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ABSTRACT

The main objective is to optimize the development of shale gas-rich areas by predicting seismic sweet
spot parameters in shale reservoirs. We systematically assessed the fracture development, fracture gas
content, and rock brittleness in fractured gas-bearing shale reservoirs. To better characterize gas-bearing
shale reservoirs with tilted fractures, we optimized the petrophysical modeling based on the equivalent
medium theory. Based on the advantages of shale petrophysical modeling, we not only considered the
brittle mineral fraction but also the combined effect of shale porosity, gas saturation, and total organic
carbon (TOC) when optimizing the brittleness index. Due to fractures generally functioning as essential
channels for fluid storage and movement, fracture density and fracture fluid identification factors are
critical geophysical parameters for fractured reservoir prediction. We defined a new fracture gas indi-
cation factor (GFI) to detect fracture-effective gas content. A new linear PP-wave reflection coefficient
equation for a tilted transversely isotropic (TTI) medium was rederived, realizing the direct prediction of
anisotropic fracture parameters and the isotropic elasticity parameters from offset vector tile (OVT)-
domain seismic data. Synthetic seismic data experiments demonstrated that the inversion algorithm
based on the Lp quasinorm sparsity constraint and the split-component inversion strategy exhibits high
stability and noise resistance. Finally, we applied our new prediction method to evaluate fractured gas-
bearing shale reservoirs in the Sichuan Basin of China, demonstrating its effectiveness.
© 2024 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

First, establishing suitable petrophysical models for fractured
shale reservoirs is necessary for characterizing shale reservoirs.

In recent years, shale gas, an essential unconventional resource,
has been widely researched in geophysical oil and gas exploration.
Hydraulic fracturing is necessary to enhance production from low-
porosity and poor-permeability shale (Wang et al., 2023; Pan et al.,
2020). Generally, fractured gas-bearing shale reservoirs are char-
acterized by crucial geophysical parameters such as fracture den-
sity, fluid type, and brittleness index. Accurate petrophysical
modeling, the construction of fluid-sensitivity factors, and seismic
inversion strategies are necessary to characterize these reservoirs
properly (Xie et al., 2023; Qin et al., 2022).
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This petrophysical modeling bridges seismic elastic parameters and
reservoir physical characteristics (Zeng et al., 2023; Yu et al., 2023;
Zong et al., 2020; Zhang et al., 2015a). Shales typically have low
permeability, low porosity, high brittleness, and high organic
matter content. Under the assumption that heterogeneous rock is
linear and elastic, the effective bulk modulus of isotropic rock can
be calculated using the Voigt-Reuss-Hill average (Mavko et al.,
2009; Hill, 1952; Reuss, 1929) and the isotropic self-consistent
approximation (SCA) theory can effectively address rocks contain-
ing inclusions and minerals of different shapes (Budiansky, 1965;
Yin et al., 2020). Considering poorly-connected pores containing
immobile water in the rock, the Kuster-Toksoz (K-T) model (Kuster
and Toksoz, 1974) determines the effective modulus of rocks con-
taining inclusions of various shapes. Multiple theories exist for
incorporating fractures into dry rock skeletons in fractured shale
reservoirs. These theories can be classified into three main types:
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seismic petrophysical theories that account for isolated pore frac-
tures (Hudson, 1980), attenuated anisotropy (Pointer et al., 2000),
and pore and seam connectivity at extreme frequencies (Thomsen,
1995).

The brittleness index represents the capacity of rock to fracture
under external forces and serves as an essential parameter guiding
hydraulic fracturing in shale (Qian et al.,, 2017; Zuo et al., 2023). In
exploration geophysics, the elastic parameters of the rock, such as
Young's modulus, Poisson's ratio, and the uniaxial compressive
strength, are vital indicators of its brittleness. Additionally, the
percentage content of brittle minerals in rock is equally crucial in
determining rock brittleness. Brittle minerals such as quartz, feld-
spar, and calcite are more prone to fracture than less brittle min-
erals such as clay. Due to the complexity of geology, scholars have
proposed various brittleness index expressions. Rickman et al.
(2008) concluded that a higher Young's modulus and lower Pois-
son's ratio contribute to a higher brittleness, which provides the
possibility of estimating rock brittleness by elastic parameters and
makes it feasible to calculate Young's modulus and Poisson's ratio
indirectly by utilizing the longitudinal and transverse wave veloc-
ities and density inverted in the isotropic seismic component. On
this basis, Guo et al. (2012) investigated the relationship between
rock brittleness and three elastic parameters, namely, Young's
modulus, Lamé coefficient, and Poisson's ratio, and defined two
brittleness indexes, namely, the ratio of Young's modulus to Pois-
son's ratio, and the ratio of P-wave modulus to the first Lamé co-
efficient. Later, Sharma and Chopra (2012) introduced a new
brittleness index incorporating the product of the rock density and
Young's modulus. In addition, the ratio of Young's modulus to the
first Lamé coefficient was verified to be a new and effective indi-
cator of the fracture capacity of rock by petrophysical modeling
methods (Chen et al., 2014b). A new brittleness index that is more
sensitive in low-porosity shales was constructed in combination
with Poisson's ratio (Pan et al., 2020). Consequently, optimizing the
brittleness index for a specific field is crucial for detecting the en-
gineering sweet spots for shale gas.

Furthermore, offset vector tile (OVT)-domain seismic data
consist of offset and azimuthal information, which not only enables
isotropic seismic inversion but also effectively enables fracture
parameter inversion based on the difference in seismic amplitudes
in different directions induced by the fractures (Zhao et al., 2018;
Luo et al., 2019; Chen et al., 2014a). Research on seismic anisotropy
is primarily concerned with detecting fracture density and identi-
fying different fracture fluids. To more precisely characterize the
development of underground fractures, a range of linear PP-wave
reflection coefficients for different fractured equivalent media
have been derived based on the first-order perturbation theory
(Jech and Psencik, 1989) and Born scattering theory (Shaw and Sen,
2004). These coefficients pertain to various mediums, including
horizontal transversely isotropic (HTI) media, orthorhombic
anisotropic (OA) media, and tilted transversely isotropic (TTI) me-
dia. Before performing anisotropic seismic inversion, fluid indicator
factors are essential for fluid prediction, and numerous scholars
have dedicated significant efforts to constructing fluid factors and
studying fracture density from isotropic to anisotropic conditions
(Smith, 2003; Chen et al., 2018; Pan and Zhang, 2018). Goodway
et al. (1997) proposed an efficient method (A-u-p) for gas identifi-
cation based on exploiting the anomalous stretching characteristics
of subsurface formations. Based on a linear sliding model, Ge et al.
(2020) studied the prediction method of fracture density and WA
parameters for a monoclinic fractured medium based on Bayesian
theory. Xue et al. (2017) proposed a new fluid factor expression and
a matrix expression of the azimuthally anisotropic reflection
amplitude and normal and tangential fracture weaknesses. They
predicted the fracture density and new fluid factor by prestack PP-
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wave amplitude variations with offset and azimuth (AVOAz) tech-
nology. Schoenberg and Sayers (1995) used the ratio of normal to
shear compliance Kt/Kn as a widely used fracture fluid factor in
anisotropic inversion. Although this method is indirect and may
result in cumulative errors during the conversion process, it does
provide insight into fracture weaknesses. It is significant in defining
the fluid indication factor required for identifying the fracture fluid.
In other words, developing methods for the direct seismic inversion
of anisotropic fracture parameters is essential for improving the
prediction of engineering and geological sweet spots for shale gas.

This article aims to systematically study rock brittleness esti-
mation, fracture gas identification, and fracture density prediction
for fractured gas-bearing shale reservoirs. By conducting the pet-
rophysical simulations of shale reservoirs, we achieved a petro-
physical method for preferring the brittleness index in terms of the
mineral components while also considering the porosity, gas
saturation, and organic matter content. We then define a suscep-
tible fracture gas indication factor to derive a new PP-wave
reflection coefficient for a TTI medium. Based on the inversion al-
gorithm constrained by the Lp quasinorm (Boyd et al., 2011;
Euhanna et al.,, 2015; Zhao et al., 2023), the OVT-domain seismic
data enable the inversion of elastic parameters through the
isotropic seismic component and the fracture gas indication factor
and fracture density through the anisotropic seismic component.
Finally, systematic and practical predictions are achieved for the
shale reservoirs of the Longmaxi-Wufeng formations in the Sichuan
Basin, China.

2. Methodology
2.1. Fracture parameters and a new fracture gas indication factor

The linear-slip and Hudson thin-coin-shaped fracture models
have the same first-order representation under the long-
wavelength assumption. The relationship between the linear
sliding model parameters and the fracture rock correlation pa-
rameters can be established by the Hudson model first-order
equivalent elastic stiffness matrix (Schoenberg and Douma, 1998;
Bakulin et al., 2000):

o 4e 1)
Kauia -+t
380(1 - g°) | 1+ ot gy | e

5 16e (2)
3(3-28°) |1+ 73 <ub§2:§u.-e> }

where dy and or denote the normal fracture weakness and
tangential fracture weakness, respectively; kquig and pqyiq are the
bulk modulus and shear modulus of the fracture fillings, respec-
tively; e represents the fracture density; g° = ,ub/Mb, ,ub and MP
denote the P- and S-wave moduli of the surrounding rock,
respectively; and xf.acture denotes the fracture aspect ratio.

Fig. 1 shows the normal fracture weakness with oil saturation S,
in Fig. 1(a), and gas saturation Sg in Fig. 1(c), and the tangential
fracture weakness with oil saturation in Fig. 1(b) and gas saturation
in Fig. 1(d). Comparing Fig. 1(a) and (c), we can observe that the
normal fracture weakness increases with increasing fluid satura-
tion (S, and Sg), where it varies more with Sg. Fig. 1(b), (d) show that
the tangential fracture weakness does not vary with fluid type or
fluid saturation, so it can be concluded that the normal fracture
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Fig. 1. The influence of different fluid types on fracture weaknesses, where (a) and (b) show the variations in the fracture normal and tangential weaknesses, respectively, with oil
saturation, and (c) and (d) show the variation of fracture normal and tangential weaknesses, respectively, with gas saturation.

weakness is more sensitive to the fracture fluid. The tangential
fracture weakness is independent of the fluid type and saturation
conditions, and only the normal fracture weakness is sensitive to
fracture fluids. Schoenberg and Sayers (1995) suggested an aniso-
tropic fluid indicator, Fs, for the normal and tangential fracture
compliance parameters.

_Zn_ _pOn(1 —07)
or(1—on)

=7
where Zy and Zp represent the normal and tangential fracture
compliance parameters, respectively.

Considering that the fracture aspect ratio should be between
0.01 and 0.001, the fracture density is generally less than 0.1, etc., on
< land ér < 1:

Fs (3)

1
g5
T
We can eliminate the influence of any fluid on the tangential

weakness, which is expressed as a direct relationship with the
fracture density.

Fs= (4)

16e

ot “3(3-2gH)
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Based on Egs. (4) and (5), we define a new fracture gas indica-
tion factor, GFI, considering that fracture fluid migration rather than
fluid enrichment becomes feasible when the fractures are fully
developed or relatively well developed, which is characterized by
the following expression based on petrophysical parameters:

_9gb
3-2 )e 1 Kpuid

_1
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Fig. 2 illustrates the analytical results of the parameter GFI for
different fluid combination types and fracture aspect ratios, where
So denotes the oil saturation and Sg denotes the gas saturation. The
directions of the black arrows in Fig. 2(a), (b) indicate the direction
in which the fracture density increases. An increase in the

GFI = eFs =
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parameter GFI represents an increase in the effective bulk modulus
of the fracture fluid. However, more significantly, the parameter GFI
is almost insensitive to oil-water mixing fluids but highly sensitive
to gas-water mixing fluids, and the parameter GFI is much more
sensitive to fracture gas content than to fracture density. Moreover,
the black arrow in Fig. 2(c) indicates the direction in which the
fracture aspect ratio increases, but the parameter GFI also changes
almost little with the fracture aspect ratio among the different gas
saturation cases. The parameter GFI manifests much more sensi-
tivity to the fracture gas content than to the fracture aspect ratio.
Consequently, the parameter GFI can be considered as an effective
fracture gas indicator in fractured gas-bearing reservoirs.

Based on the conclusions of the above analysis, with the hy-
pothesis that the parameter GFI is little affected by the change in
fracture density and the change in fracture aspect ratio, we deter-
mine a specific indication factor of the gas content in the fracture,
which can be directly involved in the anisotropic seismic inversion.
We present the detailed derivation in Section 2.3.

2.2. Optimization of the brittleness index for gas-bearing shale
reservoirs based on rock physics

The brittleness index is an essential parameter for evaluating
the accessibility of reservoir rocks for hydraulic fracturing, and the
higher the brittleness index of shale is, the better the fracturing
effect of the shale after fracturing. Due to the complexity of the
underlying medium, various forms of brittleness index expressions
have been proposed, so determining the optimum form of the
brittleness index is critical. The primary forms are summarized in
Table 1, where E represents Young's modulus, ¢ represents Pois-
son's ratio, p represents density, and A represents the first Lamé
constant. The subscripts max and min denote the maximum and
minimum values, respectively.

To better characterize gas-bearing shale reservoirs, we establish
a more suitable petrophysical modeling method as shown in Fig. 3.
First, the effective elasticity modulus of an isotropic medium is
calculated with VRH average (Mavko et al., 2009), and then,
assuming the clay as the background, the self consistent approxi-
mation (SCA) model (Berryman, 1980, 1995) is used to add a lower
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Fig. 2. Characterization of the variation in the parameter GFI with different fracture parameters and fluid saturations, where (a) shows the variation in oil saturation at different
fracture densities varying from 0.01 to 0.09 by 0.02, (b) shows the variation in gas saturation at different fracture densities varying from 0.01 to 0.09 by 0.02, and (c) shows the
variation in gas saturation at different fracture aspect ratios varying from 0.001 to 0.006 by 0.001.

Table 1
Expressions for five common brittleness indexes characterized by isotropic elastic
parameters.

Brittleness index Expression

Bli=(Ep+01)[2 (7
Eb:(E*Emin)/(Emax*Emin)
0=(0—0max)/(Cmin—0max)

BI; (Rickman et al., 2008)

BI, (Sharma and Chopra, 2012) Bl, = Ep (8)
BI5 (Guo et al., 2012) Bl; = E[o 9)
B, (Guo et al., 2012) Bl = M[A (10)
Bls (Chen et al., 2014b) Bls = E[A (11

organic matter content (kerogen as inclusions), and the K-T model
(Kuster and Toksoz, 1974) was employed to add disconnected pores
containing immoveable water (Zhang et al., 20153, 2015b; Pan et al.,
2020). Since the shale is distributed in layers, the equivalent stiff-
ness matrix could be calculated as a layered equivalent background
medium using Backus averaging (Backus, 1962). On this basis, the
differential effective medium (DEM) model (Berryman, 1980) is
used to add empty pore space to the rock mixture to obtain a dry
rock skeleton. Fractured gas-bearing shale reservoirs require
consideration of the effects of the fractures, and we utilized the
linear sliding model (Schoenberg, 1980) to incorporate a set of

Quartz Calcite Dolomite Pyrite

Organic matter Clay

parallel fractures. Finally, the equivalent fluid for gas-water mixing
calculated by the Wood equation (Wood and Lindsay, 1956) is
added to the empty pores and fracture spaces using the anisotropic
Gassmann equation (Brown and Korringa, 1975). This approach is
used to estimate geophysical elasticity and fracture parameters via
the equivalent modulus theory of an anisotropic rock skeleton
saturated with different fluids.

Table 2 shows the bulk modulus K, S-wave modulus u, and
density p of different rock mineral fractions and fluids in Well A.
Fig. 4 shows the logging curves of Well A in the research work area
of this paper, which mainly include mineral content, MCC (quartz,
dolomite, calcite, clay, pyrite, and organic matter), P- and S-wave
velocities Vp and Vs, water saturation Sy, total porosity »"%, and total
organic carbon (TOC) content, in which the coupling degree of the
P- and S-wave velocities on Well A and the predicted velocities of
the rock physics model is utilized to verify the reasonableness and
effectiveness of the modeling results. It is trustworthy that the
relative error REp between the predicted P-wave velocity based on
the petrophysical modeling in Fig. 4(d) and the logged P-wave ve-
locity hardly exceeds 0.1, and the same quality is achieved for the S-
wave velocity REp in Fig. 4(e). Fig. 5 exhibits the relevant property
parameters in the petrophysical modeling that are not used in the
subsequent geophysical study of this paper.

Micro-disconnected pores with

VRH model

Mineral mixture

SCA model

Backus average

immovable water

—— K-T model

1

Organic mixture

Shale model without pores

Parallel fracture

DEM model

Shale model containing pores ‘

Linear sliding model

Dry rock skeleton model ‘ <—E Fluid
Anisotropic Gassmann equation

Saturated shale rock
P- and S-wave velocities, fracture weaknesses

Fig. 3. Petrophysical modeling workflow.
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Table 2
Parameters related to the correlation model of fractured rock physical medium
(Mavko et al., 2009).

Minerals and fluids K, GPa u, GPa p, glcc
Quartz 37.0 44.0 2.65
Calcite 76.8 320 2.71
Pyrite 147 132 4.90
Dolomite 94.9 45.0 2.87

Clay 20.0 7.00 2.50
Organic matter 2.98 297 1.34

Gas 0.000130 0 0.000650
Brine 2.25 0 1.02

To optimize the brittleness index in this research, we consider
not only the effect of traditional mineral fractions on rock brittle-
ness but also the contributions of porosity, gas saturation, and
organic matter to the brittleness index of fractured gas-bearing
shale based on the advantages of microscopic petrophysical
modeling methods.

First, we perform a preliminary screening of the effects of the
brittle minerals (quartz, calcite, and dolomite) and their contents of
Well A on the five brittleness indexes listed in Table 1. Due to the
large order of magnitude differences among the brittleness indexes,
the analytical procedure used is the normalized brittleness index.
Quartz content (V-quartz), calcite content (V-calcite), and dolomite
content (V-dolomite) vary from the ranges 32%—50%, 0—15%, and
0—21%, respectively. With increasing the content of brittle minerals
(quartz, calcite, dolomite), the content of weakly brittle clay de-
creases by the same proportion as shown in Fig. 6. The different
types of brittleness indexes exhibit the same positive correlation
with the brittle mineral content. However, notably, the sensitivities
of the same brittleness index to variations in different mineral
contents are inconsistent. Therefore, it is necessary to quantita-
tively assess the degree of the contribution of the brittle mineral
fraction to the brittleness indexes via Eq. (12).

3 n
> X [(BIF' — Bl ) Vi
MWS = 100% x m=11=1 — (12)
> X
m=1 n=1 "

where MWS denotes the mineral component content weighted
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Fig. 5. Petrophysical modeling other relevant parameters on Well A, where (a) is the
connected porosity ¢S, (b) is the effective porosity ¢, (c) is the disconnected porosity
#9, (d) is the microfracture-induced porosity ¢', and (e) is the bound water content sb.

sensitivity, %, m and n denote the component species and compo-
nent sampling points, respectively, Blyi, denotes the minimum
value of the brittleness index for each component, and V represents
the content of each component. The MWS values from BI; to Bls are
15.87%,18.20%, 22.21%,13.34%, and 23.72%, respectively. From these
results, we can preliminarily select the brittleness indexes Bl and
BIs for Well A.

Second, studies have shown that porosity negatively affects rock
brittleness in shale gas reservoirs (Walton et al., 2017). For Bl and
Bls, we have analyzed the influence of the porosity from 1% to 10%
on the brittleness index for different quartz contents (30%, 40%, and
50%), as shown in Fig. 7. In summary, Bl3 and Bl5 both increase as the
quartz content increases, which is consistent with the conclusions
of the preliminary analysis. For the same quartz content, Bl3 de-
creases instead with increasing porosity, which is unsuitable for the
brittleness index. Bls shows greater sensitivity with increasing
porosity, making it more suitable for the low-porosity shale of Well
A.

Finally, we further analyze the effect of the organic matter
content on the brittleness indexes in both the water-saturated and
gas-saturated cases, as shown in Fig. 8. More importantly, B3 is

(@ MCC (b) Vemis (¢) Ve mis (d) REn VN (€) REs,ViV () ¢, % (@) Su% (h) 6wV () onviv () TOC, %
2300 2300 A 2300 o 2300 2300 2300 o 2300 -+ 2300 A 2300 A 2300
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2350 2350 - 2350 2350 2350 2350 A 2350 2350 A 2350 o 2350 limestone
£ s = - -- Sl
= 2400 2400 A 2400 A 2400 2400 2400 A 2400 2400 A 2400 A 2400
g
a Shale formation
2450 2450 A 2450 A 2450 2450 & 2450 A 2450 2450 2450 2450
L= _ L = _ g
£ Fractured gas-
2500 2500 A 2500 A 2500 2500 L 2500 o 2500 2500 A 2500 o 2500 bearing shale
= - B
Limestone
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I Calcite [ Dolomite [ Quartz [ Clay [ Pyrite [ Kerogen Percentage content, % Original Predict

Fig. 4. Logging of Well A and modeling results from actual work areas in gas-bearing shale reservoirs, where (a) shows the rock mineral fraction and content MCC, (b) shows the P-
wave velocity Vp, (¢) shows the S-wave velocity Vs, (d) shows the relative error of the P-wave estimation REp, (e) shows the relative error of the S-wave estimation RE, (f) shows the
porosity ¢', (g) shows the water saturation S,y, (h) shows the predicted fracture normal weakness dy based on Fig. 3, (i) shows the predicted fracture tangential weakness ot based on

Fig. 3, and (j) shows the TOC content.

3206



Y. Zhao, X.-T. Wen, C-L. Li et al.

(a) 10

0.9

Normalized B/

40

V-quartz, %

Fig.

50

(b) 1:00 (©) 1.DI
0.95 .
@ @
° o
[} Q
N N
S 0.90 S
€ £
S S
b4 b4
0.85
0.80 T T 0.7 T T T

Petroleum Science 21 (2024) 3202—3221

D
)

>

- > D> D> > NN b > |
Q08T % 4 %
§ ¥ o« ok ok ok % % % % % % % L
= oK K ok
ELE L T E e |
5 Y¢ V-quartz = 30%
z ¥ V-quartz = 40%

04 1 [> V-quartz = 50%

T2 s 4 s s 71 8 s 1w
9, %

V-cal

Icite, %

15
V-dolomite, %

20

6. Analysis of the contribution of different brittle mineral contents to the brittleness indexes, where (a) is quartz, (b) is calcite, and (c) is dolomite.

(b) 10 >
o l>l>|>l>l>l>[>l>::%’6
Q ggp > D > D R *
3 *****i:ﬁﬁﬁﬁﬁ*ﬁ
N T *
S oo K K KK
5 Y& V-quartz = 30%
=z % V-quartz = 40%

04 1 [> V-quartz = 50%

T2 s 4 5 & 7 8 s 1
b, %

Fig. 7. Contributions of different quartz contents and porosities to brittleness indexes, where (a) is the contributions of brittleness index Bl; and (b) is the contributions of brit-

tleness index Bls.

(21) 1.00 %%%%%%§%§%
3
-% 095
€
‘ZO_ jﬁ{ Water saturated
9‘6 Gas saturated
0.90 T T T 1

3

Organic matter, %

(b) 1.00
-~
Q
°
N
£ o5
©
£
£
o
z
0.90

A7

jﬁ{ Water saturated
9|é Gas saturated

Organic matter, %

Fig. 8. Effect of organic matter content on brittleness index in different filling states, where (a) is the brittleness index Bl3 and (b) is the brittleness index Bls.

negatively correlated with the organic matter content. In contrast,
Bl5 is positively correlated with the content of organic matter
content, which suggests that Bls is more sensitive in shale gas

reservoirs with high organic matter content and is generally posi-
tively correlated with TOC.
In conclusion, based on the petrophysical modeling of gas-

(a) MP, GPa  (b) o, GPa (c) p, glcc (d) Bls, vIv (e) Bl;, GPa () GFlI, viv (9) e, viv
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Fig. 9. Predicted well parameters based on petrophysical modeling in Fig. 3, where (a) is the P-wave modulus MP, (b) is the S-wave modulus p°, (c) is the density p, (d) is the
brittleness index BIs, (e) is the brittleness index B3, (f) is the fracture gas indication factor GFI, and (g) is the fracture density e.
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Fig. 10. Schematic diagram of P-wave incidence in the TTI medium (adapted from Pan
et al., 2021).

bearing shale reservoirs, we comprehensively evaluated five widely
acknowledged brittleness indexes for Well A. The most suitable
brittleness index for characterizing the shale in this field area is BIs,
which is influenced by the mineral fraction content, porosity, gas
saturation, and organic matter content. Fig. 9 shows the related
curves computed by using the logging data, for Bls in Fig. 9(e) and
Bl5 in Fig. 9(d), and exhibits the P-wave modulus MP, S-wave
modulus x°, and density p for isotropic background parameter
inversion, and the fracture gas indication factor GFI and fracture
density e for anisotropic inversion. On Well A, BIs has high values in
the argillaceous limestone of the upper section of the Longmaxi
Formation above the well top Ty, and in the limestone of the Baota
Formation below the well top T3, and exhibits medium-high values
in the shallow shale of the Longmaxi Formation from Ty to Ty, with
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the lowest values in the high-quality fractured gas-bearing shale
reservoirs from T, to T3, which is undesirable. In contrast, Bls has
the highest values between T, and T3, as expected, which is where
the target interval is.

The results of our brittleness index analysis demonstrate the
reliability and validity of the brittleness index Bls; however, this
preferred brittleness index may only be suitable for the work area
in the present study. Therefore, it is essential to evaluate location-
specific conditions using the methodology outlined above.

2.3. Linearized PP-wave reflection coefficient in TTI media including
the fracture parameters

To better characterize the seismic azimuthal anisotropy gener-
ated by subsurface tilted fractures, for an equivalent TTI medium
subject to the assumption of weak anisotropy, the PP-wave reflec-
tion coefficient of the equivalent medium interface consists of two
parts: an isotropic background term and an anisotropic perturba-
tion term. For the isotropic term of the reflection coefficient, we
utilize the M-u-p formula (Zong et al., 2012) and anisotropic
reflection coefficient equation that incorporates the perturbation of
tilted fracture weaknesses (Pan et al., 2021; Qin et al., 2022; Huang
et al., 2022), as shown in Fig. 10.

The expression for the linear PP-wave reflection coefficient in
the TTI medium is given by

REN(6; ®,v) = RS (0) + R (6; @, v) (13)
iso AMP ApP Ap

Rpp (0) = knpo (0) —5— + Ko (0) —5- + ko (0) — (14)
M 2 p

R3B(6; ®,v) = ky, (0; D,v)AdN + ks, (6; D, v)Ady (15)
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Fig. 11. Effect of different reflection coefficient terms on the PP-wave reflection coefficient, where (a) is the P-wave modulus reflectivity AMP /Mb, (b) is the S-wave modulus
reflectivity AuP/z®, (c) is the density reflectivity Ap/p, (d)—(f) are the fracture gas indication factor reflectivity AGFI for different fracture inclinations, and (g)—(i) are the fracture

density reflectivity Ae for different fracture inclinations of 0°, 40°, and 80°, respectively.
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with
Y L et New_R3%(6; ®,v) = kpi (0; @, v)AGFI + ke (0; @, v)Ae (18)
b cin2
ka(ﬂ):T, ks (0) = — 28 sin” 0,k,(0) = (5_ I )
(16a)
2
cos* 4 {7b cos? v(sin4 0 + 2 sin? v) + (sin2 vsin® 6 4 cos? v + <7b> sin* v)}
2
ks (6; P,v) = — sez f +yP sin* ¢ sin? (D(Zyb cos? v cos® @ + 2 sin® v cos? & + v sin? @) (16b)
+ {27'3 (yb sin? v — 1)sir12 v+ (yb - %sin2 2v) sin? 6 cos? 6 cos? (D}
2
cos* 0 [7'3 cos? v(sin4 0 + 2 sin? v) + (sin2 vsin® 0+ cos? v + <7b> sin? v)}
4 SEC2 0 . 4 .2 .2 .2
kep(0; P,v)=—2— — +vP sin? 6 sin? @(2yP cos? v cos? @ + 2 sin? v cos? @ + yP sin® @ 19
Gri( ) 385 (28"~ 3) Y ( Y Y ) (19)
+ [27b (7" sin? v — 1)sir12 v+ (7" - %sin2 2v) sin® @ cos? 6 cos? (D}
cos? 2v + cos® v — sin? v tan? § sin® @ — Lsin? 20 g° sin? 6 cos? @
16 2
ke (0 ,v) = 7o (20)
3 (3 —2g ) 1.5 ) 2 4 2 b
—z5in 2v<sm 6 tan~ 6 cos® @ + cos B)g
Eventually, the new linearized PP-wave reflection coefficient in
the TTI medium can be derived simply as
ks (6; D,v) = (cos2 2v+ cos® v — sin® v tan? § sin® @ REN(6; ®,v) = RS9 (0) + New_R3%i(6; @, v) (21)
- %sin2 21))gb sin? 6 cos? @
_Lan2 oy (sz 0 tan? 0 cos? @ + cos? H)gb (16¢) 2.4. AVOAZ.mverszon in TTI media with the sparsity constraints of
4 the Lp quasinorm
where ¢ denotes the incident angle of the P-wave; ® (@=®obs—PDsys) To choose a more favorable inversion strategy, we need to
denotes the azimuthal angle between the normal orientation of the examine the derived PP wave reflection coefficient for the TTI
fractures (9sys) and the observatic?n line direct.ion (Pobs); ¥° = 1- medium in Eq. (21) from the contribution of each reflectivity
2gb; and v denotes the fracture tilt angle, which ranges from 0 to parameter, and the relationships among the parameters and the
90°. ) azimuthal angle, incident angle, and fracture inclination. Fig. 11 il-
From Egs. (4) and (5), we can obtain the normal fracture ygtrates the impact of different reflection coefficient terms on the
weakness in terms of the fracture gas indication factor GFI: PP-wave reflection coefficient. The direction of the arrows shows an
increase in the parameters, and all the reflectivity parameters vary
16 GFI (17) from —0.06 to 0.06 at an interval of 0.03. We can conclude that the

N=——
b(3 _ pgb L
3g°(3 - 2¢%) P-wave modulus reflectivity AMP /Mb contributes essentially over
By Substituting Eqs_ (5) and (]7) into Eq. (‘15)v we can decouple the entire range of incident angles in Flg 1](3), which facilitates its

the fracture gas indication factor GFI and fracture density e from the seismic inversion. The S-wave modulus reflectivity AuP/E° con-
fracture perturbation. The anisotropic perturbation term of the PP- tributes more and responds more sensitively at larger incident
wave reflection coefficient can be simplified by combining the angles or offsets in Fig. 11(b), indicating that seismic data at larger
fracture density and fracture gas indication factor: incident angles are more beneficial for its inversion. The density
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reflectivity Ap/p in Fig. 11(c) is more sensitive at smaller incident
angles. Nevertheless, these three parameters above are all inde-
pendent of the azimuthal angle, which can be inverted via the
prestacked isotropic inversion to predict the optimum brittleness
index BIs for the work area. Second, the fracture gas indication
factor reflectivity AGFI in Fig. 11(e) and (f) and the fracture density
reflectivity Ae in Fig. 11(h) and (i) show periodic variations with the
azimuthal angle, which requires the anisotropic seismic inversion.
Moreover, when the fracture inclination decreases to 0°, the TTI
medium degenerates to a vertical transversely isotropic (VTI) me-
dium without azimuthal anisotropy, and the anisotropic strength
increases with increasing inclination angle, indicating the necessity
of considering the fracture inclination angle.

With the weak anisotropy, it is necessary to introduce the
azimuthal differences to eliminate the isotropic background
component and reduce the number of one-time inversion param-
eters, which helps to improve the stability and accuracy of the
anisotropic parameter inversion. Based on the above analysis of the
contribution of each parameter to the PP-wave reflection coeffi-
cient, we optimize the two-step inversion strategy to invert the
isotropic elastic parameters and anisotropic fracture parameters.
First, azimuthal amplitude difference seismic data between two
orthogonal azimuths (¢; = 0° and ¢, = w/2) are exploited to
eliminate the isotropic background component so that we can
obtain the anisotropic perturbation of the PP-wave reflection co-
efficient as follows:

ARFTY(6; v) = Akgpi(0; v)AGFI + Ake (6;v)Ae (22)
Akgri(0;v) = kg (0; @ = 70/2,v) — kg (6; @ = 0°,v) (23)
Ake(0;v) = ke(0; @ = 1/2,0) — ke(0; & = 0°,v) (24)

where AR[I' denotes the PP-wave reflection coefficient of the
anisotropic perturbation part.

To utilize seismic data to invert relevant fracture parameters, it
is assumed that the seismic data are synthesized by the forward
operator G*™ and anisotropic perturbation reflection coefficient

ARZ3 and that the number of vertical samplings is N.

AS = G*™AR — WBDX (25)
with
spp(01, D2) — spp(f1, P1)
spp(f2, @2) — spp(f2, D7)
AS— (26)
MNx1
spp(Om, D2) — spp(Om, D1)
Wq 0 0
DWWy :
| wse : 0
Wo=1"9 Wee W (27)
0 0 Wsc ] (n_1)x1
W =diaglWo Wo---Wolyn_1)xmN-1) (28)
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F(61) U(by)
B_ F(?z) U(:ﬂz) (29)
F(Om) U(f) M(N-T)x2(N-1)

F(0;;v) = diag[Akgp(0;;v)  Akgri(05;v)---Akgri (05 0) [ n_1) (n-1)

(30)
U(6;;v) = diag[Ake(0;;v)  Ake(0;0)--Ake (0:50) | n-1)x(N-1)
(31)
D=diag[Dg Dolyn-_1)x2n (32)
-1 1 0 -0
0 -1 1 . :
Dy = : " " 0 (33)
0 -1 1] NN
X =[GFI el3y,, (34)
GFI=[GFl, GFl, GFIy [Nt (35)
e:[el (59} en ]%x] (36)

where X denotes the inversion parameter matrix, M is the number
of incident angles, the superscript T represents the transposition of
the matrix, AS denotes the azimuth amplitude difference seismic
data, W denotes the wavelet matrix of the incident angles and
azimuthal angles, B is the coefficient matrix, the subscript sc de-
notes the length of the wavelet, and the symbol diag represents the
diagonal matrix.

We use both the low-frequency constraint term and the Lp
quasinorm sparsity constraint term to construct the objective
inversion function:

J(X) = argmin{HWBDX — AS|)2 +w||IX — Xol2 + aHBDng}
X
(37)

where || H% and || Hg specify the L, norm and Lp quasinorm
[p=(0,1)], respectively; Xy denotes the initial model obtained by
interpolation extrapolation of X, followed by Gaussian low-pass
filtering; w is the coefficient of the initial model constraint term;
and « is the coefficient for the sparsity constraint. We introduce the
alternating direction method of multipliers (ADMM) algorithm to
solve the nonlinear problem in Eq. (37), and the Lagrangian
multiplier H = BDX and dual term Q transform the optimization
problem into a linear problem:

JOX. H.Q) = argmin{|| WEDX — 885+ 0]X — Xol} + | HI}

+B|IH - BDX - Q3 }
(38)

where ( denotes the correlation between the Lagrange multiplier
and dual terms. The linear problem in Eq. (38) is transformed into
subobjective functions for X, H, and Q, and the iterative update
expressions are obtained after solving by ADMM, respectively, in
that order:
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Table 3
Inversion workflow based on the ADMM of the Lp quasinorm.

Petroleum Science 21 (2024) 3202—3221

Algorithm: Inversion of prestack seismic parameters based on the ADMM and iterative shrinkage thresholding algorithm (ISTA)

Input: AS, Xo, B, D, W, 4, o, §, p, maximum error threshold e.
Initial parameters: k = 0, X¥ = Xo, H® = 0, Q¥ = 0.
1 Iteratively updated X**V by Eq. (39).
2 Iteratively updated H**1) by Egs. (40) and (41).
3 Iteratively updated Q*+1) by Eq. (42).
X
4 Termination conditions: If W‘Z < ¢, iteration of updates ceased.
2
Otherwise, k = k + 1, repeat the steps 1—4.
5 Obtain the parameters matrix X**1,
Optimal inversion results: fracture gas indication factor GFI and fracture density e

XD — { (WBD)"WBD + ol + | (BD)"BD| }’1 0
: {(WBD)TAS +wXo+B(BD)T [H(k> N Q<k>] }

where I denotes a unit matrix of the same dimension as the matrix
D'D, and k is the iterative number.

H®D —sign [BDx<k+1> n Q<’<>] -max “BDX("“) +Q®

2
B (ﬁ)p ‘BDX“‘“)+Q<")

o

P 170} (40)

where sign({) is a symbolic function defined as Eq. (41)

1 .,(>0

sign(Q)=< 0 ,{=0 (41)
-1 ,{<0

Q(k+1) — Q(k) + [BDx(k+]) _ H(k+l)] (42)

In Table 3, we summarized the inversion framework of the

fracture density e and fracture gas indication factor GFI based on the
Lp quasinorm.

After obtaining the inversion results of the anisotropic param-
eters in the first step, the remaining seismic amplitude data are
used in the second step to invert the isotropic background pa-
rameters in Eq. (14), including the isotropic parameters MP, ,ub, and
p, using the same inversion algorithm in Table 3. Seismic data that
eliminate the effects of fractures are obtained:

§° =S — WM'DX = WB*°X™° (43)
with
F(01,9;) U(0q,9)
g | F(02,®) U0, %) (44)
F(Om, @) U(Ou, B;) M(N—1)x2(N—1)
C(6h) V(bh) Y(bh)
giso_ | C(02) V(b2) Y(br) (45)
Clm) V) Y(Ou) M(N=1)x3(N—1)
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Fig. 12. Workflow of the inversion strategy.
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Fig. 13. Well curves used for model testing, where (a) is the P-wave modulus MP, (b) is the S-wave modulus uP, (c) is the density p, (d) is the brittleness index Bls, (e) is the fracture
gas indication factor GFI and (f) is the fracture density e.
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Fig. 14. Synthesized noiseless azimuthal seismic data with (a) an azimuth of 0°, (b) an azimuth of 30°, (¢) an azimuth of 60°, (d) an azimuth of 90°, (e) an azimuth of 120°, and (f) an
azimuth of 150°.
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Fig. 15. Noise-free synthetic azimuthal difference seismic data with (a) @,—®, (b) @3- @1, (¢) P4—Py, (d) 5—P;, and (e) Ps—P4, respectively.

where S denotes the azimuthal seismic data, $*° indicates the re-
sidual seismic amplitude data, representing the isotropic part, and
X' is a parameter matrix of the P-wave modulus, S-wave modulus,
and density not associated with azimuths or fracture dips. Finally,
we have summarized the workflow of this paper's parameter
inversion strategy in Fig. 12.

3. Model testing and field-data application
3.1. Synthetic data

To validate the effectiveness and robustness of the stepwise
inversion algorithm proposed in Section 2.4, we design a TTI model
with a fracture tilt angle of 70°. We first calculated the elastic and
fracture parameters on the well of this model, which are presented
in Fig. 13. The isotropic elastic parameters are the P-wave modulus
MP, S-wave modulus ¢, and density p; the anisotropic parameters
are the fracture gas indication factor GFI and fracture density e; and
the brittleness index BIs is calculated indirectly with Eq. (11) based
on the isotropic elastic parameters. Using the Richer wavelet with a
main frequency fp of 30 Hz in Eq. (50), we convolutionally syn-
thesize azimuthal seismic data with different signal-to-noise ratios
(SNRs) according to Eq. (21), which mainly includes the six
azimuthal angles of 0°, 30°, 60°, 90°, 120°, and 150°, sequentially.

Fig. 14 shows the synthesized noiseless azimuthal seismic data,
with incident angles ranging from 0 to 40° for each azimuth at an

interval of 2°. To eliminate the isotropic background of synthetic
seismic data, the synthetic seismic data with different azimuthal
angles were differenced and employed to invert the anisotropic
fracture parameters, namely the fracture gas indication factor GFI
and the fracture density e. The five sets of azimuthally differenced
synthetic seismic data containing noiseless data are displayed in
Fig. 15.

w(t) = [1 - 2(wfot)? ] el "] (50)
where fy denotes the main frequency of the Richer wavelet.

To verify the noise resistance of the inversion algorithm in this
article, we attach a certain degree of random noise to the synthetic
seismic data recorded at different azimuthal angles, as shown in
Fig. 16, and simultaneously, we generate the relevant azimuthal
difference seismic synthetic data, as shown in Fig. 17.

Fig. 18 illustrates the noiseless parameter inversion results ob-
tained using the azimuthal seismic data in Fig. 14 and the amplitude
difference seismic data in Fig. 15; the red curves represent the
inversion results, the black curves represent the well data, and blue
curves represent the initial model. The inversion results show that
the couplings between the inversion results in red and the modeled
data in black are strong. The isotropic parameters can be satisfac-
torily inverted, and the weakly anisotropic fracture parameters can
also be obtained with high accuracy due to the advantage of the
separate inversion in the approach presented in this paper. Notably,

3213



Y. Zhao, X.-T. Wen, C.-L. Li et al.

Petroleum Science 21 (2024) 3202—3221

1050 1050

1050

TER T
%ﬁ@ %i 5 ﬁ%j I MM ﬁﬁ
T i
sl I L
M ﬁﬁzﬁ i 'ﬁi%?% ]
T
f#ﬁﬁiw }%ﬁ%ﬁ;é% %% %
ﬁlﬁsﬁs%é@ ) 1

T T
0 5 10 15 30 35 40

i
ZO’ R 25

Fig. 16. Synthesized azimuthal seismic data for SNR = 5 with (a) an azimuth of 0°, (b) an azimuth of 30°, (¢) an azimuth of 60°, (d) an azimuth of 90°, (e) an azimuth of 120°, and (f)

an azimuth of 150°.

the brittleness indices calculated indirectly from the inversion re-
sults of the isotropic parameters agree very well with the logging
data. Fig. 19 illustrates the robustness test results of the inversion
algorithm, using the noise-added azimuthal seismic data in Fig. 16
and the amplitude difference seismic data in Fig. 17. The inversion
results are undeniably corrupted by random noise. However, the
relative trend of the inversion results is still reasonable and
acceptable, indicating that the inversion algorithm has satisfactory
robustness.

To quantitatively analyze the effectiveness and robustness of the
inversion algorithm, we introduce the correlation coefficient in Eq.
(51) to calculate the coupling between the inversion result and the
model curve for each parameter, which characterizes the degree of
correlation between the two vectors, and in general.

o 2ilki —R)(Ei —¢)
Vil — R - B

(51)

where k and £ represent the inversion result vector and the actual
model vector, respectively; the overline indicates the average value,
and the closer the absolute value of cc is to 1, the greater the
correlation.

Fig. 20 illustrates a histogram of the error statistics relative to
the modeled data for the noiseless inversion results of Fig. 18. This
intuitively demonstrates that the relative errors of all the
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parameters are mainly low. The correlation coefficients of the
predicted parameters are all greater than 0.998 in this case, indi-
cating that the inversion accuracy in the noiseless case is relatively
high. Moreover, Fig. 21 exhibits that the relative errors of the
inversion results in the case of noise disturbance are greater than
those in the noiseless case. In the case of noise disturbance, the
correlation coefficients of all directly predicted parameters are
greater than 0.92, and the indirectly calculated brittleness index is
greater than 0.82 in the case of noise disturbance. The relative er-
rors of the parameters are still within the acceptable range, and the
calculated brittleness index is relatively reasonable. In summary,
the synthetic data tests in this article show that the inversion
strategy based on the Lp quasinorm theory possesses a certain de-
gree of effectiveness and noise resistance and can be applied in
practice.

3.2. Field-data application

To verify the effectiveness of this method in predicting the
fracture development, fracture gas content, and the shale brittle-
ness distribution in fractured gas-bearing shale reservoirs, a spe-
cific area of the Sichuan Basin, China, as shown in Fig. 22, is adopted
for further analysis. Fig. 4 exhibits the logging data and fracture
weakness prediction results of Well A. The section from T; to T3 at
Well A is a fractured, high-quality, gas-bearing shale reservoir with
vertical depths of 2483 m—2516 m, which is the central reservoir
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the modeled well data, and the blue curves representing the initial model.

location for such prediction work due to its high porosity, high
values of fracture weaknesses indicating fracture development, and
high TOC content indicating the high hydrocarbon production ca-
pacity of this section of shale. Fig. 9 presents the main parameters
prepared for prestack seismic inversion, with a high brittleness
index BIs in the destination section, and high values of the pre-
dicted fracture density and fracture gas indication factor are

exhibited. Before commencing the reservoir inversion prediction,
the azimuth of fracture development (fracture strike) and fracture
dip are determined from the fullbore formation microimager (FMI)
image interpretation results in Fig. 23. The fracture orientation is
northeast to southwest, and the fracture dip angle is mainly
concentrated at 70°. Then, the predictions of the reservoir
geological sweet spot (GFI) and engineering sweet spots (Bl5 and e)
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are performed based on the prediction workflow shown in Fig. 12.

We extracted and stacked an arbitrary survey line profile from
the OVT-domain seismic data at various incident angles following
the fracture development azimuth and perpendicular to the frac-
ture azimuth, with the central incident angles of 5° (0—10°), 15°
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(10—20°), and 25° (20—30°), and with a maximum time range of
1520—1800 ms, as shown in Fig. 24, where the black vertical lines
represent the paths of Well A. The small ticks on the paths repre-
sent the interval tops interpreted at the well in Fig. 9, namely, Ty, T2,
and T3 in order. We mark the fractured destination reservoir section
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Fig. 22. The location and data information of the actual work area, where (a) is the
location of the work area, and (b) is the data situation, including the seismic data and
locations of the Wufeng Formation shale basement and vertical Well A (Lin et al.,
2022).

from T, to T3 in yellow on the Well A paths. Then the different
azimuthal seismic data with the same incident angle are used to
yield the azimuthal difference seismic data, as shown in Fig. 25. The
well data in Fig. 9 are interpolated, extrapolated, and low-pass
filtered to produce low-frequency initial models of the parame-
ters in Fig. 26, which helps to supplement the background infor-
mation and improve the inversion stability.

Fig. 27 shows the inversion results of the isotropic elastic pa-
rameters and the anisotropic fracture parameters, which are the P-
wave modulus MP, S-wave modulus ,ub, density p, brittleness index
Bls, fracture gas indication factor GFI, and fracture density e, in
which it can be recognized that the P-wave modulus and the S-
wave modulus are relatively low in the target layer. The calculated
brittleness index demonstrates an abnormally high value in the
fractured reservoir sections indicating that the brittleness of the
shale at the reservoir location is favorable for effective fracture
stimulation.

As shown for Well A in Fig. 9, we have considered the locations
with fracture gas indication factors greater than 0.06 as gas-rich
locations and those with fracture densities greater than 0.04 as
fracture development locations. The fracture gas indication factor
GFI in Fig. 27(e) exhibits a high value in the reservoir location,
indicating high fracture gas contents. The fracture density in
Fig. 27(f) is also high in the destination layer, indicating fracture
development in the shale reservoir. Fig. 28 represents the prestack
inversion results of the elastic and fracture parameters for a single
trace at the location of Well A, where the red-marked inversion
results are in better agreement with the black-marked actual well
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curves, which indicates the reasonableness of the inversion results.
In comparison, the isotropic parameter inversion results in
Fig. 28(a)—(c) are better than the weakly anisotropic parameter
inversion results in Fig. 28(e) and (f), which is attributed to the
marginal contribution to the PP-wave reflection coefficient. How-
ever, it is noticeable that the fracture parameters in Fig. 28(e) and
(f), which utilize the azimuthal amplitude difference seismic data in
advantage of the split-component inversion strategy demonstrate
high values in the target layer location with a generally consistent
overall trend. The statistics of the inversion results for Well A in
Fig. 29 indicate that the inversion accuracy of the isotropic pa-
rameters is superior to that of the anisotropic parameters. At the
same time, the correlation coefficients suggest that the inversion
results of all the parameters are all fundamentally credible.
Ultimately, to predict the spatial development characteristics of
fractured gas-bearing shale reservoirs, we conduct prestack inver-
sion with 5D seismic data. Fig. 30 illustrates the layer slices
extracted along the bottom of the Wufeng Formation shale
bedding, where the black dots represent the position of the vertical
Well A. The optimum brittleness index in Fig. 30(a) is distributed
around Well A, with the expected high values indicating better
shale brittleness. The fracture density in Fig. 30(c) exhibits high
values in Well A, with surrounding fracture development, and the
integrity of the fractures demonstrates a northeast-southwest
orientation, which matches better with fracture orientation inter-
preted from the FMI images in Fig. 23(c). In addition, we can
identify the scale of fracture gas development from Fig. 30(b). The
fracture gas is enriched around vertical Well A, and there appears to
be a relative association between the fracture gas development and
the fracture density from southwest to northeast. Geological faults,
as shown in Fig. 30(d) for the artificial fault interpretation result in
F;, generally induce more adjacent zones of microfracture aggre-
gation, with relatively distinct waveform phase misalignments on
seismic stacked profiles as shown by the green arrows in Fig. 30(e).
The negative amplitude anomalies of the common depth point
(CDP)-stacked seismic data in the bottom slices of the target layer
indicate the approximate location of fault F; in Fig. 30(f), and the
location of the fault is precisely located in the seismic amplitude
variance in Fig. 30(g). To summarize, the method proposed in this
paper for predicting fracture density e, the fracture fluid indication
factor GFI, and the optimum brittleness index Bl offers improved
characterization of gas-bearing shale reservoirs. This provides
valuable technical support for enhancing shale gas production.

4. Conclusions

In this article, based on the petrophysical modeling of shale
reservoirs, we have optimized the best form of the brittleness index
to characterize the difficulty of shale fragmentation for Well A in a
work area in the Sichuan Basin, China. Subsequently, we defined a
fracture gas indication factor GFI to quantitatively describe the
location and extent of the gas enrichment in the fractures. Then, we
derived a new linear PP-wave reflection coefficient for TTI media,
which achieves the direct inversion of the fracture gas indication
factor GFI and fracture density e using the anisotropic component of
the OVT-domain seismic data and the elastic parameters. The sys-
tematic prediction of engineering sweet spots (with the fracture
density e and brittleness index Bls) and geologic sweet spots (with
the fracture gas indication factor GFI) can be effectively carried out
to increase hydraulic pressure production of shale gas. We have
further obtained the following conclusions based on the results of
our experimental modeling tests and practical applications.

1) Regarding the preferred brittleness index, we initially employed
the conventionally brittle mineral fractions for preliminary
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Fig. 23. The interpretation conclusion of fracture imaging in the target layer, where (a) is an FMI image, (b) is shale rock core images, (c) is the fracture orientation results, and (d) is

the fracture inclination angle results.

(a) Dot = 45°, 07 = 5°
Amplitude
25000
[}
o)
£ 0
=
-25000
(d)
1 100 200  CDP
150 * * Amplitude
25000
[}
2 1651 o
E
1.80 A -25000

(b)

Time, s

(e)

Time, s

Doy = 45°, 6, = 15°

Doy, = 135°, 6, = 15°
200

100

CDP

1.50 4

1.65 A

1.80

(c) Dot = 45°, 03 = 25°
Amplitude Amplitude
25000 25000
0 0
—-25000 —-25000
(f) Dopsz = 135°, 05 = 25°
1 100 200 CDP
Amplitude 1.50 k . . Amplitude
25000 25000
n
9]
0 g 1.65 0
[
—-25000 1.80 —-25000

Fig. 24. Stacked seismic data with different azimuths and central incident angles, where (a), (b), and (c) are azimuths of 45°, and (d), (e), and (f) are azimuths of 135°, corresponding

to central incident angles of 5°, 15°, and 25°, respectively.

(a) AD = Doy = Popst, 01 = 5°
1 100 coP
150 4 . Amplitude
-\,\ 8000
NN
a :l\‘? ?"\
£ o N :
= ‘7? oy
: Jﬂ
1.80 4 ~13000

(b)

Time, s

AD = Doy = Popst, 0 = 15°
1 200 CDP
150 -
- 250
1.65 (
. o
"-4.‘,,_, .‘Mg‘ ‘l‘
1.80 .

(c) AD = Doy = Popst, 03 = 25°
1 200  CDP
Amplitude 1.50 4 i Amplitude
8000 8000
@ |
& 7
0 £ 165 L o
. W el
ey ;r
T T
PO W
-13000 1.80 s -13000

Fig. 25. Different azimuthal seismic amplitudes for different central incident angles, where (a), (b), and (c) are incident angles of 5°, 15°, and 25°, respectively.

3218



Y. Zhao, X.-T. Wen, C-L. Li et al.

200

Petroleum Science 21 (2024) 3202—3221

CcbP CDP

100

200

p, glec
2.74

Well A

262

1.80 2.50

(a) 1 100 20 cop (b) 1 100
M, GPa
Well A
15
75
35
(d) 1 100 200  CDP
1.50 Y GFI, viv
Well A 0.10
[}
o
g 165 005
=
1.80 o

(a) 1 10.0 2?0 CDP 10.0

1.80

200

1 100 200

e, viv

0.06

0.03

0

Fig. 26. Initial model of elastic and fracture parameters at a low frequency, where (a) is the P-wave modulus M, (b) is the S-wave modulus x (c) is the density p, (d) is the fracture
gas indication factor GFI and (e) is the fracture density e.

CDP 200 CDP

Me, GPa

Well A
115

35 1.80

. glee
2.74

2.62

2.50

100

200

CDP

BI, viv
44

GFl, viv
0.10

e viv

Fig. 27. Inversion results of isotropic background parameters and fracture parameters at an arbitrary survey line, where (a) denotes the P-wave modulus MP, (b) denotes the S-wave
modulus £, (¢) denotes the density p, (d) denotes the brittleness index Bls, (e) denotes the fracture gas indication factor GFI, and (f) denotes the fracture density e.

(a) MP, GPa (b) u°, GPa (c) p, glcc (d) Bls, vIv (e) GFlI, viv (f) e, viv
40 80 120 15 20 25 30 26 27 2 4 0.02 006 0.10 0.02 0.04 0.06
1660 1660 1660 1660 1660 1660
1680 1680 1680 1680 1680 1680
2 1700 1700 1700 1700 1700 1700
[}
£ 1720 1720 1720 1720 1720 1720
=
1740 1740 1740 1740 1740 1740
1760 1760 1760 1760 1760 1760

selection. Then we compared the contributions of the property
parameters, including porosity, gas saturation, and organic
matter content, to the brittleness index through the petro-
physical modeling method. Finally, we determined the optimal
brittleness index with a high sensitivity to brittle minerals, shale
porosity, and organic matter content. The efficiency of the pet-
rophysical modeling of shale and the justification of the optimal
brittleness index were also demonstrated with the interpreta-
tion of the actual logging curves of Well A.

2) We have defined a new fracture gas indication factor, GFI, whose

petrophysical analyses demonstrate its high sensitivity to the
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3)

Fig. 28. Single-channel parameter inversion curves, where (a) is the P-wave modulus M, (b) is the S-wave modulus u", (c) is the density p, (d) is the brittleness index Bls, (e) is the
fracture gas indication factor GFI and (f) is the fracture density e, with the black lines representing the actual well curves, and the red lines representing the inversion curves.

fracture gas content and almost insensitivity to the fracture
aspect ratio or fracture density. Considering the impacts of
subsurface fracture inclination on seismic anisotropy, we
derived a PP-wave reflection coefficient that incorporates the
fracture gas indication factor GFI and the fracture density e for
the TTI medium, which has not only achieves the direct inver-
sion of the fracture parameters but also improves the accuracy
of the weakly anisotropic and multiparameter inversion.

The results of theoretical modeling tests and practical applica-
tions demonstrated the effectiveness of the inversion algorithm
with sparse constraints of the Lp quasinorm and the split-
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the amplitude slice of the CDP-stacked seismic date, (f) denotes the prediction of faulting results based on seismic amplitude variance, and (g) denotes the variance attribute.

component inversion strategy introduced in this article. These
research achievements can effectively predict the brittleness
index, fracture density, and fracture gas in fractured gas-bearing
shale reservoirs, which is significant for practical production.

In addition, there are some limitations and improvements in our
study. The brittleness index is the indirect result of the elastic
parameter prediction, which is susceptible to unavoidable and in-
direct errors with low-SNR seismic data, but subsequent research
could be carried out to realize the direct prediction of the brittle-
ness index. The fracture inclination angles were obtained from the
FMI interpretation on the well, and we could further study how to
invert the fracture dips based on anisotropy theory.
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