mallick et al. (1998) and
employed to qualitatively evaluate the density and strike
of fractures. To reduce the inversion error associated with
the method, Shen et al. (2002) proposed extracting the
frequency variation with offset attributes and using only
the amplitude in the inversion. Thereafter, many studies
focused on the prediction accuracy of the AVOA
inversion method. Further, Hall and Kendall (2003)
introduced a surface fitting method for optimizing the
traditional AVOA inversion, with forward modeling used
to constrain the inversion. In addition, Luo and Evans
(2003, 2004) evaluated the influence of the anisotropy
characteristics of the upper medium through physical
modeling and real data, reporting improved inversion
accuracy for the fracture parameters of the target
reservoir. Duxbury et al. (2012) inverted the anisotropic
gradient of a target reservoir using the AVOA method,
and the results were consistent with the corresponding
data collected from drilling and logging.
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In coal-field seismic exploration, amplitude variation
with offset (AVO) inversion has been applied for
detecting features such as CBM-enriched areas and water-
bearing limestone reservoirs (Peng et al., 2006, 2014; Wu
etal., 2015, 2016, 2020; Tian et al., 2017). However, the
application of this method thus far neglects the
anisotropic characteristics of coal seams. Accordingly,
some researchers have focused on optimizing AVOA for
use in the coalfield. Ramos and Davis (1997) conducted
one of the most representative studies by using the
traditional AVOA method to invert the fracture
parameters of coal seams. In addition, Dong (2004) and
Chen et al. (2010) studied the AVOA responses of
horizontal transverse isotropic (HTI) coal seams. Deng
et al. (2010) proposed an AVOA forward method for
anisotropic thin coal seams. Moreover, Peng et al. (2013)
utilized the AVOA response of the fracture parameters of
a coal seam for evaluating the distribution of tectonic
coal.

Currently, anisotropy caused by fractures can be
analyzed by seismic inversion to discover unconventional
reservoirs; however, this strategy remains to be applied in
coalfields. Referring to the successful cases of conven-
tional hydrocarbon reservoirs is a reasonable approach to
optimizing the AVOA inversion method for predicting
and evaluating coal seam fracture parameters. However,
the peculiarity of the coal seam equivalent media model
in fluid and anisotropy expressions must be considered in
advance, and a wide-azimuth observation system during
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seismic exploration is required. Therefore, in this study,
we initially derived the P-P wave reflection coefficient
approximation formula involving fracture parameters.
Next, we designed a two-step inversion flow for a coal
seam using the Schoenberg linear-slide model and
Hudson model, while considering the fracture fluid
characteristics. Then, we conducted an inversion case
study based on high-density wide-azimuth pre-stack 3D
seismic data, with the inversion accuracy constrained by
the Student’s ¢-distribution test. Finally, we discuss the
inversion results and the impact of the method.

2 Method

2.1 Coal seam equivalent media model

Generally, a coal seam is affected by tectonic stress and
overburden pressure almost horizontally and vertically,
respectively. Horizontal fractures are often sealed by
compaction from the overburden pressure, while the
vertical fractures remain open. These can be described as
fluid-filled penny-shaped fractures within isotropic coal
and can be determined by the HTT media model, showing
azimuthal anisotropic characteristics in the seismic wave
propagation (Sun et al., 2014). According to the Schoen-
berg linear-slide model (Schoenberg and Sayers, 1995),
the stiffness matrix C can be expressed as follows:

[ Cii Ci3 Ci3 O 0 0
Ci3 Cx3 Cy3 O 0 0
0 0 0 Cyq4 O 0
0 0 0 0 C¢ O
| O 0 0 0 0 Ces |
[ (A+2)(1 = Ay) A1 =Ay) A1 =Ay) 0 0 0 M
A(1-Ap) (A+2u)(1 - x*Ay) A1 = xAn) 0 0 0
_ A(1-Ay) A1 =xAy) (A+2u)(1-x*Ay) O 0 0
= 0 0 0 U 0 0 :
0 0 0 0 u(l-A7) 0
0 0 0 0 0 u(l-Ar)

where C;; denote the elastic constants. Five independent

elastic constants are required to describe the HTI media.
A

In Eq. (1), ¥ = Toor A, and u are the Lamé constants;

and Ay and Ar are the normal and tangential fracture
weaknesses, respectively.

By combining the Schoenberg linear-slide model and
Hudson model (Schoenberg and Douma, 1988), Ay and
Ar can be expressed in Eq. (2) as follows:

A+2
{ ANZ ﬂU33e
u

AT = Uue

, 2

where U;; and Uiz are parameters in the Hudson model
dependent on the fracture style (Mavko et al., 1998),

3 . .
e= 4—¢ denotes the fracture density, ¢ is the fracture

poroﬁ%/, and «a represents the fracture aspect ratio. The
terms Uj; and Us; are expressed according to the fracture
styles (Hudson, 1981), and are expressed for a dry
fracture as follows:
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For penny-shaped and fluid-filled fractures, these are
given as follows:

U 160420
U= 36 +4p) . @)
Us3=0

During coal field exploration, coal seam fractures are
mostly saturated with water. Therefore, by substituting
Eq. (4) into Eq. (2), the latter can be rewritten as follows:

Ay =0
1
Apot0e (5)
3(3-29)
uo Vi
where g = T = V—j%. Then, we can express C;; by Eq.
(6):
Ci1=4+4+2u
C33=A+2u
Ciz=4
. 6
Cy=p ©
16e
Ceo =l — ————
o “( 3(3—2g>)

Finally, the anisotropic coefficients can be expressed by
the fracture density of the coal seam, given in Eq. (7)
(Bakulin et al., 2000), as

Ci1-Cs
W) = o
‘ 2Cx
Co—Cay 8¢
W) = __
7 2Cu 3(3-2g) )
sV = (C13+Ce6)* = (C33— Cep)? _ 32ge
2C33(C33— Ces) 3(3-29)

2.2 AVOA inversion equation

The P-P wave reflection coefficient approximation
equation for an HTT medium (Riiger, 1997, 1998) can be
expressed as follows:

—\2

1AZ 1 ]|AV, 2Vs | AG

RPP(9’¢):57 E{:P_[V:S]f
P p

coszga} sin’6 ®)

>

<| <|

+ A5<V>+2[—] Ay

+= {AVP +AeVcostp + As™Vsin*pcos 1,0} sin®6tan’6),
21 vp
where 6 is the incident angle, ¢ denotes the shooting
direction with respect to the strike of the fractures,
Z = pVp represents the vertical impedance of the P-wave,
G =pV? is the vertical shear modulus, with Vp = (Vpo+
Ve)/2, Vs = (Vsa+Vs1)/2, AVp=Vpy = Vpi, AVs = Vsa—
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Vsi, AeV) =,V — g/ V) AyV) = y(zv) —y(lv), and As) =
6,7 —5;"). The subscripts | and , represent the medium
above and below the reflection interface, respectively.

For a small angle of incidence (@ < 30°), the high-order
term in Eq. (8) can be approximated as following:

—\2
RPP(G,QO)—lTZ-Fl ﬁ— zé ATG

27 2\ Ve \V,) G
©)

+|Aas") + 2[ 2Vs ] Ay
Vl7

coszgp} sin’6.

By substituting Eq. (7) into Eq. (9), the P-P wave
reflection coefficient can be expressed directly through
the fracture density given in Eq. (9) as following:

AG 32gAe
8=

1AZ 1{Avp_
v, "3G-29)

Rpp(6,0) = ~ ~= + =
pr(0,0) 22+2

coszgo} sin®6.

(10)

By simplifying Eq. (10), Eq. (11) can be obtained and
given as follows:

{ Rpp(6,¢) = A + B(p)sin®6

R 11
B(QO) = Gijso + GaniCOSZ(,O ( )

AZ . .
where A = = is the intercept term, B(yp) represents the

. AV AG
gradient term, Gijs, = —P—2g— denotes the isotropic
P
. 16gAe . . .
gradient term, and G, = # is the anisotropic
3(3-2%)

gradient term. Generally, the g of rocks in an area are
relatively unaltered and can be assessed by the logs.
Evidently, a positive correlation exists between the
anisotropic gradient term (G,pi) and the relative fracture
density (Ae), and ¢ can be used to directly indicate the
fracture strike.

2.3 P-P wave reflection coefficient responses to the
fracture parameters

A two-layer forward model with an HTI fracture coal
seam below the reflection surface is shown in Fig. 1. The
roof of the coal seam is isotropic mudstone; P-wave

Coal seam

Fig.1 Two-layer forward model with a horizontal transverse
isotropic (HTT) fracture coal seam below the reflection surface.
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velocity, S-wave velocity, and density are equal to 3.0 km/s,
2.0 km/s, and 2.3 g/cm3, respectively. The vertical
velocities of the P and S waves of coal seam are equal to
2.59 km/s and 1.35 km/s, respectively. The density of the
coal seam is equal to 1.44 g/cm’.

The P—P wave reflection coefficient responses to the
fracture parameters are shown in Fig. 2. The P-P wave
reflection coefficients do not show the azimuthal
anisotropy when the P-wave incident to the interface is
vertical, with @ equal to 0° (Fig. 2(a)). In Figs. 2(b), 2(c),
and 2(d), stronger azimuthal anisotropy of the P-P wave
reflection coefficients were exhibited with increasing 6 or
fracture density.

3 Inversion method and error analysis

3.1 Two-step inversion workflow

According to the AVOA inversion equation given in Eq.
(11), the coal seam fracture parameter inversion was
conducted in the following two steps.

First, super-gathers were extracted from the pre-stack
azimuthal angle gathers, and then the gradient term (B(¢))
was calculated for each super-gather by linear fitting
according to Rpp(6,¢) = A + B(p)sin® 6.

Next, the anisotropic gradient term (G,,i), fracture
strike (8), and inversion error (err) for each super-gather
were calculated by fitting B(y), and then the relative
fracture density (Ae) was obtained.

The unknown terms ¢ and g8 are required to solve the
inversion equation (B(¢) = Giso +Ganicos’¢) by least-
squares ellipse fitting. For this, Eq. (11) can be rewritten
(Grechka and Tsvankin, 1998; Jenner, 2002) as follows:

B(p) = (12)

where ¢’ is the azimuth set in the acquisition system.
Thereafter, the anisotropic gradient term and fracture
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strike can be calculated through W;; given in Eq. (13) as
follows:

Gani = \/(Wu — Wn)? +4W2,

W22—W11+\/(W11—W22)2+4W122 - (13)

2Wio

S = arctan

3.2 Error analysis method

Generally, error propagation occurs in the ellipse fitting
procedure, and the probability distribution of this error
follows the derivative chain rule (Xia et al., 2006). Beers
(1962) proposed an error propagation formula expressed
as follows:

oo (e

where Sy, Sy, and S are the standard deviations of x, y,
and 2z, respectively. The standard deviation of the
anisotropic gradient term can then be expressed as
follows:

(14)

2 2 2 Q2
W= W83, +53,)+16WhS%,

Sg, =
o Gani ’

(15)

where S, is the standard deviation of W;;. Student’s -
test value can be calculated as follows:
Gani

= w (16)

ani

The accuracy of the inversion results can be evaluated
by calculating the r of the target reservoir in the surveyed
area and providing a critical 7 (z,) value corresponding to
the set confidence interval. If 7 <¢,, the inversion result
should be rejected for the set confidence interval, whereas
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Fig.2 P-P wave reflection coefficient responses to the fracture density at different incidence angles and azimuths. (a) 8 is equal to

0°; (b) O is equal to 15°; (c) € is equal to 30°; (d) 8 is equal to 45°.
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when ¢ > t,, the inversion result is acceptable (Xia et al.,
2006).

By integrating the two-step inversion workflow and
Student’s ¢-distribution test for the inversion results, we
summarized the AVOA inversion workflow for the coal
seam fracture parameters (Fig. 3).

4 Coal seam fracture parameters: an AVOA
inversion case study

4.1 Overview of the survey area

The approximately 1.6 km? area in the Ordos Basin
surveyed is displayed in Fig.4. In Fig. 5, a typical
lithologic column of the area, comprising the Taiyuan
Formation (C3t) and Shanxi Formation (Pls) of the
Carboniferous and Permian coal series, is shown. The No. 6
coal seam, representing the target, is at the top of the
Taiyuan Formation, with thicknesses ranging from 7.04
to 20.77 m and an average of 12.70 m. Above the coal
seam, coarse and fine sandstones are common, while
mudstones and sandy mudstones are prevalent below the
seam, with some coarse sandstones.

4.2 Parameters of the seismic acquisition system

The high-density wide-azimuth bunched system utilized
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for the 3D seismic data acquisition is illustrated in Fig. 4.
The dimensions and folds of each common-depth-point
(CDP) bin were 5 m x 5 m and 8 (Inline) x 8 (Xline),
respectively. The typical CDP gather after pre-migration
shows that the two-way travel time of the reflected wave
from the No. 6 coal seam is about 390 ms, with
highlighted reflection events and a high signal-to-noise
ratio, as depicted in Fig. 6.

4.3 Fracture parameter inversion results for the target coal
seam

The W;; is calculated by ellipse fitting of the gradient
term of each super-gather according to Eq. (12), as shown
in Fig. 7. Then, the anisotropic gradient term and fracture
strike are computed based on Eq. (13).

The g values of the target coal seam and its overlying
strata were 0.25 and 0.33, respectively, with a g value of
0.29 based on statistical analysis of the surveyed area
logs. We referred to and set 7, to 1.333 for a 90%
confidence interval. Then, the relative fracture density
(Ae) was calculated and tested, with the results—and
those of the calculated fracture strikes—shown in Fig. 8.
The areas in white in Fig. 8 denote the inversion results ¢
outside the confidence interval. The relative fracture
density results increase from cyan to red, with the fracture
strike denoted by short black lines. Figure 8 shows high

| Input pre-stack CDP gathers (d) |

Y

| Extrack super-gathers (d,) |

/

Calculate gradient term B(p) by linear
fitting (R, (6, @) = 4 + B(p)sin® 0)

'

Calculate anisotropic gradient term (G

ani

), fracture strike (f), and inversion error (err)
by ellipse fitting (B(¢) = W, cos? ¢'+2W,, sing'cosp+W,,sin’p’)

Y

Accept inversion results

Student’s
t-distribution
test

Y

Reject inversion results

{

Output relative fracture density (Ae) and fracture strike ()

Fig.3 Technical workflow involving the amplitude variation with offset and azimuth (AVOA) inversion for coal seam fracture

parameters.
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relative fracture density values in the area with Inline
numbers ranging from 300 to 500 and Xline numbers
from 380 to 530, indicating the development of fractures.

The fracture strike data are displayed using a Rose
diagram in Fig. 9, with the strikes mainly around 0°
(north) and posteriorly around 90°.

4.4  Comparison of fracture parameter inversion and fault
interpretation results

According to the projection of the fault interpretation
results onto the fracture parameter inversion results (Fig.
8) in Fig. 10, apart from DF3 and DF5, most faults were
within the fracture development areas. The data in Fig. 11
demonstrated that most faults in the surveyed area have a
strike of 0°, which is consistent with the fracture strikes
in Fig. 9. Overall, the fracture parameter inversion results
display a satisfactory agreement with the fault interpreta-
tion results.

4.5 Discussion

A comparison of Figs. 4 and 10 reveals that the location
of the measured point deficiency in Fig. 4 coincides with
the locations where the inversion results are outside the
confidence interval in Fig. 10. This result indicates that
the complex surface conditions seriously affect the

Location, measure point distribution, and acquisition system parameters for the surveyed area.

seismic data acquisition quality and, therefore, the
accuracy of the fracture parameter inversion results. The
fault interpretation results for DF3 and DF5 may be
primarily influenced by this factor, although the limit
scale is another factor that may account for the
inconsistency between the interpretation of DF5 and the
fracture parameter inversion results.

The absence of the formation micro-scanner logging
information limited direct proof of the fracture parameter
inversion results. Scale disunity exists when comparing
the fracture with the fault because a fracture develops on
a small scale, while a fault involves large scale
displacement. This characteristic and the acquisition
quality, affected by the complex surface conditions,
explain the inconsistency between the fracture parameter
inversion and the fault interpretation results.

Generally, multiple factors, such as folding, jointing,
the sedimentary environment, and the covering lithology,
may impact fracture development. However, in the study
area, the simple geological structure, relatively unaltered
sedimentary environment, and the lithology covering the
survey area reduce the uncertainty associated with factors
that influence the fractures. Therefore, a targeted acquisi-
tion system designed for pre-stack AVOA inversion
coupled with high-quality data acquisition under complex
surface conditions may efficiently enhance the accuracy
of the fracture parameter inversion in the survey area.
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5 Conclusions

An AVOA inversion method for coal seam fracture
parameters, driven by an equivalent media model and
high-density wide-azimuth 3D pre-stack seismic data,
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Fig. 7 Plot illustrating ellipse fitting of the gradient term. The cyan
dots represent the value of the gradient term at different azimuths, and
the red curve represents the fitting result.
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Fig. 9 Rose diagram displaying the fracture strike, with the numbers
in black denoting the azimuth, and those in blue representing the
fracture strike.

was developed in this study. The principal findings are
summarized as follows.

1) According to the fracture fluid characteristics of a
coal seam, we derived a P-P wave reflection coefficient
approximation formula for a coal seam, which directly
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Fig. 10 Plot comparing the fracture parameter inversion and fault
interpretation results.
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Fig. 11 Rose diagram displaying the fault strike data for the surveyed
area. The numbers in black denote the azimuths, while those in blue
represent the fault strike results.

involved fracture parameters using the Schoenberg linear-
slide model and Hudson model. We then established the
AVOA inversion equation by simplifying and rewriting
the derived formula. A two-step inversion workflow was
designed for the coal seam fracture parameter AVOA
inversion by considering the characteristics of the AVOA
inversion equation.

2) We used least-squares ellipse fitting to solve the
inversion equation and determine the fracture parameters
(fracture density and strike) for a target coal seam using
high-density wide-azimuth pre-stack 3D seismic data.
Student’s #-distribution test was used to constrain the
inversion accuracy, and the fracture density and strike
inversion results showed satisfactory agreement with the
fault interpretation results. Therefore, the AVOA
inversion method and technical workflow proposed in
this study are useful for predicting and evaluating the
fracture parameters of a coal seam.
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