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a b s t r a c t

The seismic responses of the shale properties are critical for shale gas reservoir evaluation and pro-
duction. It has been widely reported that the clay minerals have substantial influences on the seismic
wave anisotropy and brittleness. Hence, knowing the seismic responses of the clay-rich shales and
estimation of shale elastic properties are significant for the shale gas industry. A physical model con-
taining two groups of shale blocks as the target formations is constructed in laboratory. The group S
contains six shale blocks with different clay contents, and the group N contains six shale blocks with
different porosity. The acquired 2D seismic data is used to analyze the seismic responses of two corre-
sponding seismic lines. An anisotropic three-term inversion method is applied to one of the seismic
inline to estimate the elastic properties the target shale blocks. The inversed attributes can be used to
reveal the effects of shale clay contents. This study shows the substantial significance of using a physical
model to observe the seismic responses of shale properties. The inversion results indicate that the
anisotropic three-term inversion method could provide accurate results of elastic properties as well as
the P- wave anisotropy parameter for shale formations.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The exploration and production of shale gas resources have
aroused both scientific and industrial interests in recent decades.
Shales mostly represent strong vertical transverse isotropy caused
by the intrinsic microstructure (Sayers, 1999; Vernik and Nur, 1992;
Pan et al., 2020; Qian et al., 2020). The physical properties of the
shales play important roles in seismic prospecting and inversion.
The seismic responses of the shale properties still require more
researches. Because of the intergrated result of many factors, such
as the presence of clay and their contents, porosity et al., the seismic
responses of shales are hard to be evaluated until now. Clays are
one of the main minerals in Longmaxi marine shales in the Sichuan
Basin in Southwest China (Wang et al., 2017; Zhou et al., 2019;
Zhang, 2019; Gao et al., 2020). The clay contents could be up to 70%
for continental shales in the Yanchang Formation in the Ordos Basin
(Fu et al., 2015). Clay minerals are among the key factors for the
etroleum Resource and Pro-
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high anisotropy of shales (Liu et al., 2019; Liu et al., 2019; Ding et al.,
2019; Li et al., 2018), and make a substantial contribution to gas
sorption and free gas storage (Yang et al., 2015; Gou and Xu, 2019).
Because of the high degree of both heterogeneity and the anisot-
ropy of shales, the effects of shale physical properties (composition,
microstructure, clays) to seismic characteristics are hard to be
evaluated (Guo et al., 2013; Zhang et al. 2017, 2018; Zhang, 2017).
Based on the physical modeling method, synthetic shale samples
were constructed to study the elastic properties affected by shale
properties (Luan et al., 2016; Gong et al., 2018b; Xie et al., 2019).

Physical modeling is an important method to study the wave-
field propagation in the complex unconventional reservoir. Previ-
ous studies have reported amount of researches on a complex
medium such as, orthorhombic anisotropic (Cheadle et al., 1991),
thin interbedding (Cooper et al., 2010), transversely isotropic media
(Tapepalli et al., 1995; Ding et al., 2020), viscoelastic medium (Chen,
1996), complex structure imaging (Wu et al., 2014). Physical
modeling can also be used to study the reservoir prediction and
fluid identification (Wang et al., 2010), fracture prediction (Tatham
et al., 1992), carbonate reservoir (Xu et al., 2016; Li et al., 2016), tight
gas reservoir evaluation (Si et al., 2015).
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Fig. 1. The design of the physical model. The upper layer is isotropic and its P-wave velocity is 2600 m/s, while the lower layer is an isotropic layer containing two sets of shale
blocks. The group N is shale blocks with porosity from 2.1% to 16.4%, group S is shale blocks with clay contents vary from 25% to 50%.

Table 1
Designed parameters of each layers in the physical model.

Layer No. density Vp Vs Thickness

Water 1 g/cc 1480 m/s 0 145 mm
1 1.12 g/cc 2600 m/s 1200 m/s 45 mm
2 1.6 g/cc 2800 m/s 1400 m/s 205 mm

Table 2a
The construction parameters for group N shale blocks.

Sample No. Kaolinites Quartz Calcite

N1 170 g 280 g 60 g
N2 170 g 280 g 60 g
N3 170 g 280 g 60 g
N4 170 g 280 g 60 g
N5 170 g 280 g 60 g
N6 170 g 280 g 60 g

Table 2b
The construction parameters for group S shale blocks.

Sample No. Kaolinites Quartz Calcite

S1 225 g 150 g 85 g
S2 200 g 175 g 85 g
S3 175 g 200 g 85 g
S4 150 g 225 g 85 g
S5 125 g 250 g 85 g
S6 100 g 275 g 85 g
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AVO inversion has been used to estimate elastic properties and
to evaluate fracture properties of reservoir formations (Li et al.,
2020). Because of the strongly intrinsic vertically transverse isot-
ropy (VTI) of shale reservoir, seismic inversion for shale formation
should involve anisotropy parameters (Zhang and Li, 2016; Liu
et al., 2020; Yao et al., 2020). The anisotropic PP- wave approxi-
Kerogen Glue Compaction Pressure

40 g 25 g 20 MPa
40 g 25 g 40 MPa
40 g 25 g 60 MPa
40 g 25 g 80 MPa
40 g 25 g 100 MPa
40 g 25 g 120 MPa

Kerogen Glue Compaction Pressure

40 g 25 g 200 MPa
40 g 25 g 200 MPa
40 g 25 g 200 MPa
40 g 25 g 200 MPa
40 g 25 g 200 MPa
40 g 25 g 200 MPa
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mations of reflection coefficient are used inmany previous works of
literatures (Castagna et al., 1993). Then this expression was modi-
fied to present an equationwhich is widely used in anisotropic AVO
analysis (Rüger, 1997). Because of the difficulty of anisotropic
inversion in VTI media, it was discussed that the effects of the two
anisotropy parameters ε and d which was considered hard to be
determined (Plessix and Bork, 2000). Lin and Thomsen (2013)
developed a method to extract the anisotropy parameter d based
on the difference between the seismic amplitudes and synthetic
amplitudes. Zhou et al. (2020) developed a nonlinear inversion for
the VTI media. Zhang et al. (2019, 2020) used seismic amplitude
inversion for VTI media to discriminate shale formation from sur-
rounding formations.

We construct a physical model containing two groups of syn-
thetic shale blocks with different properties to observe the corre-
sponding seismic responses. The group S contains six shale blocks
with different clay contents while group N contains six shale blocks
with different porosity. Then we acquire 2D seismic data using the
high-precision physical modeling acquisition system in CNPC Key
Laboratory of Geophysical Exploration. We analyze the seismic
responses in the stacked sections and the migrated sections of Line
1 and Line 2, corresponding to group S shales and group N shales,
respectively. We use the three-term inversion method to estimate
the elastic properties from the seismic data as well as the P- wave
anisotropy parameter.
2. Construction of the physical models

2.1. Principles for seismic physical modeling

Seismic physical modeling, which is an important method to
study the seismic exploration theory, is based on the similarity of
the geometrical and physical parameters. The workflow of physical
modeling includes three steps: 1) construct a physical model which
has proper geometrical and physical parameters corresponding to
the geological structure. 2) the seismic data acquisition which is
simulated with an ultrasonic position system according to the
predefined survey geometry. 3) seismic data processing and inter-
pretationwhich can be used to analyze and solve various problems
about seismic exploration.

In order to simulate the seismic wave propagation in the real
field, several principles are considered for the physical modeling in
the laboratory: 1) The corresponding parameters in the equations
representing the modeling and original physical processes are
similar. 2) The temporal and spatial similarity between the physical
model and field. 3) The similarity between the initial and boundary
conditions of the physical model and those in the field.

Because seismic wave propagation in field and ultrasonic wave
have different frequency bands, hence the quantitative represen-
tations of the similar ratios are the scale factors. The scale factors for
physical modeling are defined as the ratios between kinematic and
dynamic parameters of the seismic wave in the field and those of
the ultrasonic waves in the simulated physical model. The scale
factor for velocity, spatial dimension, wave length and temporal
Table 3a
Parameters of Group N shale blocks (Acquisition Line 2) used in the physical model.

Sample No. N-1 N-2 N-3

Porosity 16.4% 11.5% 6.5%
VP�X 2506 m/s 2742 m/s 2999 m
VS�X 1564 m/s 1736 m/s 1943 m
VP�Z 2200 m/s 2350 m/s 2503 m
VS�Z 1389 m/s 1512 m/s 1655 m
Density 2.48 g/cc 2.52 g/cc 2.54 g
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sampling interval respectively is as follows,

Vr

Vm
¼ gV (1)

Lr
Lm

¼ gL (2)

lr
lm

¼ gl (3)

DTr
DTm

¼ gT (4)

where Vr, Lr, lr, DTr represent the velocity, spatial dimension,
seismic wavelength and temporal sampling interval in the real
field. Vm, Lm, lm and DTm represent those in physical modeling.

2.2. Model construction

To model the seismic responses of shales, we design a physical
model with two layers. The size of physical model is
1100 mm � 600 mm � 250 mm, as shown in Fig. 1. The scale factor
of the model/field for length, width, depth is 10000:1, i.e. 1 mm in
the physical model presents 10m in the field. The physical model
has two isotropic layers, shale formations are embedded in the
second layer. In the second layer, two sets of shale blocks are
embedded in the isotropic matrix. The parameters for the first layer
and the second layer are shown in Table 1. We construct artificial
shale blocks to simulate natural shales through the cold-pressing
method, by applying the uniaxial effective pressure with no
lateral train at room temperature (Gong et al., 2018a; Luan et al.,
2016). We choose kaolinites, quartz, calcite and kerogen to
construct the shale blocks. These minerals are also present as the
major mineral components in natural shales. During the con-
struction of shale blocks, a single variable is the porosity for Group
N and clay content for Group S (as listed in Table 2). The powder is
mixed in a ball mill to ensure a homogeneous composition, the
mineral components by a certain weight proportion are listed in
Table 2. The powder is then mixed with adhesives (An A/B double-
component epoxy) to simulate the cementation of rocks. An
amount of the mixture is placed in a mold and pressed each time.
The sample is undergoing uniaxial effective stress until no lateral
strain at ambient temperature for over 100 h, then removed from
the mold. The mineral particles tent to be horizontally aligned due
to the uniaxial effective pressure and induce vertical transverse
isotropy which equivalent to the intrinsic anisotropy of shales.

For group N shale blocks, the porosities of each block are 2.1%,
3.8%, 4.7%, 7.8%, 11.5%, 16.4%. For group S shale blocks, the clay
contents of each block are 25%, 30%, 35%, 40%, 45%, 50%. The po-
rosities of the shale blocks are measured in the laboratory, and the
clay contents of the shale blocks are calculated by weight from the
mineral proportions in Table 2. The sizes of each shale blocks are all
about 71mm� 71mm� 35mm. Fig. 1a gives a vertical view of the
N-4 N-5 N-6

4.7% 3.8% 2.1%
/s 3268 m/s 3512 m/s 3749 m/s
/s 2120 m/s 2311 m/s 2496 m/s
/s 2672 m/s 2830 m/s 2992 m/s
/s 1780 m/s 1898 m/s 2023 m/s

/cc 2.56 g/cc 2.61 g/cc 2.63 g/cc



Table 3b
Parameters of Group S shale blocks (Acquisition Line 1) used in the physical model.

Sample No. S-1 S-2 S-3 S-4 S-5 S-6

Clay content 50% 45% 40% 35% 30% 25%
VP�X 3055 m/s 3068 m/s 3086 m/s 3091 m/s 3110 m/s 3122 m/s
VS�X 2059 m/s 2072 m/s 2099 m/s 2105 m/s 2133 m/s 2142 m/s
VP�Z 2568 m/s 2585 m/s 2650 m/s 2690 m/s 2732 m/s 2776 m/s
VS�Z 1766 m/s 1790 m/s 1837 m/s 1878 m/s 1917 m/s 1950 m/s
Density 2.48 g/cc 2.52 g/cc 2.54 g/cc 2.56 g/cc 2.61 g/cc 2.63 g/cc

Fig. 2. The P- and S-wave velocities for group N shale blocks (porosity varies from 2.1% to 16.4%) and group S shale blocks (Clay contents vary from 25% to 50%). The VP-X and VS-X

represent the measured velocities in bedding-parallel direction, VP-Z and VS-Z represent the measured velocities in bedding-normal direction.
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two sets of shale blocks distribution within the second layer, the
blocks are embedded in the second layer at the same depth and
aligned as N1 e N6 which have various porosity and S1 e S6 with
various clay contents. Fig. 1b give a top-down view of the second
layer, the group N shale blocks and group S shale blocks aligned
along the X-direction. The shale physical model is constructed layer
by layer, the second layer was constructed in a mold and two sets of
shale blocks were embedded in the physical model during the
construction of this layer. The model was left for consolidation for 7
Fig. 3. The P- and S-wave anisotropy for group N shale blocks (porosity varies from 2.1% to 1
anisotropy is provided by the measured velocities in bedding-normal direction and bedding
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days, then the first layer was constructed above the consolidated
second layer. Then the physical model was left for two weeks for
final consolidation.

2.3. Analyze the shale anisotropy

We use ultrasonic testing devices to measure the elastic veloc-
ities of each shale blocks, the dominant frequency of the ultrasonic
transducers used in the ultrasonic measurement is 0.5 MHz. The
6.4%) and group S shale blocks (Clay contents vary from 25% to 50%). The P- and S-wave
-parallel direction. ε and g are the anisotropic parameters defined by (Thomsen, 1986).

mailto:Image of Fig. 2|tif
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Fig. 4. The constructed shale physical model (a) and the acquisition system (b).

Table 4
The 2D acquisition geometry parameters.

In model scale In field scale

Number of traces 184 184
Number of shots 500 500
Minimum offset 16 mm 160 m
Maxim offset 199 mm 1990 m
Trace interval 1 mm 10 m
Shot interval 2 mm 20 m
Time interval 0.1 us 1 ms
Number of time samples 4096 4096
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density and velocities of each block are shown in Table 3. Fig. 2a
shows the P- and S-wave velocities for Group N, velocities decrease
sharply with the increasing porosity for both P- and S-wave. This
phenomenon is more apparent when porosity is lower than 10%.
Fig. 2b shows the P- and S-wave velocities for Group S, velocities
slightly decrease as the clay content increase from 25% to 50%. This
indicates that P- and S- wave velocities are more sensitive to
porosity than clay contents. However, the difference of velocities
between bedding-normal and bedding-parallel direction shows a
significant increase in Fig. 2b. We calculate the anisotropy based on
the measured velocities in different direction of each blocks. The
anisotropy parameters for P- and S-wave are defined by (Thomsen,
1986) as:

εz
VPð90� Þ � VPð0� Þ

VPð0� Þ ¼ VP�X � VP�Z

VP�Z
(5)

and

gz
VSHð90� Þ � VSHð0� Þ

VSHð0� Þ ¼ VS�X � VS�Z

VS�Z
(6)

where VPð90� Þ and VPð0� Þ are the P- wave velocity in bedding-
parallel VP�X and bedding-normal VP�Z direction, VSHð90� Þ and
VSHð0� Þ are the SH- wave velocities in bedding-parallel VS�X and
bedding-normal VS�Z direction. Fig. 3 shows the anisotropy pa-
rameters ε and g of group N and group S. Fig. 3a shows the P- and S-
wave anisotropy decrease as the porosity increase from 2.1% to
16.4%, while Fig. 3b shows the anisotropy parameters increase with
the increasing clay content. Comparatively, P- and S-wave anisot-
ropy is very sensitive to the clay content as shown in Fig. 3b.
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3. Seismic data acquisition and seismic response analysis

3.1. Physical modeling data acquisition

The shale physical model is soaked in a water tank inside the
acquisition system for 1 month before the data acquisition, the
acquisition system should be ensured to remain stable that no
water flow and disturbance in the water tank (as shown in Fig. 4).
The thickness of the water is 145 mm (i.e. 1450 m in the field scale),
the parameters of the water layer are also shown in Table 1. We
designed an acquisition geometry for the shale physical model. The
dominant frequency of the transducers used in 2D reflection data
acquisition is 0.5 MHz, the number of shots is 500 and the number
of traces is 184, the minimum offset is 16 mm (i.e. 160 m in the field
scale), the trace interval is 1 mm (i.e. 10 m in the field scale), the
shot interval is 2 mm (i.e. 20 m in the field scale), the time sample
interval is 0.1us (i.e. 1 ms in the field scale), and the number of time
samples is 4096. Note that the scale factor is 10000:1, i.e. 1 mm in
physical model presents 10 m in the field, 1 us in physical modeling
presents 10 ms in field data. The geometry parameters for both Line
1 and Line 2 are shown in Table 4. Acquisition Line 1 is a seismic
profile acquired for group S with different clay contents, while
acquisition Line 2 was that for group N with different porosity.
Because the noise in physical modeling is less in physical modeling,
the signal-to-noise ratio is high. The reflection events of the strata
and the shale blocks could be seen on the profile clearly.
3.2. Seismic responses analysis of the shale properties

The acquired seismic data is processed to observe the seismic
responses of the shale blocks with different parameters. Figs. 5a
and 6a show the stack sections for Line 1 and Line 2 respectively.
The reflection of the top and bottom interfaces of the shale blocks
are between 3200 ms and 3600 ms. The left and right sides of the
stack sections in Figs. 5a and 6a show the waves reflected by the
boundaries of the physical model, this boundary effects have no
substantial influence on the refection events of the shale blocks.
There are several refection events on the top of the section between
2800 ms and 3200 ms, these are caused by the multiple reflection
events from the interface between the water layer and the first
layer, and also the multiple reflection events from the interface
between the first layer and the second layer. The stack sections
shown in Figs. 5a and 6a present a series of diffractionwaves on the
top and bottom refection events of the shale blocks.

mailto:Image of Fig. 4|tif


Fig. 5. The stack section (a) and the migration section (b) of Line 1 (group S with different clay contents).
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Figs. 5b and 6b shows the prestack time migration sections of
Line 1 and Line 2 respectively, the effects of the diffractionwaves of
each block are removed after seismicmigration. Also, the influences
of the boundary effects of the physical model are reduced after
seismic migration as shown in Figs. 5b and 6b. Because of the ef-
fects of shale blocks, the reflection evens of the bottom of the
physical model present curved at about 3800 ms in the stack sec-
tion shown in Figs. 5 and 6. Comparatively, the shale blocks with
higher clay contents (i.e. blocks S1 and S2) have a more apparent
influence on the bottom refection events than shale blocks with
lower clay contents (i.e. blocks S5 and S6). Because the blocks with
high clay contents have lower seismic velocity, especially in the
vertical direction, the reflection events bellow the blocks S1 and S2
are more apparently curved. For Line 2, the block N1 and N2 with
much higher porosity and lower seismic velocity, hence have a
more apparent influence on the bottom refection of the physical
model.

Comparing Fig. 6 with Fig. 5, Line 2 presents more substantial
effects to the bottom reflection events than Line 1. Meanwhile, the
seismic reflection events appear to bemore significantly attenuated
in Line 2 than Line1. These phenomena deduce that the seismic
responses of the shale blocks are more sensitive to the porosity
changes (from 2.1% to 16.4) than the clay content variation (from
1064
25% to 50%). Figs. 2 and 3 show that the variation of velocity and
anisotropy caused by porosity is more substantial than that by clay
content. Hence the reflection responses caused by porosity varia-
tion in Fig. 6 are more apparent than that in Fig. 5. Nevertheless, the
porosity of nature shales would be not as high as N1 and N2
because of the porosity variation are commonly low.
4. Anisotropic inversion based on a modified AVO equations

Shale blocks are observed as VTI media. Thus an anisotropic AVO
inversion algorithm based on anmodified approximation of the PP-
wave reflection coefficient Besides, the P-wave anisotropy param-
eter ε could be also estimated according to the inverted anisotropic
P-wave velocity.
4.1. AVO equation in the transversely isotropic media with vertical
axis of symmetry

The PeP wave reflection coefficient for a VTI media for the i-th
planar interface separating the i-th and the iþ1-th VTI layers is
given by (Zhang et al., 2019) as

mailto:Image of Fig. 5|tif


Fig. 6. The stack section (a) and the migration section (b) of Line 2 (group N with different porosity).
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RVTIðqÞ ¼
1
2
ln
�
Aiþ1
Ai

�
� 1
2
Ksin2ðqÞln

�
Biþ1
Bi

�
þ 1
2
tan2ðqÞln

�
Ciþ1
Ci

�
(7)

where A ¼ rVP0 represents the acoustic impedance, B ¼ rV2
S0e

s
4 is

the weighted shear modulus of anisotropy s ¼ ðVS0=VP0Þ2ðε� dÞ is
the effective parameter), and C ¼ VP0eε represents the horizontal P-
wave velocity VP90zVP0ð1 þ εÞ,r is the density, VP0 and VS0 are the
P- and S-wave vertical velocity of the media. q is the angle of the
incidence. A model vector that consisting of the three model pa-

rametersm ¼ ½A;B;C�T can be solved by using an iterative inversion
scheme

m ¼ mprior þ
�
GTG þ mC�1

m

��1
GTDd (8)

wheremprior is the prior model parameter vector, G is the mapping
operator from model to data, and it includes the effect of incident
angles and wavelets, and Dd is the data residual, m proportional is
the trade-off parameter of the regularization term.

Three attributes (A, B, C) can be directly inverted by using above
method. Then the independent anisotropy parameter ε, which
1065
reflect the anisotropy magnitude of the media, can be recovered
from the inverted parameter C by using two steps: (1) simultaneous
inversion using isotropic AVO equation for the vertical P-wave
phase velocity (VP0) using small-angle reflection seismic data; (2)
the anisotropy parameter ε is estimated using inverted VP0 and the

attribute C ¼ VP0eε as ln

 
C

Vest
P0

!
.

4.2. Inversion results of shale physical modeling data

We apply the three-term inversion method on Line 1 that has
shale blocks with different clay contents. Fig. 7 shows the results of
terms A, B and C, respectively. Also, the isotropic inversion result is
shown in Fig. 8. Fig. 7a shows the acoustic impedance for the shale
blocks with different clay contents, the acoustic impedance is
apparently affected by the clay content because the inversion re-
sults for S1 and S2 blocks with low clay contents are comparatively
higher than S5 and S6 with high clay contents. The shear modulus
results inversed from term B shown in Fig. 7b seams not signifi-
cantly affected by the various clay contents. The inverted horizontal
P-wave velocity determined by the term C shown in Fig. 7c is not
substantially affected because the VP90 is less affected by the clay
contents. Fig. 8 shows the isotropic inversion result and represents

mailto:Image of Fig. 6|tif


Fig. 7. The results of three-term inversion for term A (a) and term B (b) and term C (c) for Line 1 (group S with different clay contents).

Fig. 8. The isotropic inversion results for Line 1 (group S with different clay contents).

Fig. 9. The inversed P-wave anisotropy parameter for Line 1 (group S with different clay contents).
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less accuracy than the three-term inversion results shown in Fig. 7.
As introduced above, the three-term inversion could also extract
the P-wave anisotropy parameter ε according to the inverted
anisotropic P-wave velocity. As shown in Fig. 9, the estimated P-
wave anisotropy parameter ε is high in block S5 and S6 with high
clay contents, and low in blocks S5 and S6 with low clay contents.
This inversion results highly agree with the measured P-wave
anisotropy shown in Fig. 3. All these figures indicate that the three-
term inversion method could accurately inverse the elastic pa-
rameters of the shales as well as the P-wave anisotropy parameter.

Because the physical modeling provides the controlled param-
eters (e.g. the geometrical and physical properties shown in
Tables 1e4), hence the responses of the shales can be quantitatively
related to the variation of the parameters. The inversion results also
can be verified by comparing to the known parameters of the
physical model. The comparison between the isotropic inversion in
Fig. 7 and anisotropic inversion results indicate that the three-term
inversion can provide quantitatively better results for shale prop-
erties analysis during the shale rock sweet-point evaluation.

5. Conclusions

Physical modeling is an effective method to investigate the
seismic responses of varied reservoir. In this study, we construct a
physical model with two groups of shale blocks and acquired 2D
seismic data. The seismic responses of group S (shale blocks with
different clay contents) and group N (shale blocks with different
porosity) are analyzed. The results show the various clay contents
and porosity have a substantial influence on the seismic reflection.
Then we use the three-term inversion method to estimate the
elastic properties as well as the P-wave anisotropy parameter. The
three-term inversion method could accurately invert the elastic
parameters of the shales as well as the P-wave anisotropy
parameter.
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