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ABSTRACT

Source rocks (shales) exhibit different geometric pore types and considerable anisotropy caused by the
preferential orientation of the clay and kerogen layers, which is not accounted for in classical rock-
physics models. Pore geometry can be effectively studied through the aspect ratio, and in this study,
we use the aspect ratio to characterize different pore geometries. Then, we consider a pore connectivity
index as well as a lamination index associated with these orientations. An inclusion-based theory
(differential effective medium and self-consistent approximation) and the Brown-Korringa equations
are used in the modeling approach. The results show that the indices as well as the aspect ratio of the
connected pores significantly affect the elastic properties. We propose an inversion method to invert
these three parameters simultaneously from experimental vertical P- and S-wave velocities using a
global optimization algorithm. The method is applied to well log and seismic data from the Longmaxi
shale reservoir in southwest China to verify its predictive ability.
© 2025 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 license (http://creativecommons.org/licenses/by/4.0/).

VTI anisotropy

1. Introduction

As extremely valuable unconventional resources, shale oil and
gas have become a research focus for geophysical exploration and
development. Compared to conventional reservoirs, shale reser-
voirs have more storage modes, greater mineral composition,
more complex organics and pore types, and greater heterogeneity
(Passey et al., 2010; Ma, 2016; Jiang et al., 2016). The establishment
of an effective rock physics model for shale rocks is the basis for
the study of geophysical response characteristics, which can pro-
vide a basis for the prediction of sweet spots in shale oil and gas
reservoirs (Luo et al., 2020, 2021).

Unlike sandstones, shales are anisotropic, with vertical trans-
verse isotropy (VTI), mainly due to the stratification of clay and
kerogen (Hornby et al., 1994; Carcione, 2000; Lonardelli et al.,
2007; Carcione and Avseth, 2015; Li et al., 2015; Zhang et al.,
2017; Gong et al., 2021; Liu et al., 2022), horizontally distributed
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flat pores and microcracks (Hornby et al., 1994; Sarout and
Guéguen, 2008; Dewhurst and Siggins, 2006; Baird et al., 2017),
and long-term geological sedimentation and compaction pro-
cesses (Lonardelli et al., 2007; Bandyopadhyay, 2009).

Rock physics experiments, which involve measuring properties
such as resistivity, porosity, mechanical characteristics, and
acoustic-electric properties, are essential tools for studying shale
properties (Passey et al., 2010; Soeder, 1988; Gong et al., 2018,
2021). The experiments also play a crucial role in bridging well
log responses and their interpretation (Luffel et al., 1992; Yang and
Torres-Verdin, 2013). Sondergeld and Rai (2011) conducted
experimental studies on the acoustic properties of Kimmeridge
shale and found that shale anisotropy increases with the organic
matter content. The rise in organic matter content leads to a
decrease in density, which in turn produces effects opposite to
those of compaction. Tan et al. (2015) using nuclear magnetic
resonance (NMR) measurements of shale core plugs, investigated
the NMR response characteristics of shale. Gong et al. (2019) ob-
tained the static and dynamic properties of synthetic and natural
shale samples containing various clay minerals through triaxial
tests during loading and unloading processes.

Rock-physics models (Carcione et al., 2011; Grana et al., 2021;
Yu et al.,, 2023; Guo et al., 2022a, 2022b), provide a basis for
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describing elastic anisotropy. Many petrophysical models have
been proposed. The differential effective medium (DEM) and self-
consistent approximation (SCA) models are commonly used (e.g.,
Hornby et al., 1994; Qian et al., 2016; Gui et al., 2022; Zhu et al.,
2024). Vernik and Landis (1996) and Carcione (2000) proposed
the Backus average to describe the anisotropy caused by the
lamination of clay and kerogen. Bandyopadhyay (2009) and Wu
et al. (2012) considered kerogen as the background medium in
the DEM theory. Pan et al. (2020) defined a brittleness indicator for
high-porosity organic-rich shale reservoirs. Based on SCA and DEM
methods. Qin et al. (2022) combined Backus averaging, DEM, and a
linear slip model to describe the influence of inclined fractures in
shale.

Compaction and diagenesis can change the orientation of
mineral particles while compressing rock volumes (Lonardelli
et al.,, 2007; Bandyopadhyay, 2009; Carcione and Avseth, 2015;
Dabat et al.,, 2019). An orientation distribution function (ODF)
and its standard deviation can be used for quantitative analysis
(Sayer, 2005; Qian et al., 2016; Asaka et al., 2021; Gong et al., 2021;
Huang et al., 2022). Hornby et al. (1994) proposed a technique to
estimate the orientation distribution of clay platelets by using a
digital scanning electron microscope, by which the effective elastic
modulus of clay-fluid composites with different orientation angles
can be estimated. The lamination degree is another indicator of
mineral orientation and anisotropy (Guo et al., 2014). Zhang et al.
(2017) proposed a workflow to describe anisotropy using the
lamination degree and the aspect ratio of “clay-related” pores.

The pore connectivity of organic matter differs from that of clay
minerals (Zhao et al., 2023; Yao et al., 2023). In general, connected
and isolated pores coexist in shales. Fu et al. (2019) found a good
correlation between the percentage of isolated pores and organic
matter, indicating that isolated pores are primarily located in
organic matter (Carcione, 2000). Dong et al. (2023) found that a
large number of pores smaller than 100 nm in organic matter are
disconnected. The effect of pore fluids is commonly analyzed with
the Gassmann equation. The inclusion-based theory incorporates
isolated pores (empty or fluid-saturated) as inclusions.

Seismic waves induce a fluid flow, and the differences in pore
type and saturation can both affect the elastic properties
(Kuteynikova et al., 2014; Chen et al., 2017; Ba et al., 2023).
Therefore, a theory considering only one type of pore (isolated or
connected) may lead to prediction errors, and modeling pore ge-
ometry accurately is essential (Wang et al., 2011; Li et al., 2016; Ma
et al., 2019; Zhang et al., 2021). Wang and Tang (2021) proposed a
method for predicting velocity dispersion from seismic data, based
on a pore aspect ratio spectrum obtained with P-S velocity inver-
sion (see also Li et al., 2013). Aspect ratio and pore orientation
affect anisotropy (Falahat and Farrokhnia, 2020; Zidan et al., 2021;
Guo et al., 2022b; Wu et al., 2023). Guo and Li (2015) estimated S-
wave velocity by using the pore aspect ratio as a fitting parameter
at each depth level and considering a statistical distribution of
pore geometry, and Guo et al. (2022a) used the pore aspect ratio in
AVO inversion. Global optimization algorithms such as simulated
annealing (SA) (Kirkpatrick, 1984) and particle swarm optimiza-
tion (PSO) (Kennedy and Eberhart, 1995) have been adopted. Gali
and Waskito (2022) used PSO to estimate mineral stiffness and
pore geometry, while Ba et al. (2023) used SA for the inversion of
the wet-rock elastic modulus.

We propose a new theory, which combines the SCA-DEM
model and Brown-Korringa equation. We first analyze the
impact of isolated and connected pores on the elastic modulus and
introduce a pore connectivity index (rcon). The theory takes into
account the distribution of clay and kerogen by introducing a
lamination index (LI). A sensitivity analysis, based on LI, r¢on, and
the isolated and connected pore aspect ratios, ajso, and acon, Shows
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that LI, rcon, and acon have a significant impact on stiffnesses and
anisotropy. Therefore, these indicators are treated as unknown and
inversion parameters, and the log P- and S-wave velocities are
used as constraints in a SA inversion to obtain the depth variation
of these parameters. This allows for a comprehensive consider-
ation of the complexity of the pores and the degree of spatially
varying particle orientation, bringing the model closer to real
geological conditions. The main contribution of this work is the
incorporation of the effects of clay lamination, pore types, and
pore geometry into the rock physics modeling of shale rocks.
Additionally, an inversion approach is employed to capture the
depth-dependent variations of three key parameters—the lami-
nation index, pore connectivity index, and connected pore aspect
ratio—thereby enhancing the accuracy of the model predictions.
The method is applied to log data from the Longmaxi shale in
southwest China and compared with the other five approaches,
demonstrating its effectiveness. The predicted elastic and anisot-
ropy parameters are then applied to the seismic anisotropic VTI
inversion, building the initial models.

2. Methodologies
2.1. Combined SCA-DEM model

Inclusion theory, based on SCA and DEM, is a typical approach
used to estimate the elastic properties of rocks, where one
component is usually regarded as the background medium, and
the other as inclusions. SCA (Appendix A) is used to mix the fluid
and solid phases, agreeing with the lower Hashin-Shtrikman limit
as porosity exceeds 60% (Berryman, 1980; Fukuzawa et al., 1994).
The rock is in a “grain suspension” unconnected state, in which the
pore-fluid surrounds the solid phase, leaving the solid grains un-
connected. Due to the symmetry of the SCA algorithm, both phases
are only connected if porosity is between 40% and 60% (Qian et al.,
2017). DEM (Appendix B), an asymmetric effective medium theory,
assumes that one phase is initially the background medium, and
the other is an inclusion (Norris, 1985; Zimmerman, 1984).
Choosing different minerals as the background medium leads to
different results, and thus to errors.

Hornby et al. (1994) proposed the anisotropic SCA-DEM model,
where the volume fractions of both phases are set to 50%, and the
SCA is used to build an interconnected effective medium. Then, the
DEM model is applied to adjust the volume fraction of a phase to
its actual value. It combines the advantages of both the SCA and
DEM methods, and maintains the connectivity between different
phases without defining a background medium, thus avoiding the
limitations of the DEM.

Here, the SCA-DEM model is applied to obtain the properties of
the clay-kerogen mixture. The physical and elastic properties of
kerogen are more similar to those of fluids and are coupled with
clay. When simulating a clay-kerogen mixture, it is unnecessary to
consider the primary and secondary order of the two phases, while
ensuring that both are interconnected.

2.2. Brown-Korringa model
Gassmann (1951) equations are

K\ (9 1-¢ Kay
Km ) \Kq

Km K32

Ksat = Kdry + (
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where Ksa and pg,¢ are the bulk and shear moduli of the saturated
rock respectively, Kqry and pqry are those of the dry rock, Kg and Ky
are those of the fluid and mineral, and ¢ is the porosity.

Brown and Korringa (1975) derived the anisotropic version of
Gassmann equations, namely the BK model:

~dry =m ~dry ~m
sat  dry (Sijaa - Sijaa) (Sbbkl - Sbbkl)
Sijkt = Sijkl — ~dry an (3)
(Sccdd ccdd) ‘/’(ﬂﬂ - ﬂm)
with
m B
Pm =Seett: P = Kﬂ ]7 (4)

where tensors S represents the effective elastic compliance, and g
and g, are compressibilities (see also Carcione et al., 2011).

2.3. VTI anisotropic media

VTI media is commonly used to describe the anisotropy caused
by thin layers, microcracks, and preferential orientation of mineral
particles. The stiffness matrix can be expressed with five inde-
pendent elasticities (e.g., Carcione, 2022; Luo et al., 2022), which
take the form as

C11 C11 — 2666 C13 0 0 0

C11 — 2C66 C11 C13 0 0 0

VT _ 13 C13 3 0 0 0
c o 0 0 0 Cq4 0 0 (5)

0 0 0 0 Cq4 0

0 0 0 0 0 Ce6

Thomsen (1986) characterized VTI media under the assump-
tion of weak anisotropy, with the following parameters:

_Ctn—0C3
\/ >, Vso = \/ BT (6)
_Co6—Caa ,_ (C13+Cag)® — (C33 — C44) )
2c44 2¢33(C33 — Ca4)

where Vpg and Vg are the vertical velocities of the P and S waves, ¢
and y represent the anisotropy and s the shape of the wavefronts.

3. Sensitivity analysis
3.1. Effect of isolated/connected pores

In fact, shale contains pores with varying sizes, aspect ratios,
and preferred orientations, contributing differently to shale
anisotropy. Ignoring the different properties of shale pores and
treating them equivalently may overestimate the influence of pore
fluid on shale anisotropy. Considering these features, Kwon et al.
(2004) classified the pores in shale into six types. Zhang et al.
(2017), from the perspective of rock physics modeling, simplified
this classification into two categories based on differences in
geometric shapes and contributions to anisotropy: ‘clay-related’
and ‘silt-related’ pores. The former refers to crack-like, preferen-
tially oriented pores that are associated only with clay, which have
a significant impact on elastic anisotropy. In contrast, ‘silt-related’
pores, with a wide range of orientations and different association
with mineral compositions, contribute less to elastic anisotropy.
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Thus, crack-like pores in clay are a significant source of shale
anisotropy (Hornby et al., 1994; Sarout and Guéguen, 2008;
Dewhurst and Siggins, 2006; Baird et al., 2017). In fact, in rock
physics modeling of shales, factors such as pore type (connected/
isolated), pore shape (aspect ratios) and degrees of lamination
should all be taken into account.

Table 1 shows the elasticities of the isotropic shale. In Model 1,
we use the anisotropic DEM model to add fluid-filled pores to the
background medium and obtain the elastic properties of wet shale
with isolated pores. In Model 2, the DEM method is used to add dry
connected pores to the background medium and obtain the skel-
eton stiffnesses, and those of the brine-saturated medium are
calculated using the BK equations. Based on the established
models, the effects of pore aspect ratio and connectivity types are
analyzed, which provides a theoretical basis for the subsequent
modeling.

Figs. 1 and 2 show the variation in elastic properties for the
brine-saturated shale models as a function of pore aspect ratio,
corresponding to the results of Model 1 and Model 2 (DEM and BK
methods, respectively). Fig. 1 shows the results of parameter group
{Vp, Vs, €, 6, v}, and Fig. 2 corresponds to the parameter group {cy,
€33, C13, C44, Ce6}. As observed, when the porosity remains constant,
the anisotropy parameters ¢ and y and the stiffness cgg exhibit a
decreasing trend with increasing aspect ratio. Conversely, the
other parameters show an increasing trend. Different parameters
have varying sensitivities to changes in porosity. For example, P-
wave velocity is more sensitive than S-wave, and the anisotropic
parameter ¢ is higher than 6. Moreover, it is evident that different
pore types (isolated or connected) can cause variations in elastic
properties, and different parameters exhibit different sensitivities
to pore types. Vp, anisotropy parameters ¢ and y, and stiffness co-
efficients cq1, ¢33, and cqy3, are particularly sensitive to pore types,
especially when pores have small aspect ratios.

Figs. 3 and 4 show the same properties as a function of porosity.
With a constant aspect ratio, the anisotropy parameters e and y
increase as porosity rises, whereas § increases first and then de-
creases with the increasing porosity. The other parameters show a
decreasing trend. The sensitivity of each parameter to the aspect
ratio of the pore varies. For example, the S-wave velocity is more
influenced by the aspect ratio than the P-wave velocity, and the
anisotropy parameter y is more sensitive than ¢ and 6. Additionally,
it is evident that different pore types (isolated/connected) can
cause differences in elastic and anisotropy parameters, especially
noticeable at high porosity. The parameters have different sensi-
tivities to pore types, e.g. Vs, and the anisotropy parameters y and &
are more affected by pore types.

Fig. 5 shows 3D diagrams with {Vp, Vs, ¢, 8, y} obtained with the
two models as a function of porosity and aspect ratio. As shown in
Fig. 5(a), (c), (e), the P-wave velocity, as well as ¢ and y, are affected
by pore types at low aspect ratio and high porosity, while § shows
the greatest differences at medium aspect ratios and high porosity.
In contrast, the S-wave velocity is less influenced by the pore type.

The numerical analysis above indicates that pore-related pa-
rameters (pore aspect ratio and porosity) have a significant impact
on shale anisotropy. By using the DEM (Model 1) and BK (Model 2)
models to simulate the rocks with isolated and connected pores,
we analyzed the variations in elastic and anisotropy parameters
under both conditions, which demonstrates the influence of pore

Table 1

Elastic properties of isotropic shale matrix.
Stiffness coefficients  c¢q1, GPa ¢33, GPa  c44, GPa g, GPa (3, GPa
Value 85.6 85.6 24.6 24.6 211
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Fig. 1. (a) P- and (b) S-wave velocities and Thomsen parameters (c) ¢, (d) &, (e) y as a function of pore aspect ratio («) for porosities (¢) of 0.16 and 0.18 by using DEM (Model 1,
orange) and BK (Model 2, red) models.

types should not be ignored and should be considered in shale

modeling.

In this study, we employ the DEM model and the Brown-
Korringa equation to quantify the differences in the elastic
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properties of shale with isolated and connected pores. However,
besides pore connectivity, the differences between the two models
can also be influenced by the elastic interactions of fluid-filled
cracks (Zhao et al., 2020). As pores with small aspect ratios are
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Fig. 2. (a) c11, (b) ¢33, (€) 13, (d) c44, and (e) ceg as a function of pore aspect ratio (a) for porosities (¢) of 0.16 and 0.18 by using the DEM (Model 1, orange) and BK (Model 2, red)

models.
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Fig. 3. (a) P- and (b) S-wave velocities and Thomsen parameters (c) ¢, (d) 5, and (e) y as a function of porosity (¢) for pore aspect ratios of («) 0.05 and 0.07 by using DEM (Model 1,
orange) and BK (Model 2, red) models.
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Fig. 4. (a) cq1, (b) ¢33, (€) €13, (d) c44, and (e) ceg as a function of porosity (¢) for pore aspect ratios of («) 0.05 and 0.07 by using the DEM (Model 1, orange) and BK (Model 2, red)
models.
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Fig. 5. Vertical (a) P- and (b) S-wave velocities and Thomsen parameters (c) ¢, (d) 5, and (e) y as a function of porosity (¢) and pore aspect ratio («) by using the DEM (Model 1) and

BK (Model 2) models, respectively.

closer to microcracks and experience stronger elastic interactions, ¢ =dcon + Piso- (8)
this may amplify the discrepancies of the models, thereby affecting . . .
the quantification results of pore connectivity to some extent. The connectivity and isolation indices are
Tcon = Peon/Ps (9a)
3.2. Effect of the pore indices
Tiso :¢iso/¢ =1—Trcon, (9b)

Based on the previous analysis, it is evident that pore type has a
non-negligible influence on the elastic properties of shale. To
describe the effect of the pore type (isolated or connected) quan-
titatively, we divided the porosity into two contributions, isolated

and connected pore spaces, as

respectively, which express the relative fractions of connected

pores and isolated pores.
The following analyzes the sensitivity of elastic parameters

related to the volume proportions and aspect ratios of different
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pore types. The pore-related parameters analyzed here include the
connectivity index rcop, the isolation index riso, the aspect ratios of
the connected pores acon, and the isolated pore ajso. To demon-
strate the necessity of introducing the pore connectivity index and
to provide a basis for the selection of target parameters for sub-
sequent inversion, we analyzed the variation of the stiffness co-
efficients and anisotropy parameters with respect to the two sets
of parameters [riso, ®iso]/[Tcon, @con)- A simplified shale model was
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used for numerical analysis, with the effective elastic moduli of
brittle minerals set to Kpyittle = 78.66 GPa and puprittie = 53.8 GPa,
and the other parameters are the same as Section 3.1. The
parameter variations were examined when the values of ris, and
rcon Were 0.01, 0.25, 0.5, 0.75, and 1, respectively.

Fig. 6 illustrates the variations in stiffness coefficient group {c1,
€33, C13, C44, Cog} at different isolated pore proportions (rise) simu-
lated by the shale model, as the isolated pore aspect ratio (ajso)
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Fig. 6. (a) c11, (b) c33, (€) c13, (d) c44, and (e) cee as a function of ajs, with different rigo.
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changes. Fig. 6(a), (d) show that c1; and cgg change little with ajso
under different isolation index riso. Fig. 6(b), (c) indicate that c33
and c44 only exhibit a slow variation with isolated pore aspect ratio
aiso When rigo is high. Fig. 7 shows the variation in the stiffness
coefficients with the connected pore aspect ratio (acon) under
different connectivity indices (rcon). AS acon increases, both cy; and
ces gradually decrease, while cq3, ¢33, and c44 increase. All five
stiffness coefficients decrease as the r¢o increases.
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Comparing Fig. 7 with Fig. 6, it is observed that the connected
pore aspect ratio (acon) and connectivity index (reon) result in
greater changes in the stiffness coefficients compared to that of the
isolated pores (ajso and riso), indicating that shale elastic parame-
ters are more sensitive to the parameters related to the connected

pores (acon and reop).

Fig. 8 shows the anisotropic parameter group {Vp, Vs, ¢, 8, 7}
changing with the isolated pore aspect ratio (ajso) and the
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(e) css as a function of acop for different reop.
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Fig. 8. (a) P- and (b) S-wave velocities and Thomsen parameters (c) ¢, (d) 4, and (e) y as a function of a;s, with different riso.

isolation index (riso). It can be seen that as riso increases, Vp and
Vs decrease, while the other three parameters increase, though
the overall numerical range remains small. The anisotropic pa-
rameters only exhibit noticeable changes when the ajs, is small,
and as ajse increases, the changes induced by ris, become
smaller. Fig. 9 shows the changes in the group {Vp, Vs, ¢, 6, 7}
with acon and reon. It can be observed that as acopn increases, both
Vp and Vs increase, while ¢, 5, and y show a significant downward
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trend. Additionally, with larger rco, values, Vp, Vs, and 6 decrease,
whereas e and y increase.

By comparing Figs. 8 and 9, it can be observed that the con-
nected pore aspect ratio (acon) and connectivity index (r¢on) have a
more significant impact on P-/S-wave velocities, as well as aniso-
tropic parameters. This indicates that connected-pore-related
parameters acon and repn are more sensitive to the changes in
elastic parameters.
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3.3. Effects of the preferred orientation of the clay and kerogen
layers

Clay-kerogen layers often exhibit a preferred orientation and
induce anisotropy (Vernik and Nur, 1992; Hornby et al., 1994;
Carcione, 2000). Qian et al. (2016, 2017) assumed that the deflec-
tion angle of clay-kerogen layers platelets follows a normal dis-
tribution. The standard deviation of the distribution controls the
strength of the lamination.
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We define a rotation angle () of each platelet, i.e., the angle
between the symmetry axis of the normally distributed clay-
kerogen platelets and the vertical direction. The elastic proper-
ties of platelets at different rotation angles can be derived from the
Bond transformation of the horizontal ones (Mavko et al., 2009).
The orientation distribution function (ODF) is

ODF ~ N(mean, Ll), (10)
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where “mean” represents the average value of the rotation angle.
Since the main lamination direction of the stratum is horizontal,
the parameter “mean” is usually set to zero. “LI” refers to the
standard deviation of the normal distribution, which indicates the
degree of disorder of the platelets. The probability density function
of the preferred orientation is

0
exp| ——=|.
VP T
The Voigt-Reuss-Hill (VRH) average is used to estimate the
effective elastic stiffness (Voigt) and compliance (Reuss) matrices

of the layers composed of rotated clay-kerogen platelets (Hornby
et al., 1994), as

1

v(6, L) = (11)

1 2n  pn/2
Conix = o / / 2(0.11) Crot (0, 4) do dg, (12)
2l Joxp2

1 2n /2
Smix = - / / L(0, 1) Sror(6, ) do do, (13)
2 )0 Jzp2

respectively, where ¢ is the azimuth angle, Cyot (0, ¢) and Srot (0, ¢)
refer to the stiffness and compliance matrices of the platelets after
the Bond transformation, respectively. Then, the VRH average is
Cetay = [ Comix + (Smix) '] /2. (14)
and the effective modulus of the clay-kerogen platelets rotated at
specific angles is computed by the Bond transformation:

Crot(0,0) = Liijl]Ll(lechk(07 0), (15a)
1 0 0

Lj=1|0 cos® -—sind|, (15b)
0 sin@d cosé@

where the platelets are rotated by angle ¢ around the vertical
symmetry axis.

Crot (6, ) = LiijnLkalpCCk(97 0), (16a)
cos¢p —sing 0

Lj=|sing cosg O0]; (16b)
0 0 1

¢ ranges from 0 to 2z with an interval of =/3, and Cg is the
stiffness matrix of the clay-kerogen mixture.

In shale modeling, the rotation angle of the clay-kerogen
platelets follows a normal distribution to simulate clay lamina-
tion. The lamination index LI, the standard deviation of the rota-
tion angles, quantifies the degree of lamination, while the
expectation (mean), as the average value of the angles, represents
the overall lamination direction of the clay layers. To examine the
effects of LI on the anisotropy, we plot (c11, €33, €13, Ca4, Cgg) and (Vp,
Vs, €, 8, v) as a function of LI for different mean values. As shown in
Figs. 10 and 11, all the parameters show the most significant var-
iations at low LI and gradually stabilize as LI increases. When ex-
pectations differ, although the initial values and trends of the
elastic parameters are different, they ultimately converge to a
stable value, indicating that the anisotropy of shale weakens as LI
increases. It is because as LI increases, the clay-kerogen platelets
tend to form a more random and disordered arrangement,
reducing the overall lamination and VTI properties of shale rocks.
The numerical analysis above highlights the noticeable LI-induced
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changes in the elastic parameters, indicating that LI exhibits a
strong sensitivity to the elastic properties.

3.4. The modeling-inversion approach

Based on numerical analyses above, we emphasize the impor-
tance of considering the clay-kerogen lamination, pore types, and
pore aspect ratios in shale modeling. The parameter rcop is intro-
duced to control the proportion of isolated and connected pores,
adjusting their respective impacts. The aspect ratios (acon and ajso)
refine the pore morphology, while the lamination index (LI) governs
the clay-kerogen mixture, managing the intrinsic anisotropy of
shale rocks. By incorporating depth-dependent variations of r¢qp,
acon, and LI, the shale model can be calibrated for improved simu-
lation accuracy to some extent. As discussed in Section 3.2, acon has
asignificantimpact on elastic properties, whereas aiso plays a minor
role. To mitigate the ill-posedness of the inverse problem, we limit
the number of the inverted parameters. Thus, LI, rcon, and acon are
selected as the target parameters, while ajs, is held constant based
on the preliminary test. We propose a new shale modeling strategy
that accounts for the spatial variations of these three auxiliary pa-
rameters. An inversion strategy, utilizing a global optimization al-
gorithm, is employed to minimize the objective function and obtain
the optimal solutions. The inversion results of these parameters
refine the shale model, bringing it closer to actual geological
conditions.

As mentioned above, crack-like pores within clay contribute
significantly to shale anisotropy (Hornby et al., 1994; Kwon et al.,
2004; Sarout and Guéguen, 2008; Zhang et al., 2017). Researches
by Fu et al. (2019) and Dong et al. (2023) indicate that isolated
pores/cracks primarily develop in the organic matter of shale
rocks. Consequently, in this modeling, we assume the presence of
isolated pores/cracks in the clay-kerogen mixture and incorporate
them accordingly. Additionally, Yao et al. (2023) highlighted that
the connectivity between organic pores and inorganic pores plays
a crucial role in hydrocarbon migration. While the literature does
not explicitly indicate that connected pores are exclusively
developed in either organic matter or inorganic materials, we have
included connected pores in both the clay-kerogen mixture and
the brittle minerals in our model.

The workflow is as follows:

(1) The properties of the clay-kerogen mixture are obtained
by using the SCA-DEM method, as explained in Section
2.1,

(2) Isolated pores/cracks mainly develop in organic matter (Fu
et al., 2019; Dong et al., 2023). An anisotropic DEM model
is utilized to add isolated flat microcracks with a porosity of
¢iso into the clay-kerogen mixture, resulting in clay-kerogen
platelets.

(3) Based on the orientation distribution function (ODF) and
combined with the Bond transformation and VRH average,
the clay-kerogen platelets are rotated and stacked according
to a normal distribution to obtain the corresponding elastic
properties. The lamination index is introduced to quantify
the orientation of the platelets.

(4) Minerals are mixed by using the VRH average to obtain the
effective modulus of the effective mineral. Then this mixture
is added to the medium of step (3) using the anisotropic
DEM model to obtain the properties of the skeleton.

(5) The modeling assumes that connected pores develop in the
clay-kerogen mixture as well as in the effective mineral
(Yao et al., 2023). Using the anisotropic DEM model,
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Fig. 10. (a) c1y, (b) c33, (€) c13, (d) ca4, and (e) cgg as a function of the lamination index (LI) with different mean values.

connected dry pores with a porosity ¢con are added into the
medium obtained in step (4), giving the properties of the
dry shale.

(6) Based on the BK model, fluid (or a fluid mixture) is
substituted into the pores of the dry medium to obtain the
stiffnesses of the fluid-saturated shale.

(7) The residuals between the predicted and experimental (log)
P- and S-wave velocities are minimized. The above three
parameters are iteratively inverted. With the P-wave (Vp)
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the inversion

)

(17)

and S-wave (Vs) velocities as constraints,
objective function is

-+ oo |VE"* () — vge!

m — argmin [gl vamd(m) — yreal
m

where m = [acon, Tcon, L], 61 and o3 are scaling parameters for
balancing the misfit, while V P*d and V ™! denote the theoretical
and experimental velocities, respectively. Considering that Vs is
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Fig. 11. (a) P- and (b) S-wave velocities and anisotropy parameters (c) ¢, (d) 6, and (e) y as a function of the lamination index (LI) for different mean values.

smaller than Vp, we set oy greater than 1. Due to the high
nonlinearity, the SA algorithm is adopted to solve this inverse

problem.

(8) The inverted parameters from step (7) are used in the shale

model to obtain the final properties.

Fig. 12 illustrates the workflow from steps 1 to 6, while Fig. 13
shows the workflow for the shale model aided by the inversion
strategy.

The physical and elastic properties of kerogen are more similar
to those of fluids, which are quite different from other brittle
minerals. Kerogen is commonly coupled with clay. Therefore,
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when calculating the equivalent elastic properties of the clay-
kerogen mixture, the interconnection between the two compo-
nents must be taken into account (Qian et al., 2016). The SCA
model can achieve this interconnection between the two-phase
materials. However, the volume fractions of clay and kerogen
vary with depth, it is difficult to choose either clay or kerogen as
the background phase. Moreover, the kerogen concentration may
fall outside the biconnected range of SCA (40%-60%). To address
these issues, we use SCA-DEM to model the clay-kerogen mixture.
The SCA-DEM does not need to consider the order in which the
two-phase materials are added, ensuring their interconnection
and effectively combining the advantages of both theories (Hornby
et al., 1994; Berryman, 1980; Mavko et al., 2009; Qian et al., 2016).

The DEM model, under the high-frequency assumption, can
simulate the distribution of inclusions within the background
phase. When incorporating brittle minerals and pores, the back-
ground phase and the order of addition have already been deter-
mined, enabling the use of DEM to include the brittle minerals and
pores. The isotropic brittle minerals in shale are typically
discretely distributed in the clay-kerogen background phase (Wu
et al., 2012; Qian et al., 2016). Therefore, DEM method can be
employed to add brittle minerals into the background phase
(Bandyopadhyay, 2009; Zhang et al., 2017).

Petroleum Science 22 (2025) 4462-4491

4. Example
4.1. Preliminary test

We used log data from the Longmaxi shale reservoir in
Southwest China for testing the proposed method. At the well
location, the shale reservoir is located between 2051 m and 2063
m in depth. Fig. 14 displays the log profiles, showing data of Well 1
for the P-wave velocity (Vp), S-wave velocity (Vs), density (p),
porosity (¢), and the mineral components (fraction). The rocks in
the reservoir formation include brittle minerals, e.g. quartz, calcite,
and dolomite, and a relatively high volume of clay and organic
content. Due to the reservoir section belonging to the ancient
Upper Ordovician, the shale rocks have been highly compacted,
resulting in porosities of less than 5%. Additionally, the shale has a
high maturity, with the vitrinite reflectance ranging from 2 to 2.5.
Fig. 15 presents photomicrographs of the shale samples from the
study area. In these images, we can observe flat isolated pores
within the organic matrix (Fig. 14(a)), which are typically discrete.
In contrast, the inter-particle pores and cracks (Fig. 14(b)) are
generally interconnected. In the subsequent analysis, we apply the
proposed method to account for both isolated and connected
pores, as well as the lamination of clay-kerogen mixtures.
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Fig. 14. The logging data of Well 1 including P- and S-wave velocities, density, porosity, and mineral fractions.

Fig. 15. The photomicrograph of the shale samples from the study area, showing (a) flat isolated pores within the organic matter and (b) connected interparticle/dissolution pores.
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The volume fractions of Kerogen and clay, porosity, etc. can be
obtained from the log data, while the stiffness moduli can be
determined through the literature (see Table 2). The unknown
parameters are limited to the pore-related ones (aspect ratios and
proportions of different pore types), and the lamination-related
ones (expectation mean and standard deviation LI of the rotation
angles of the clay-kerogen platelets). To ensure that the medium
exhibits VTI properties, the expectation mean of the normal dis-
tribution is set to 0° (Qian et al., 2016). We conducted a pre-
liminary inversion test to determine a reasonable aspect ratio of
the isolated pores. Specifically, we set other parameters to con-
stant values and focused on inverting ajso only by minimizing the
residuals between the predicted and the experimental P- and S-
wave velocities. The results are shown in Fig. 16, where the vari-
ation in the aspect ratio of the isolated pores (aiso) is quite small,
ranging from 0.01 to 0.05. Furthermore, the estimated results for
most layers are mainly around 0.01. This indicates that the aspect
ratio of the isolated pores hardly contributes to the anisotropy and
elastic properties of the shale, which is consistent with the pre-
ceding sensitivity analysis. Therefore, we assumed it a constant
value of 0.01. Furthermore, the results of this inversion test also
indicate that the isolated pores in this study area are mainly flat
microcracks (corresponding to small aspect ratios).

4.2. Tests for the inversion-aided modeling

After determining ajso, We invert the three unknown parame-
ters, namely, LI, r¢on, and acon. To verify the effectiveness of the
proposed inversion-aided modeling method and the influence of
the three auxiliary parameters, we propose six modeling tests.
Each set examines the effects of different parameters.

(1) Test 1: set LI, reon, and acon constant;
(2) Test 2: invert LI with r¢on and acon constant;

Table 2
Properties for the minerals and fluid (Mavko et al., 2009).

Bulk modulus, GPa Shear modulus, GPa Density, g/cm?
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(3) Test 3: invert acon With LI and reon constant;
(4) Test 4: invert reon With LI and acon constant;
(5) Test 5: invert reon and acon With LI constant;
(6) Test 6: invert LI, reon, and acon.

In each set of tests, the inverted parameters were then used to
modify the established rock physics model, which in turn was
adopted to predict the elastic and anisotropic parameters of the
shales. The main purpose was to analyze the impact of different
parameters on the model modification and prediction results. In
all test cases, except for the parameters to be tested, all other
values (including moduli) are set as fixed and remain consistent
across each test case. This is designed to assess the model's pre-
diction results under varying parameter conditions and to ensure
the reliability of the test results.

Test 1: We set LI = 1, reon = 0.9, and acon = 0.8. The theoretical P-
and S-wave velocities, density, and anisotropic parameters are
shown in Fig. 17. To quantify the differences, we calculated the
relative root mean square errors (RRMSE) and correlation co-
efficients (CC) between the theoretical and experimental P- and S-
wave velocities, as shown in Table 3. The results exhibit significant
errors.

Test 2: This test considers the effect of LI varying with depth
with reon = 0.9, and ac¢on = 0.8. The results are shown in Fig. 18. The
errors are indicated in Table 3. Within the target layer, between
2.055 and 2.058 km, LI shows a significant variation, indicating
that the clay lamination is relatively weak, indicating quasi-
isotropy. Compared to Test 1, the errors of Test 2 are noticeably
lower, demonstrating that considering the effects of the lamina-
tion index LI improves the prediction accuracy.

Test 3: This test considers the effect of acon varying with depth,
with LI = 1 and reon = 0.6. The results are shown in Fig. 19, where
the red curve represents the inverted acon. The results for P- and S-
wave velocities show an improvement compared to Tests 1 and 2.
The errors are shown in Table 3.

Test 4: In this test, the effect of reon varying with depth is
considered, with LI = 1 and acon = 0.3 (Fig. 20). The errors are
shown in Table 3. Compared to the previous three tests, the ac-
curacy of the S-wave velocity has improved.

Quartz 37 44 2.65 Test 5: This test inverts for acon and reon With LI = 1. Fig. 21
Calcite: 77 32 271 displays the results, with the red curves showing acon and rcon. The
Dolomite 95 45 2.87 . L. .
Clay 25 9 355 test reveals significantly smaller errors for both velocities, with the
Kerogen 2.9 2.7 130 RMSEs of the P- and S-wave velocities decreasing and the CCs
Brine 2.2 0 1.04 improving (see Table 3).
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Fig. 16. (a) Comparison of experimental (black solid) and theoretical (blue dashed) P- and S-wave velocities and density of Well 1 by the modeling workflow in Fig. 12, based on
the inverted isolated pore aspect ratio ajs, (red solid) for LI = 1, reon = 0.6, and acon = 0.3. (b) Anisotropic parameters ¢, &, and y (blue solid).
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Fig. 17. (a) Comparison between the experimental (black solid) and theoretical (blue dashed) P- and S-wave velocities and density of Well 1 by modeling workflow in Fig. 12 for

Test 1. (b) Anisotropic parameters ¢, 8, and y (blue solid).

Test 6: In this test, the three parameters LI, r¢on, and acon are
inverted. The results are shown in Fig. 22. This test exhibits the
smallest error. Fig. 22(b) shows that the P-wave anisotropy
parameter ¢ ranges from 0.19 to 0.44 and the S-wave anisotropy
parameter y ranges from 0.15 to 0.49, indicating a strong
anisotropy.

To more clearly illustrate the advantages of the proposed
modeling scheme, we present the predicted results of the six tests
mentioned above in an overlapped display, as shown in Fig. 23.
Combined with Table 3, it can be seen that the rock physics model

Table 3

Relative root mean square errors (RRMSE) and correlation coefficients (CC) be-
tween the experimental and theoretical velocities corresponding to the different
tests.

corrected using the inverted three parameters (LI, r¢con and acop) in
Test 6 yields the highest prediction accuracy. The model consid-
ering two inverted parameters (Test 5) has the next highest ac-
curacy of the predicted results. In contrast, models that only
consider a single parameter (Tests 2-4) show a noticeable decline
in accuracy, while the condition where all three parameters are set
as constants (Test 1) results in the highest prediction errors. These
findings highlight that when developing a rock physics model,
incorporating more sensitive auxiliary parameters may lead to
greater model accuracy. However, this conclusion still requires
further verification with actual measured data. At the same time, it
is important to account for the ill-posedness of the inverse prob-
lem. Additionally, the predicted density remains the same in all
tests, as we have assumed that density is unaffected by pore
structure or clay-kerogen lamination during modeling.

Test RRMSE CcC
Ve Ve Ve Ve 5. Application
1 4.7070 41225 0.7727 0.7165 S L . .
2 3.8577 2.6047 0.8296 08584 Pre-stack seismic inversion is a key technique for extracting
3 3.1089 2.7375 0.8491 0.8669 reservoir elastic properties and anisotropic information from pre-
4 3.6102 2.0577 0.8034 0.8870 stack gathers. Estimating anisotropy parameters by inversions
5 24023 1.5554 0.8920 0.9278 provides essential data for sweet spot prediction in shale reser-
6 1.2381 0.8109 0.9772 0.9885 . . . . . .
voirs. However, in practice, obtaining anisotropic parameters can
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Fig. 18. (a) Comparison between the experimental (black solid) and theoretical (blue dashed) P- and S-wave velocities and density of Well 1 by modeling workflow in Fig. 12 for

Test 2. (b) Anisotropic parameters &, 5, and y (blue solid).
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Fig. 19. (a) Comparison between the experimental (black solid) and theoretical (blue dashed) P- and S-wave velocities and density of well 1 by modeling workflow in Fig. 12 for

Test 3. (b) Anisotropic parameters ¢, 5, and y (blue solid).
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Fig. 20. (a) Comparison between the experimental (black solid) and theoretical (blue dashed) P- and S-wave velocities and density of Well 1 by modeling workflow in Fig. 12 for

Test 4. (b) Anisotropic parameters ¢, §, and y (blue solid).

be challenging, as many well logs do not include these parameters,
making model-based inversion techniques difficult to apply. The
modeling approach proposed in this study allows for estimating
the elastic and anisotropic parameters of shale rocks, providing
valuable prior information and initial models for subsequent
inversion processes.

We conducted application tests using field data from the
Sichuan Basin in Southwest China where the reservoir consists of
stable shale layers. There is a well penetrating the shale formation
with a depth ranging from 3530 to 3900 m at CDP 751. Fig. 24
shows the logging data of Well 2, including the P-wave velocity
(Vp), S-wave velocity (Vs), density (p), porosity (¢), water satura-
tion (Sw), and the mineral components (fraction). The shale for-
mation includes brittle minerals, e.g. quartz, calcite, and pyrite,
and a relatively high volume of clay and Kerogen. The shale res-
ervoirs that host shale gas are located at depths ranging from 3740
to 3890 m, characterized by low density, high porosity, and high
organic matter content.

Since the anisotropy parameters ¢, 5, and y are not measured
directly in the boreholes, we predict them for the shale formation
using the proposed modeling approach. Similar to Well 1 in Sec-
tion 4.2, we performed five tests to verify the effectiveness of the
proposed inversion-aided modeling approach. Similar to the test
for Well 1, in five tests, all values except for the parameters being
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inverted are fixed and remain the same across each test case,
ensuring the reliability of the test results. The details of the tests
are as follows:

(1) Test 1:
(2) Test 2:
(3) Test 3:
(4) Test 4:
(5) Test 5:

set LI, reon, and acon constant;

invert LI with reon and acopn constant;
invert acon With LI and reon constant;
invert reon with LI and acon constant;
invert LI, rcon, and acon.

Test 1: We set LI = 10, recon = 0.6, and acon = 0.6 to predict the
elastic properties of the shale formation. The predicted results for
P- and S-wave velocities, density, and anisotropic parameters are
shown in Fig. 25. As can be seen, the errors in the velocity results
are quite apparent.

Test 2: In this test, LI is allowed to vary with depth, and ob-
tained by the inversion method, while rcon and acon remain fixed at
0.6. The predicted elastic and anisotropic parameters are shown in
Fig. 26. Test 3: This test considers the inversion of acon to account
for its variation with depth, with LI = 10 and r¢o, = 0.6, the cor-
responding predicted results are presented in Fig. 27. Test 4: This
test incorporates the variation of r¢on with depth, computed by the
inversion method, with LI = 10 and acon = 0.6. The prediction re-
sults for this test are shown in Fig. 28. Compared to Test 1, the
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Fig. 21. (a) Comparison between the experimental (black solid) and theoretical (blue dashed) P- and S-wave velocities and density of Well 1 by modeling workflow in Fig. 12 for

Test 5. (b) Anisotropic parameters ¢, 3, and y (blue solid).

errors of the velocity predictions in Tests 2 to 4 are significantly
reduced, but they still show some deviation from the actual values.

Test 5: In this test, LI, acon, and r¢op are all inverted to vary with
depth. The corresponding prediction results are shown in Fig. 29. It
can be seen that this test yields the highest prediction accuracy for
velocities, with minimal errors compared to the well log mea-
surements. The reservoir section (3740-3890 m) exhibits higher
anisotropic parameter values, while the non-reservoir section
shows lower values. This aligns with our geological understanding
and further validates the feasibility of this modeling method.

In conventional seismic inversion, anisotropic parameters at
the well location are typically required to construct initial models
and provide prior information, ensuring the proper execution of
subsequent seismic AVO inversion. However, in practical applica-
tions, measured anisotropic parameters are often not available. To
address this issue, we propose an inversion-based rock physics
modeling approach to simulate the elastic properties of shale rocks
and estimate the anisotropic parameters (shown in Fig. 29(b)),
which serve as a critical foundation to ensure the successful
implementation of subsequent seismic prestack inversion.

The inversion test was conducted using a set of 2D seismic data
crossing the Well 2, covering 141 CDPs with the test well located at
CDP 751. Fig. 30 presents the post-stack seismic profile, in which
the red curves mark the top and base boundaries of the shale
reservoir. The input angle gather of the PP-wave, ranging from 1°
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to 30°, was divided into three partial stacked sections to enhance
the signal-to-noise ratio, with angle intervals of 1°-10°, 11°-20°,
and 21°-30°. The angle-dependent wavelets for inversion are
estimated from the seismic gathers.

Our inversion methodology employs a simultaneous five-
parameter inversion for VTI media based on the Riiger reflection
coefficient approximation (Luo et al., 2020, 2021), enabling the
estimation of P-wave velocity, S-wave velocity, density, and
anisotropy parameters (e and ) in shale formation. Fig. 31 presents
the initial models for inversion derived from the estimated elastic
and anisotropy parameters in Fig. 29(b), including the models of P-
and S-wave velocities, density, and two anisotropy parameters,
respectively. During this process, high-frequency information was
filtered out, retaining only the essential low-frequency trends. The
Riiger-based VTI inversion was then performed, with results of five
parameters shown in Fig. 32. It can be observed that the high
values of the anisotropy parameters correspond to the shale
reservoir locations. The 2D inversion profiles of these anisotropy
parameters effectively depict the spatial distribution of the
reservoir.

Fig. 33 presents the inversion results from adjacent seismic
gathers at the well location, with the black curves representing the
rock physics modeling predictions, considered as the ground truth.
The blue dashed and red solid curves correspond to the initial
model and inversion results, respectively. It demonstrates that
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Fig. 22. (a) Comparison between the experimental (black solid) and theoretical (blue dashed) P- and S-wave velocities and density of well 1 by modeling workflow in Fig. 12 for
Test 6. (b) Anisotropic parameters &, 5, and y (blue solid).
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Fig. 23. (a) Comparison between the theoretical P- and S-wave velocities and density (colored dashed) of all six tests of well 1 (Figs. 17-22) with the corresponding experimental
values (black solid). (b) Anisotropic parameters ¢, §, and y (colored dashed) of all six tests (Figs. 17-22).

velocity and density results exhibit higher accuracy compared to
the anisotropic parameters, due to the differing sensitivities of
these parameters to seismic data (Luo et al., 2020, 2022). Although

the anisotropic parameter estimates show relatively higher errors,

they still offer valuable indications of the shale reservoir, providing

important information for subsequent sweet spot identification.
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Fig. 24. The logging data of Well 2 including P- and S-wave velocities, density, porosity, water saturation, and mineral fractions.
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Fig. 25. (a) Comparison between the experimental (black solid) and theoretical (blue dashed) P- and S-wave velocities and density of well 2 by modeling workflow in Fig. 12 for
Test 1. (b) Anisotropic parameters ¢, 6, and y (blue solid).
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Fig. 26. (a) Comparison between the experimental (black solid) and theoretical (blue dashed) P- and S-wave velocities and density of well 2 by modeling workflow in Fig. 12 for
Test 2. (b) Anisotropic parameters ¢, 5, and y (blue solid).
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Fig. 27. (a) Comparison between the experimental (black solid) and theoretical (blue dashed) P- and S-wave velocities and density of well 2 by modeling workflow in Fig. 12 for

Test 3. (b) Anisotropic parameters ¢, 5, and y (blue solid).
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Fig. 28. (a) Comparison between the experimental (black solid) and theoretical (blue dashed) P- and S-wave velocities and density of well 2 by modeling workflow in Fig. 12 for

Test 4. (b) Anisotropic parameters &, 5, and y (blue solid).

6. Discussion

Shale exhibits VTI anisotropic characteristics and complex pore
structures. In rock physics modeling, it is crucial to account for a
variety of influencing factors - including the causes of shale
anisotropy and the impact of pores - in order to enhance modeling
accuracy. During the modeling process, we simulate the VTI
characteristics of shale by considering clay-kerogen lamination
and isolated flat pores. In terms of pore structure, we consider the
influence of pore shape (aspect ratio), connectivity and distribu-
tion on elastic properties.

Fluid flow and solute migration in rocks are macroscopic results
of pore structure, which combines both geometric shape (such as
pore size and shape) (Bear, 2013) and topological structure (such
as pore connectivity) (Dullien, 2012). In particular, when pore
connectivity is low, topological factors become more significant
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than geometric factors (Ewing and Horton, 2002; Hu et al., 2012;
Hunt et al., 2014). Therefore, the pore connectivity of shale is an
important factor that should be considered. Hu et al. (2015) show
that pore connectivity may serve as a dominant constraint on
diffusion-limited hydrocarbon transport. Zhao et al. (2023) eval-
uated the pore connectivity of shale reservoirs using MICP ex-
periments, which showed that a higher proportion of connected
pores was observed in the deep shale samples, compared to those
in the medium depth. Fu et al. (2019) and Sun et al. (2020) divided
pores of shale rocks into connected pores and non-connected
pores according to whether it is beneficial to hydrocarbon
migration. Dong et al. (2023) pointed that pore size is an important
factor influencing oil/gas migration, and classify pores into con-
nected and isolated pores based on different sizes.

In summary, pores in shale exhibit different connectivity,
including connected and isolated pores. In previous studies, the
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Fig. 29. (a) Comparison between the experimental (black solid) and theoretical (blue dashed) P- and S-wave velocities and density of well 2 by modeling workflow in Fig. 12 for

Test 6. (b) Anisotropic parameters &, 5, and y (blue solid).

definition of whether pores are connected or not is mostly based
on the migration of hydrocarbons in shale. Therefore, in this paper,
we refer to pores where fluid can migrate as connected pores
(corresponding the pores that are interconnected in Fig. 15(b)), and
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pores where fluid is present as isolated pores (corresponding the
pores that are not connected in Fig. 15(a)).

In the modeling test, we set all parameters to remain un-
changed except for the parameters to be inverted in each test, in
order to ensure the validity of the conclusions. Therefore, the size
of the errors between the predicted and measured velocities in
tests can, to some extent, reflect the accuracy of the forward
model. However, a good data fit does not necessarily indicate that
the model is accurate. The most reliable way to validate the model
is by comparing it with the measured anisotropic parameters. Due
to limitations in the available data, this is not currently feasible.
The lack of the measured anisotropy parameters is, in fact, the
main motivation behind the modeling in this work: to provide
reference anisotropy parameter estimations for subsequent
anisotropy inversion and seismic prediction in shale reservoirs,
especially when measured data is limited. This proposed modeling
approach will undergo further validation and refinement in our
future work.

For the tests on different wells, the estimated values of LI, rcop,
and acop are set within the same search range. This is because these
parameters cannot be directly measured, and we lack prior infor-
mation to define their specific range at different well locations. As
a result, the search range we provide includes all possible values of
these parameters. However, to mitigate the ill-posedness of the
inversion and improve efficiency, we have restricted the numerical
ranges based on the physical meaning of the parameters, such as
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Fig. 31. The initial models for subsequent inversion using the anisotropy parameters (shown in Fig. 29(b)) estimated by the proposed modeling approach, including (a) P-wave

velocity, (b) S-wave velocity, (c) density, anisotropy parameters (d) ¢ and (e) 5.

limiting the range of r¢op and acop to [0, 1]. The Ll range is set to [0,
100], as our sensitivity analysis shows that when LI exceeds 100,
the changes in elastic and anisotropic parameters become negli-
gible (see Figs. 10 and 11). Therefore, we consider that the nu-
merical range of [0, 100] to be sufficient for our purposes.

Additionally, we have focused solely on the coupling of kerogen
with clay layers and its impact on the lamination of shale's VTI
characteristics. However, the effects of kerogen content (Bokhonok
and Ravazzoli, 2016) and kerogen maturity (Zhao et al., 2016; Yang
and Chen, 2024), which are known to play a significant role in
shale modeling, especially for organic shale (Panizza and
Ravazzoli, 2019; 2022), have not been considered. These factors
are of considerable importance and will be incorporated and
further explored in subsequent studies.
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The aim of the inversion-based modeling we propose is to more
accurately predict the anisotropic parameters at the well location.
At the well, we can obtain a range of measured data, such as
porosity, saturation, and mineral volume fractions. In some cases,
laboratory-measured mineral moduli are also available. These
logging parameters provide the data foundation for applying the
inversion-based modeling method, making it highly feasible. Once
we have predicted the anisotropic parameters at the well, there is
no need to apply this modeling method in subsequent 2D or 3D
seismic inversions. Instead, we only need to establish the initial
model and prior information using the well-side predicted
anisotropic parameters. This allows seismic data to be used for
inverting the 2D/3D anisotropic parameter predictions without
requiring additional parameter information. Therefore, the
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subsequent seismic inversion has low dependence on additional
parameters and offers high applicability.

7. Conclusions

To estimate the elastic and anisotropy parameters of source
rocks (shale), an inversion approach supported by rock physics
modeling is proposed, combining inclusion-based models (SCA
and DEM) with the Brown-Korringa equations. To model pore
complexity, we introduce a connectivity index to quantify the ef-
fects of the two pore types (connected and isolated) and use aspect
ratios to describe the pore geometries. The effective anisotropy of
the shale is described with oriented clay-kerogen platelets and
isolated microcracks based on a lamination index.

First, we perform a sensitivity analysis by varying the lamina-
tion index, the orientation angle of the platelets, the connectivity
and isolation indices, and the aspect ratios of the two types of
pores (connected and isolated) to estimate the effects on the
elastic properties of the shale. It is shown that the lamination in-
dex and the connected pores have a more significant influence.

Subsequently, the lamination and pore connectivity indices as
well as the aspect ratio of the connected pores are treated as un-
known parameters and inverted from the experimental (log) ver-
tical P- and S-wave velocities by a simulated annealing algorithm.
To verify the effectiveness of the proposed inversion approach, six
tests are performed on Well 1, tests 1 to 5 based on fixing some of
the parameters. Test 6, which is based on the inversion of the three
parameters, shows the best accuracy. The test results of the other
well (Well 2) yield the similar conclusion. The elastic and aniso-
tropic parameters predicted using the proposed modeling method
were applied in pre-stack seismic VTI inversion for shale forma-
tions. Seismic applications demonstrate that our shale modeling
approach provides important data support for establishing the
initial model for subsequent inversions.
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Appendix A. Self-consistent approximation (SCA)

Berryman (1980) proposed the self-consistent approximation
(SCA), a method for computing the elastic modulus of a model
composed of multiphase minerals and pores. It treats each mineral
component and pore space as an independent single phase. SCA is
a “symmetric” effective theory that treats each component equally
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(there is no defined background medium). The isotropic SCA
model can be expressed as

i:xi(K,- —KYP =0, (A-1)
i=1
in(ﬂi—ﬂ*)Q*iZOv (A-2)
i=1

where i refers to the ith component (mineral or pore), with volume
fraction x;, Kiand u;are the bulk and shear moduli, respectively, and
P and Q define the shape of the inclusions, on the basis of the pore
aspect ratio a.

The SCA can be extended to the case of anisotropy (Hornby
et al.,, 1994):

e _ i e (Iijkl + Gy (én _ éeff) ) -1
n:]N | 1 (A‘3)
z; v (lijkl + G (CP _ éeff)) :
p=

where, Cijkl = (Eikjl + ﬁjkil)/&:, Gjjii is the Eshelby tensor, which

defines the shape of each inclusion, I is the unit tensor, c" (CP) are
the stiffness matrices of the n(p)th phase, and +"® is the respective
volume fraction.

Appendix B. Differential effective medium (DEM)

Differential effective medium (DEM) calculates the properties
of multi-phase mixtures by gradually adding inclusion phases into
solid minerals. When different background minerals are selected
or the order of the added minerals varies, the results are different.
The equations of the isotropic DEM model are (Mavko et al., 2009)

d

(1-y) g, K W)=z —K"P" (), (B-1)
d * * *2

(=) gy I 0= (2 —1)Q ), (B-2)

K*(0) =Ky, 4" (0) = p, (B-3)

where K7 and 1 are the elastic moduli of the background, K> and x;
are those of the added phase, and y is its volume fraction. When
this phase is pore, y is the porosity. P* and Q* are similar to those of
the SCA model.

The DEM can be extended to the case of anisotropic as (Hornby
et al., 1994)

%~eff . 1y (Cn _ éeff) [lijkl N Cijkl (én _ CEH)} —1. (B-4)
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