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(This article belongs to the Special Issue: Seismic Wave Propagation Theories and Reservoir
Characterization Technologies for Complex Anisotropic Media)

Abstract

Understanding the relationship between micro-cracks and elastic anisotropy
is crucial for characterizing subsurface flow pathways, optimizing hydraulic
fracturing, and enhancing seismic interpretation in unconventional shale
reservoirs. Although clay content and total organic carbon (TOC) are recognized
primary controls on anisotropy, the specific influence of sedimentary structures
on micro-crack parameters (such as crack porosity, crack density, and aspect ratio)
and their contribution to anisotropic behavior have not been fully quantified,
particularly in lacustrine shales with varied sedimentary architectures. In this
study, 17 shale samples were categorized into three sedimentary structural types:
laminated, bedded, and massive, based on their microstructure characteristics.
Ultrasonic velocity measurements were performed on 17 paired shale plugs under
confining pressures to quantify the relationship between micro-crack parameters
and elastic anisotropy. Experimental results reveal a clear difference in stress
sensitivity of bedding-normal velocities: Laminated shales > bedded shales >
massive shales, which are attributed to varying degrees of micro-crack alignment
and density. Laminated shales exhibit the strongest anisotropic properties,
followed by bedded shales, while massive shales show weak anisotropy.
Velocity predictions from the Mori-Tanaka effective medium model are in good
agreement with the measurements, validating its applicability for shales with
diverse structures. Micro-crack analysis indicates a positive correlation between
crack density/porosity and anisotropy magnitude. Notably, laminated shales are
characterized by the highest crack porosity (0.012-0.015%), high clay content
(average 40%), and moderate TOC, indicating a combined effect of composition
and microstructure on anisotropy. This study highlights that sedimentary structure
plays a key role in controlling micro-crack development and related anisotropy in
lacustrine shales, with laminated shales exhibiting the most significant combined
effect, thus improving the accuracy of minimum-horizontal-stress prediction and
hydraulic-fracture design.

Keywords: Lacustrine shale; Micro-cracks; Thomsen anisotropic parameters; Ultrasonic
experiment; Mori-Tanaka model
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1. Introduction

In recent years, lacustrine shale oil and gas reservoirs in
China have emerged as a critical focus in the development
of unconventional hydrocarbon resources. Shale is a self-
generating and self-storing reservoir. Its unique properties
make it a strategic target for boosting China’s oil and gas
reserves.'” In the exploration and development of shale oil
and gas, elastic anisotropy is the key geological attribute to
determine the physical properties of reservoirs. Studies have
shown that shale reservoirs generally exhibit significant
anisotropic characteristics.*> This anisotropy controls
wave propagation, fluid flow, and mechanical response.
Consequently, it affects seismic imaging, log interpretation,
reservoir characterization, and fracturing design. This
characteristic has a direct impact on seismic imaging
accuracy, logging interpretation reliability, reservoir
physical characterization, and hydraulic fracturing scheme
design by controlling seismic wave propagation law,
seepage capacity, and mechanical response.®® Accurately
characterizing the anisotropic characteristics of shale can
not only improve the prediction accuracy of seismic data on
reservoir boundary and quality, but also effectively reduce
engineering risks and costs by optimizing exploration and
development strategies. However, due to the influence
of geological deposition and diagenesis, the coupling of
horizontal bedding, organic-inorganic mineral facies, and
pore space in organic-rich shale leads to the extremely
complex formation mechanism of elastic anisotropy, which
brings severe challenges to the establishment of a universal
anisotropy model. At the micro-scale, micro-cracks are the
key factor controlling the anisotropy of shale, and there
is still a significant uncertainties remain in quantifying
the influence mechanism of micro-cracks on velocity
anisotropy. In addition, the differences in experimental
conditions (such as stress state and fluid properties) and the
diversity of theoretical models (such as equivalent medium
theory and discrete fracture network simulation) in the
current research lead to the lack of comparability between
different results, and a unified scientific understanding has
not yet been established.'*"?

As a typical fine-grained sedimentary rock, shale
exhibits significant anisotropy shaped by micro-cracks, the
preferred orientations of platy clay particles, and lenticular
kerogen.*” Researchers worldwide have conducted
extensive experimental studies on shale samples to identify
the controlling factors of intrinsic anisotropy. Vernik and
Liu® performed ultrasonic measurements on the Bakken
shale (USA). They observed maximum elastic anisotropy
at total organic carbon (TOC) values of 15-20%. This
reveals the critical role of organic matter content in shale
elasticity; bedding-parallel organic matter may significantly

influence medium anisotropy by altering mineral grain
contacts or micro-crack alignment. Notably, there are
obvious geological differences in the influence of organic
matter on anisotropy. The anisotropy of Wufeng-Longmaxi
Formation shale in China has no obvious correlation with
organic matter content, while the organic matter content
of Bakken shale in the United States and Bazhenov shale
in Russia is the key controlling factor of anisotropy. This
difference is attributed to the different maturity, occurrence
form, and distribution characteristics of organic matter.
Laminated clay minerals represent another key factor.
Comparative studies by Sone and Zoback' on North
American shales (Barnett, Haynesville, Eagle Ford)
showed a significant positive correlation between clay
content and anisotropy intensity, consistent with theories
with transversely isotropic proposed by Hornby et al.'®
and Sayers' that laminated clay induces the formation of
transversely isotropic shale. Further studies indicate that
preferred orientation of clay platelets directly affects shale
elastic parameters.”’** Liu et al.'> measured ultrasonic pulses
in Longmaxi Shale and found a 0.82 correlation between
clay content and velocity anisotropy parameters: The
higher the degree of clay orientation, the more significant
the anisotropy characteristics. Liu et al.*® studied Jurassic
lacustrine shale from the Sichuan Basin and proposed
an “effective parameter” (total porosity + clay content +
kerogen volume) to distinguish elastic and anisotropic
characteristics among four lithofacies, based on ultrasonic
velocity measurements under varying confining pressures.

In recent years, beyond studies on the intrinsic
anisotropy of shale under high-pressure conditions, the
fracture response information embedded in velocity
variations with confining pressure has become a research
focus for scholars. Vernik® first quantified the dynamic
relationship between micro-crack-induced anisotropy and
mineral-oriented intrinsic anisotropy through confining
pressure-velocity experiments on mature source rock shales:
as confining pressure increases, progressive micro-crack
closure leads to a decrease of anisotropy, while intrinsic
anisotropy from preferred orientation clay/kerogen tends
to stabilize. This achievement provides key mechanical
insights into the anisotropy evolution of stress-sensitive
reservoirs. Ciz and Shapiro? established a porosity-
deformation approach for transversely isotropic shales and,
combined with ultrasonic measurement data from North
Sea shale samples, inverted crack contribution through the
confining pressure response of elastic moduli, verifying the
dominant role of micro-crack closure in anisotropy.'»*!
These previous studies revealed the coupled relationship
between cracks, confining pressure, and anisotropy
through experimental observations, theoretical modeling,
and numerical simulations. Nevertheless, the current rock
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physics approach to inverting the response mechanism
of cracks and reservoir parameters still faces multiple
challenges. At present, the research on anisotropy induced
by stress-induced cracks mainly focuses on marine shale.
However, due to the complexity of the microstructure of la
cuisine shale, the effective medium model is limited in its
application. In addition, there are significant differences in
the anisotropy values generated by stress-induced cracks
in different lithofacies, underscoring the urgent need for
more in-depth investigations in this domain.

In this study, we focus on lacustrine shales from
the Songliao Basin in Northeast China. Based on their
microstructural characteristics, these shales are classified
into three lithofacies types. Using ultrasonic velocity
measurement experiments and inversion based on
the Mori-Tanaka (M-T) effective medium theory, we
systematically investigate the anisotropic responses of
stress-induced micro-cracks in lacustrine shales and
elucidate the underlying mechanism by which micro-
cracks contribute to shale anisotropy. The results offer
critical experimental evidence and theoretical basis for
predicting micro-crack development in lacustrine shale
reservoirs via seismic data, as well as optimizing reservoir
evaluation and development strategies.

2. Experimental methodology
2.1. Basic characteristics of the sample

Seventeen full-diameter shale samples used in this study
were collected from a Cretaceous lacustrine reservoir located
in Northeastern China. The mud shale in such a formation
is frequently characterized by its large thickness, high TOC,
moderate thermal maturity, and overpressure.’*** A total of
17 cylindrical plugs, each with a diameter of 25 mm and a
length of approximately 50 mm, were drilled from the full-
diameter samples along the bedding direction. The cylinders
then underwent a drying process with a temperature of
80°C for over 48 h, until the sample weight does not vary.
Subsequently, the porosity of each cylindrical shale sample
is measured using the helium gas method.

TOC of each sample is measured by the Rock-Eval
Pyrolysis tests. The results revealed that TOC of 17 samples
ranges from 0.1 to 3.2%. The mineral composition of each
shale sample was determined through the powder X-ray
diffraction analysis (Figure 1). The collected shales are
mainly composed of clay, quartz + feldspar + pyrite (QFP),
and carbonate minerals. From the core photos and the
thin section images in Table 1, the fine-grained rocks can
be described as either laminated, bedded, or massive,**
according to the thickness of beddings. The laminated
rocks, with bedding thickness <10 mm, display obvious
grain-size changes. The silt and clay laminae terminate
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Figure 1. Ternary diagram for 17 shale samples with different sedimentary
structures. The red circle represents laminated, the green circle represents
bedded, and the blue circle represents massive.

sharply at their margins, as shown in Table 1. The bedding
thickness of bedded rocks is normally >1 cm with silt or clay
beddings alternately stacking together, as shown in Table 1.
The massive samples, with bedding thickness larger than
50 cm, are distributed either near the 100%-carbonate-end
or the 100%-QFP-end in the ternary diagram (Figure 1).

From Table 1, the development of micro-cracks varies
with the sedimentary structures. In general, the micro-
cracks are most developed in laminated shales, followed
by bedded shales. Nearly no micro-cracks could be seen
in the massive shales from the amplified thin section
image. The development of micro-cracks in laminated
shales could be attributed to two main reasons. From one
aspect, in the weak plane between silt and clay laminae, it
is easy to develop bedding cracks or diagenetic contraction
cracks along bedding directions. From the other aspect,
the stripped kerogen in laminated shales is at the peak of
oil generation (R ~ 1.3%). A mass of hydrocarbon would
be generated and migrated along the weak plane between
beddings, leaving hydrocarbon-expulsion micro-cracks
behind.** For bedded shales, the inter-bedded micro-
cracks (at the silt-clay interfaces) dominate, while less
hydrocarbon-expulsion micro-cracks develop. For massive
shale, due to its homogeneous mineral composition and
lack of laminae weak planes, only sporadically isolated
contraction cracks develop.’”*

2.2. Measurement of anisotropic ultrasonic velocity

We performed ultrasonic velocity —measurements
on 17 horizontal shale samples by using the pulse
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Table 1. Cores and thin sections of laminated shale, bedded shale, and massive shale

Samples Cores Thin sections Descriptions

« Alternating deposition of silt and clay laminae, with
thickness <10 mm.

« Bedding cracks, diagenetic contraction cracks, and
hydrocarbon-expulsion cracks develop along bedding directions.

Laminated shale

Hydrocarbon-induced cracks

Bedded shale « Bedding thickness is >1 cm with silt or clay beddings alternately
stacking together.

o The inter-bedded micro-cracks (at the silt-clay interfaces) dominate.

o The mineral composition is uniform, lacking laminae or bedding
interfaces.
» Micro-cracks are less developed.

Massive shale

transmission method.* To gain velocities in different
directions from one single horizontal plug, three pairs
of P-wave transducers (0°, 45°, and 90° with respect to
the symmetry axis) and two pairs of S-wave transducers V,,(90°)
(propagating along beddings, polarizing in both bedding-
normal and bedding-parallel direction) were mounted in
the sample, as shown in Figure 2. The central frequencies
for P- and S-wave transducers were 1 MHz and 0.5 MHz,
respectively. The horizontal shale was wrapped with
the rubber sleeve and put into a confining vessel filled
with silicon oil. The velocities were measured at varied
confining pressures ranging from 5 MPa to 35 MPa. Five
velocities were all measured in one single horizontal shale
plug: V (0°), V (90°), V (45°), V(90°), and V (90°), X
allowing for a thorough analysis of the full stiffness tensor
and anisotropy of transversely isotropic (TT) shales. It is
noteworthy that the relative systematic error in velocity
measurements is approximately +1% for P-waves and +2%

Figure 2. Schematic diagram of the direction-dependent velocity
measurement with one-single-horizontal shale sample*

for S-waves. C,, =pV.(90°) (1)
Unconver%tional 'shales are o.ften depi.cted to l.ae a C, =C,,-2pV2(90°) (IV)

transversely isotropic medium with a vertical rotational

symmetry axis (VTI). According to the anisotropic (C,, +C,, —2pV,*(45°)

Hooke’s law, a VTT medium can be characterized by five C,=-C,+ ? e

independent stiffnesses (CH, C, C, Cep C13)' With five (Cy+Cy, _szP (459) V)

direction-dependent velocities and the measured bulk

density (p), five independent stiffnesses could be derived Subsequently, P- and S-wave velocity anisotropy

could be expressed with Thomsen’s parameters, ¢ and ¥,

as follows:
. respectively’:
G, =pV,(90°) (I)
C11_C33
C,, =pV, (0°) (10 2C,,
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3. Pressure-dependent properties
3.1. Experimental results

Figure 3 displays the directional velocities (V (0°), Vp(90°),
V,(90°),and V_(90°)) asa function of the appfied confining
pressure for three typical samples with laminated, bedded,
and massive structure. Overall, despite the rock structure,
all four velocities increase with the increasing pressure.
Both P- and S-wave velocities in the bedding-normal
direction (V (90°) and V_(90°)) satisfy the following
relationship: faminated < bedded < massive.

The pressure-dependent velocities in Figure 3, to some
extent, reveal the effects of bedding-related micro-cracks.
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Figure 3. P-wave (A) and S-wave velocities (B) in both bedding-normal
and bedding-parallel directions as a function of the applied confining
pressure for three typical samples with laminated, bedded, and massive
structure

In general, the bedding-normal velocities show strong
non-linear behavior at low pressures and subsequently
get flattened at high pressures, while the bedding-
parallel velocities are almost linear over the entire range
of confining pressure.”® By assuming that the flattened
bedding-normal velocities indicate all micro-cracks are
closed at the highest pressure,* we define a stress sensitivity
parameter, V/V(35MPa), to qualitatively characterize the
effects of micro-cracks for three types of rocks. It should
be noted that V denotes Vp(0°) or V_(90°) at the varied
conﬁning pressures (5 MPa, 10 MPa, 15 MPa, 25 MPa,
and 35 MPa), while V(35MPa) suggests Vp(0°) or V_(90°)
at the confining pressure of 35 MPa. Figure 4 shows the
plot of the stress sensitivity parameter against the applied
confining pressure for VP(0°) and V, (90°). Both stress
sensitivity parameters vary non-linearly up to 1 at the
highest confining pressure, revealing a process of micro-
cracks closure. The stress sensitivity of bedding-normal
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Figure 4. Stress sensitivity parameter as a function of the applied
confining pressure for VP(O") (A) and V_(90°) (B)
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velocities relies on the rock structures, satisfying the
following relationship: laminated > bedded > massive.

As shown in Figure 3, the bedding-parallel velocities are
generally greater than the bedding-normal ones, especially
for laminated and bedded shales, displaying obvious
velocity anisotropy. The anisotropy degree of P- and S-wave
velocities is expressed with € and y, calculated based on
Equations VI and VII. Accordingly, Figure 5 shows plots
of ¢ and y against the applied confining pressure for three
typical samples. Figure 5A shows both e and y for laminated
and bedded samples decrease non-linearly as the confining
pressure increases from 5 MPa to 25 MPa, and get relatively
flattened at the subsequently confining pressure. However,
¢ and y for the massive shale are much lower, combined
with relatively constant values over the entire confining
pressure range. Figure 5B presents a crossplot of Thomsen’s
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Figure 5. Anisotropic characteristics of shale with three typical samples.
(A) € and y as a function of the applied confining pressure for three
typical samples with laminated, bedded, and massive structure. (B) A plot
of anisotropy parameter y versus anisotropy parameter € for three typical
samples with laminated, bedded, and massive structure.

anisotropy parameters ¢ and y for three structural types.
Overall, ¢ and y show a good positive linear correlation.
The laminated samples exhibit stronger anisotropy,
generally occupying higher values of both ¢ and y =, while
the massive samples cluster at lower values, and the bedded
samples show an intermediate distribution.

3.2. Mechanism of shale anisotropy

Shale velocity anisotropy is frequently attributed to the
combined effects of many intrinsic and extrinsic factors.®
Intrinsic velocity anisotropy primarily stems from three
key mechanisms: The alternation of lithologies or laminae,
the preferred orientation of clay platelets or kerogen, and
the bedding-parallel micro-cracks.”**>** Figure 5B shows
a plot of y versus ¢ at the highest confining pressure
(35 MPa), revealing the effects of rock texture (laminated,
bedded, massive) and mineral composition on intrinsic
anisotropy. Based on Figure 5B, the anisotropy degree of
17 lacustrine shales satisfies the following relationship:
laminated > bedded > massive. As shown in Figure 1, the
total clay content ranges from 5% to 45%, with an average
value of 40% for laminated shales and 32% for bedded
shales. For Cretaceous shale reservoirs, clay minerals
have thoroughly experienced the transition from smectite
to illite. Clay minerals are dominated by illite and illite-
smectite mixed layers with obvious preferred orientation
along beddings after sedimentary compaction, resulting
in relatively strong anisotropy. However, for massive
shales, the anisotropy degree is relatively low due to the
low clay content and lack of bedding texture. Besides, the
kerogen tends to align subparallel to beddings with a strip-
like pattern for laminated and bedded shales, as shown
in Table 1, further amplifying the velocity contrast in
bedding-normal and bedding-parallel directions.

In addition, the pressure-dependent properties of
bedding-normal velocities (Figure 4) and anisotropy
parameters (Figure 5A) indicate that micro-cracks might
be a non-negligible factor in evaluating shale anisotropy.
As discussed in Table 1, micro-cracks mainly originate
from two sources: Bedding-parallel micro-cracks and
hydrocarbon-expulsion-induced  micro-cracks.  These
cracks are closed at in situ conditions. In the process of
coring, these micro-cracks tend to open due to the stress
relief. By applying confining pressure to the approximate
in situ stress condition in the laboratory, these opened
cracks close gradually, revealing the pressure-dependence
of bedding-normal velocities. Conversely, the pressure
dependence of velocities can, to some extent, be used to
quantitatively evaluate the contribution of micro-cracks
to shale anisotropy. In the next section, we will focus on
the quantitative inversion and evaluation of micro-crack
effects on anisotropy.
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4, Effects of micro-cracks on shale
anisotropy

4.1. M-T theory

To quantitatively evaluate the effects of micro-cracks on
shale anisotropy, the key is to accurately invert micro-crack
parameters from the pressure-dependent bedding-normal
velocities (Figure 3). We employed the M-T theory,* which
has been widely recognized for its capability to capture the
intricate interactions between the micro-structural features
of materials and their macroscopic mechanical properties.

Mori and Tanaka* established the relationship between
the elastic modulus of rocks and their microscopic pore
structure. The stiff moduli of rocks are expressed as:

K, - K, (VI
St
(149 P)
- stifff
G - — GO (IX)
St )
a0

= Psiify

Where K . and G are the effective bulk and shear
modulus of rocks, when only stiff inter-particle pores exist.
K, and G, are bulk and shear moduli of mineral grains,
respectively. @_ . indicates the porosity contributed from
inter-particle pores. P and Q represent shape factors of stift
pores, which are related to the aspect ratio « of ellipsoidal
pores and Poisson’s ratio v, of mineral grains,*** as shown
in Equations X-XII. By assuming that low-aspect-ratio
micro-cracks (soft pores) are completely closed at extreme
high confining pressure, K . and G, could be calculated
through Vp(0°) and V, (90°) measured at confining pressure
of 35 MPa, as shown in Figure 3. Based on Equation VIII, «
can be obtained through the least squares regression of K.

4(1+v,)+2a*(7-20)-3(1+4v,)
Lo, +12a%(2-v,)]lg
S 6(1-20,) 20% +(1-40’)g + (o’ —1)(1+v,)g"

X)

4(a*-)(1-v,)
15{8(v, —1)+20° (3 —4v,) +[(7 - 8v,) — 4a*(1-20,) g}

Q
|8(lus)+2az(3+4us)+[(81)s ~1)—4a’(5+2v,)]g

+6(a’ -1)(1+v,)g>
20> +(1-4a*)g + (@’ -D(1+v,)g*

3 8(v, —1)+2a*(5—4v,) +[3(1-2v,) + 60’ (v, —1)]g
=20 +[(2-v,)+a’(1+v,)]g

(XI)

Where v, =(3K, —2G,)/ (6K, +2G,) , and

ﬁ(arccosa —avl-a’ )(a <1)
—a

a (ocxll—a2 —arccosh a)(a>l)

(1_a2)3/2

(X11)

With the rock only including minerals and stiff pores
as the background medium, the effective bulk and shear
moduli are expressed as follows by considering the effect
of soft micro-cracks:

16(1- (v, )'T
K=K, /14— — (XIIT)
9(2 —umﬁ)
321-v,,,)(5-v,. )
Gy =Gy 1| 1+ sl il (XIV)
452 -v ;)

Wherev = (3K , G /(6K .+ 2G ) is the Poisson’s
ratio of stiff pores. And I is the cumulative micro-crack

density.

Given that the pressure-dependent effective moduli are
closely related to the micro-crack density, the cumulative
micro-crack density I'(0) at each pressure can be fitted
based on the measured elastic moduli and Equations XIII
and XIV with the least-square regression method. Then,
the quantitative relationship between micro-crack density
and the effective pressure® is expressed as:

1“P(oc)=1""e"”i7 (XV)

Where I' represents the initial micro-crack density at
zero effective pressure; and p is a pressure constant with
the same order of magnitude as the effective pressure p,
which can be obtained by fitting data with Equations XIII
and XIV.

We can obtain the distribution characteristics of micro-
crack porosity and density based on the lab-measured
P- and S-wave velocities. The relationship between micro-
crack porosity ¢_ and crack density I', is described by
David and Zimmerman*' as follows:

(XVI)

In addition, the relationship between pore aspect ratio
and the effective pressure is expressed as:

4=,

, - (XVTI)

eff
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Where E =3K,[1-2v,] is the effective Youngs
modulus under high confining pressure; and
Uy = (3Keﬂ —2Geﬂ)/(6KEﬂ +2Geff) is the effective
Poisson’s ratio under high confining pressure.

4.2, Inversion of micro-crack parameters

According to Equations VIII-IX, we first inverted the
high-pressure velocities of three shale samples with
different structures to estimate the aspect ratios of stiff
pores. Since the measured velocities of the samples did
not fully reach asymptotic values at 35 MPa, exponential
curve fitting of the measured data was performed to
estimate the high-pressure velocities. The confining
pressure (P)-velocity fitting relationship of sample Gl
is V, = 2628*P®, V= 1681*P***. The confining
pressure-velocity fitting relationship of sample G2 is V,
= 2284*P00%1e, V= 1676*P**, The confining pressure-
velocity fitting relationship of sample G3 is V= 4040*P°%*,
V, = 2338*P*, The porosity of the laminated sample G1
is 6.5%, that of the bedded sample G2 is 1.5%, and that
of the massive sample G3 is 1.2%. The elastic moduli of
grains (KO, GO) were obtained using the Voigt-Reuss-Hill
theory for inverting high-pressure data, and the inversion
parameters of high-pressure velocities are listed in Table 2.
As expected, the inversion crack density/crack porosity
is much higher for laminated shale than for bedded and
massive shales, as shown in Table 2. The primary causes of
crack development in laminated shale are as follows: Silt
and clay laminae creates weak planes prone to forming
bedding cracks, and oil expulsion during the thermal
maturation of organic matter generates micro-cracks
arranged parallel to bedding planes as shown in Table 1.
Figure 6 shows the effective medium simulation results of
P-wave and S-wave velocities for the laminated shale G1,
bedded shale G2, and massive shale G3. The P-wave and
S-wave velocities inverted based on the M-T theoretical
model are in good agreement with the measured data
within the error range. Notably, the model’s predictions are
more accurate for P-waves for than S-waves. These results
validate the reliability of the model in predicting shale
micro-crack parameters and demonstrate its effectiveness

Table 2. Inversion result for the high-pressure velocities

Sample Type Porosity KO GO a Crack Crack

D (%) (GPa) (GPa) density porosity

Gl Laminated 6.5 21.5 11 0.09 0.0051 6.38E-05
shale

G2 Bedded 1.5 38 13 0.02 0.0042 4.49E-05
shale

G3 Massive 1.2 39 21 0.16 0.0021 1.01E-05
shale

in characterizing the elastic properties of shales with
different structure types.

Figure 7 illustrates the porosity distribution of
soft pores across aspect ratios for shales with distinct
structures. The laminated shale (red) features the highest
peak crack porosity, occurring at a relatively larger crack
aspect ratio. The bedded shale (green) has a lower peak
crack porosity than the laminated shale, while the massive
shale (blue) shows the lowest peak crack porosity among
the three. Across all aspect ratios shown, the laminated
shale consistently maintains higher crack porosity than the
bedded and massive shales. Figure 8 displays the cumulative
crack density distribution of soft pores for the three shale
types. The laminated shale has the largest cuamulative crack
porosity (6.38 x 107°%), followed by the bedded shale
(4.49 x 103%), and the massive shale (1.01 x 10%) due
to its slowest crack development and the lowest cumulative
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Figure 6. A comparison between the measured pressure-P-wave and
S-wave velocities of the samples G1/G2/G3 and those inverted by the
Mori-Tanaka model
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porosity. Overall, cumulative crack porosity rises initially
and stabilizes, with the laminated shale having the highest
values, the bedded shale intermediate, and the massive
shale the lowest. As shown in Figure 4, the laminated
shale exhibits a non-linear stress-sensitive curve (steep
velocity-pressure response), while the bedded and massive
shales show gentler stress-sensitive curve changes (gradual
velocity-pressure response), reflecting their structural and
mineralogical differences in pore compressibility.

Figure 9 illustrates the relationship between crack
density and crack porosity for three different shale
structures. Data points for the laminated shale are widely
distributed, with crack porosity reaching approximately
0.015% and corresponding crack density around 0.012.
This indicates extensive crack development in laminated
shale. In contrast, data for the bedded shale cluster more
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Crack porosity(%)

Figure 9. Crossplot of the relationship between crack density and crack
porosity

tightly in the medium-to-low range, with crack porosity
mostly below 0.006% and crack density typically below
0.006, suggesting moderate crack development. For the
massive shale, data points concentrate near the origin,
with crack porosity values mostly below 0.003% and crack
density consistently below 0.003, indicating the poorest
crack network development among the three types. As
shown in Figure 1 and Table 1, the high clay mineral
content in laminated shale (G1) results in strong clay
orientation, forming bedding weak planes. In addition,
during hydrocarbon generation and expulsion from
organic matter maturation, pressure release along these
weak planes generates numerous bedding-parallel cracks,
leading to high crack porosity (reflecting interlaminar
pores and cracks). Bedded shale (G2) exhibits distinct
mud-sand interbedding but with slightly poorer bedding
continuity and slightly higher mineral content (e.g., silty
quartz) than GI. Bedding weak planes still dominate
crack development (primarily bedding-parallel), but
some cracks form due to stress concentration at mineral
interfaces, resulting in lower crack and total porosity
(1.5%) compared to laminated shale. Finally, massive shale
(G3) lacks distinct bedding, is dominated by rigid minerals
(quartz, feldspar), has low clay content, and exhibits dense
intergranular cementation—all of which inhibit crack
development, resulting in the lowest crack and total
porosity. These results highlight the significant influence
of shale structural differences on crack development
characteristics, which cannot be overlooked.

4.3. Effects of micro-cracks on shale anisotropy

Analysis of the influencing factors of anisotropy in shale
(Figures 10 and 11) reveals two distinct controlling patterns
of shale anisotropy: One dominated by micro-crack
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Figure 10. The influence of total organic carbon (TOC)/clay on anisotropic parameters. (A) The relationship between the anisotropy parameter € and
the TOC. (B) The relationship between the anisotropy parameter y and the TOC. (C) The relationship between the anisotropy parameter € and the clay.

(D) The relationship between the anisotropy parameter y and the clay.

development and the other by composition. As shown
in Figure 10A and B, the Thomsen parameters € and y
exhibit a clear positive correlation with TOC, particularly
in laminated and bedded shales, indicating that organic
matter content enhances intrinsic anisotropy. Similarly,
Figures 10C and D demonstrate a strong dependence of €
and y on clay content, highlighting the essential role of clay
mineral orientation in forming anisotropic backgrounds.
Within this compositional framework, micro-crack
porosity further differentiates the anisotropy degree
among shale structures (Figure 11). Laminated shale,
characterized by high clay content (average 40%) and
moderate TOC, exhibits the strongest positive correlation
between crack porosity (up to 0.015%) and Thomsen
parameters (€ = 0.3-0.8; Y = 0.2-1.0). Results presented in
Figure 1 and Table 1 suggest a synergistic effect between
clay-induced intrinsic anisotropy and crack-related
extrinsic anisotropy. The preferred orientation of clay
minerals resulting from smectite-to-illite transformation
establishes a foundation of intrinsic anisotropy,** while
hydrocarbon-expulsion-induced micro-cracks, aligned
parallel to bedding, further amplify the anisotropic
expression.** Bedded shale, with slightly lower clay

content (average 32%), comparable TOC, and lower crack
porosity (<0.006%), shows moderate anisotropy (& = 0.2-
0.6; y = 0.3-0.6). Its interlayered silty quartz disrupts clay
fabric continuity, leading to less aligned micro-cracks and
thus reduced anisotropy. In contrast, massive shale, with
low clay content and minimal TOC, and the lowest crack
porosity (<0.003%) exhibits near isotropy (¢, y - 0). The
dominance of rigid minerals (quartz + feldspar >60%) and
the absence of continuous bedding or organic alignment
result in an isotropic elastic response, as predicted by
Backus averaging theory for homogeneous media.”**!
Thus, shale anisotropy is co-controlled by composition
(TOC and clay) and micro-structure (micro-crack
development), with laminated shales exhibiting the most
significant combined effect.

This study investigates the correlation between
anisotropy and micro-cracks using the M-T theoretical
model, providing valuable insights for exploration and
development of lacustrine shale reservoirs. Specifically,
in seismic data interpretation, integrating shale
anisotropy characteristics and dynamic effects of micro-
cracks can improve reservoir prediction accuracy. For
example, the significant anisotropy and bedding-parallel
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Figure 11. The relationships between the anisotropy parameter € and the
crack porosity (A), as well as between the anisotropy parameter y and
the crack porosity (B)

micro-cracks in laminated shale highlight the need
for targeted exploration focus on such intervals. In
addition, optimizing well locations to match dominant
micro-cracks directions and considering anisotropy
in fracturing designs can significantly enhance
hydrocarbon recovery efficiency. Collectively, these
findings provide critical, practice-oriented guidance for
the efficient development of unconventional resources
like shale oil and gas.

However, this study has some limitations. Firstly,
due to limited core availability, only 4-6 samples were
available for each structural type, potentially resulting in
uncertainty when extrapolating to the entire reservoir.
Future work should increase the sample size and combine
digital rock physics to reduce statistical bias. Then, the
model assumes an ideal uniform distribution of micro-
cracks in the medium, which fundamentally differs from

the complex heterogeneous fracture networks observed in
real shales. This may lead to prediction biases in anisotropy
characteristics. Therefore, future research could refine
the model by incorporating both uniformly distributed
random fractures and preferentially oriented bedding-
parallel cracks, thereby capturing the heterogeneous
characteristics of real reservoirs more accurately.

5. Conclusion

In this study, 17 shale samples from a Cretaceous
lacustrine reservoir were classified into three structural
types: Laminated, bedded, and massive, based on
their micro-fabric characteristics. Ultrasonic velocity
measurements were performed on 17 pairs of shale
plugs under varied confining pressures to quantitatively
analyze the relationship between micro-crack parameters
and elastic anisotropy. The results indicate that the
stress sensitivity of bedding-normal velocities relies on
rock sedimentary structure, in the order of: laminated
> bedded > massive. Specifically, laminated shales exhibit
the most pronounced anisotropic properties, followed by
bedded shales, while massive shales display the weakest
anisotropic characteristics. Measured velocities showed
good agreement with predictions from the M-T model,
validating its applicability for structurally diverse shales.
Furthermore, a trend was observed where a higher crack
aspect ratio correlates with higher crack porosity in non-
closable pores, a feature predominantly found in laminated
samples. As crack density and porosity increase, the degree
of anisotropy in lacustrine shales intensifies. Among the
three structural types, laminated shales exhibit the highest
crack porosity, which is consistent with their pronounced
anisotropic characteristics. Within the studied lacustrine
shales, sedimentary structure appears to be the dominant
factor controlling micro-crack development and
anisotropy, although clay and TOC also play contributory
roles. This study has specific guiding significance for
seismic anisotropy inversion, hydraulic fracturing design,
or well logging interpretation.
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