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Abstract: For the purpose of clarifying the seismic response characteristics of fractured-cavity reser-
voirs of Dengying Formation in the central Sichuan Basin, the paper first intends to establish three
geological models of fracture cave reservoirs based on drilling, logging, and core data of the Dengying
Formation in the central Sichuan Basin. Then, the formation reflection is calculated with reference to
anisotropic Horizontal Transverse Isotropy (HTI) medium. Finally, further research on Amplitude
Variation with Azimuth (AVAZ) seismic forward modeling has been conducted to clarify the seismic
response characteristics of different reservoir types in the study area. The results suggest that: Seismic
response characteristics of fractured-cavity reservoirs are controlled by incident angle and azimuth
angle of seismic waves in different types of reservoirs. The incident angle of the seismic wave
controls the difference in amplitude caused by different micro-fracture densities, and the azimuth
angle controls the identification ability of the micro-fracture direction. The increase in incident angle
brings about a gradual decline in amplitude. The magnitude reaches the highest when the azimuth
is parallel to the normal direction of the fracture surface; however, it’ll come down to the lowest as
the azimuth is perpendicular to the normal direction of the fracture surface. The fracture density
fails to affect the amplitude as long as the azimuth angle is parallel to the direction of the fracture.
However, the decreased amplitude reflects the increasing fracture density as the azimuth angle is
identical to the normal direction of the fracture surface. The comparison between the theoretical
model of three different types of fractured-cavity reservoirs and the actual uphole trace shows that
the model has high accuracy. The prospect of seismic identification of fractured-cavern reservoirs,
based on the results, can provide us with feasible and applicable evidence for future research on
seismic identification of reservoirs and prediction of fracture distribution in the Dengying Formation
of central Sichuan.

Keywords: fracture-cavity reservoir; HTI medium; AVAZ; anisotropy; forward modeling

1. Introduction

In recent decades, significant breakthroughs have been made in the exploration of
the carbonate fracture-cavity reservoirs of the Sinian Dengying Formation in the central
Sichuan Basin. Du [1] and Yu [2] indicated that carbonate fracture-cavity reservoirs are
one of the key reservoir types in Western China. Typically, researchers have in practice
found that karst reservoirs are mainly distributed in the central Sichuan Basin, yet the
fracture characteristics show complex and abnormally weak seismic responses because
of the distinguishing features of fracture-cavity reservoirs [3], which are small in total
scale and quite imbalanced in their vertical development [4], leading to the multisolution
nature of seismic reservoir prediction [5,6]. Therefore, defining the influence of seismic
response characteristics affected by variable reservoir space is essential for the prediction
of fracture-cavity carbonate reservoirs.

Energies 2022, 15, 5022. https://doi.org/10.3390/en15145022 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15145022
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-6391-3996
https://orcid.org/0000-0003-2727-1743
https://doi.org/10.3390/en15145022
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15145022?type=check_update&version=1


Energies 2022, 15, 5022 2 of 14

The adoption of the forwarding modeling performed by predecessors in previous
studies facilitates further research into the seismic response characteristics of fracture-cavity
reservoirs. Ma [7] and Sun [8] made great efforts to analyze the formation mechanism
of the “bead-like” reflection caused by the fracture-cave body, making a further contri-
bution to discussions on the variation law of amplitude intensity of fracture-cave bodies.
Additionally, Ma [9] and Yang [10] and Bachrach [11] probed into the influence of cave
development on the seismic response characteristics of fracture-cave reservoirs, analyzing
the impact of the caves on the “bead-like” reflection characteristics of fracture-cave reser-
voirs. Furthermore, Wang [12] and Chen [13] placed great emphasis on the variation in
fluid changes in fracture-cavity reservoirs using AVO forward modeling. They discussed
the reflection of the AVO response characteristics of fracture-cavity reservoirs during fluid
filling, laying the basic groundwork for effectively predicting actual fracture-cavity reser-
voirs. Generally, the establishment of the relationship between large-scale karst caves and
“beaded” reflection has become the main focus of current research on seismic forward
modeling of carbonate rocks, but this does not apply to fracture-cavity reservoirs with
small-scale caves and high fracture density, such as that which occurs in the Dengying
Formation in central Sichuan. Bachrach [11] proposed an AVAZ inversion framework with
VTI constraints based on Bayesian theory for orthorhombic media. Narhari [14] applied
the orthorhombic prestack AVAZ inversion method to carbonate fractures based on the
linear slip model. Seismic AVAZ inversion has also been studied and applied in shale
gas fields [15,16]. Fu [17] studied the limitations of the P-wave amplitude versus azimuth
(AVAZ) inversion of fracture-attribute parameters using numerical modeling. However,
studies of this kind of reservoir are relatively rare at present. As significant contributors
dedicated to this field, Wang [18], Xiao [19], and Weng [20], whose efforts have now been
recognized, established forward models of different reservoir morphologies by analyzing
the statistical petrophysical parameters of reservoirs and simulating the reservoir devel-
opment morphology. They proposed that reservoir development morphology is the main
factor causing changes in reservoir seismic response characteristics. Bao [21,22], Thai [23],
and Thanh [24] have established fracture models to characterize the relationship between
fractured reservoirs and geological and petrophysical parameters. However, in addition
to the development of the reservoir itself, the processing of fractures and voids and their
anisotropic features are also primary causes of shifts in the seismic response characteristics
of fracture-cavity reservoirs [25–27]. Therefore, it is essential to establish a forward model
serving as a critical pillar that can directly reflect the influence of fractures and voids on
seismic response characteristics in fracture-cavity reservoirs.

Based on previous studies combined with generalized drilling, logging, and geolog-
ical data from the study area, this paper aims to construct three types of fracture-cavity
reservoir geological models. By applying anisotropic TI medium theory and using the
Rüger reflection coefficient calculation formula, it helps to establish an AVAZ gathering
and superimposed profile model, which successfully classifies the seismic anisotropic
response characteristics of the three types of the fracture-cavity reservoir. Furthermore, the
development of fractures in fracture-cavity reservoirs was set to be altered to summarize
the rules of reflection characteristics brought about by fracture density in fracture-cavity
reservoirs. Based on the efforts described above, our results present reliable evidence for
the effective prediction of fractures and the reservoir itself. Compared with the existing
research, the three kinds of fracture cave reservoir geological models designed in this study
are more practical, and forward models that can directly reflect the influence of fractures
and holes in fracture cave reservoir on seismic response characteristics is established, which
is more suitable for fracture cave reservoir with small hole size and high fracture density in
Dengying Formation in Central Sichuan.
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2. Geological Background and Building Model
2.1. Geological Facts

The study area is located in the Weiyuan Longnvsi structural belt of the Middle
Sichuan gentle paleo-uplift structural area, Sichuan Basin, surrounded by Suining City,
Ziyang City, Anyue County, Tongnan County, and Chongqing City (Figure 1). The Dengy-
ing Formation developed from marine carbonate rock deposition, with its thick stratum
present in a NE–SW direction, and the Gaoshiti block is more than 700 m thick [28]. The
residual thickness, generated from the targeted fourth segment of the Dengying Formation,
measures 0~400 m, characterized by continuous deposition with the third segment of the
Dengying Formation. Afterward, due to the regional uplift movement of the second and
third episodes of Tongwan and the erosion of strata exposed to denudation, the residual
thickness developed into an unconformity contact with the Lower Cambrian Madiping
Formation or the Qiongzhusi Formation of the overlying strata. The lithology of this study
area is dominated by arenaceous dolomite and algal dolomite, with siliceous bands, few
bacteria and algae, and stromatolites. Sizeable residual thickness is one of the features of
the fourth segment of the Dengying Formation in the Gaoshiti block. Additionally, a rapid
pinch-out was created by the Deyang–Anyue rift trough west of the Gaoshiti block [29].

Figure 1. Location map and stratum of the study areas.

2.2. Characteristics of Reservoir Pore Space

Concerning the complex internal reservoir space of the Fourth member of the Dengy-
ing Formation in the study area, matrix pores, dissolution pores, and fractures comprise
the main reservoir space. (1) The pore types of the Dengying Formation reservoir in the
study area, primarily dissolution pores, are divided into three categories: intergranular
dissolution, intergranular, and intragranular dissolution pores. Intergranular dissolved
pores are common, of uneven shape and size, and some are filled with calcite. Intergranular
pores are characterized by poor connectivity and irregular shape, whereas intergranular
dissolved pores are well preserved and without filling. (2) The voids can be primarily
separated into pore types and fracture types: the former are derived from pore dissolution
with poor connectivity and the latter are developed partly as a result of the expansion of
fractures in the epigenetic period. (3) The Dengying Formation has been affected by several
tectonic episodes, namely, the Tongwan, Caledonian, Indosinian, Himalayan, and Yanshan,
with an enormous number of microfractures caused by tectonic movement transformation
and geological tectonic stress [30]. Among these, pores constitute the main reservoir space,
whereas the fractures create the seepage channels between pores [31]. Please refer to Table 1
for the specific parameters of reservoir fractures and cavities.
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Table 1. Fracture and cavity parameters of the reservoir.

Types Size

Pore
dissolution pores

amygdaloid inner dissolution pores

<2 mm

dissolved dissolution pores in grains

dissolved dissolution pores between grains

intercrystal dissolution pores

organism pore

Cavity
fractured cavity >2 mm

pore dissolved holes <20 mm

Fracture structural fracture
packing fracture length 500–800 mm, width

0.2–0.5 mm, fracture number
0.3–0.5 per meteropen fracture

dissolution fractures -

2.3. Characteristics of Reservoir Vertical Combination

There are broad differences in the distribution of fractures and caves in the Fourth
member of the Dengying Formation in Central Sichuan. A set of siliceous strips that are
several meters thick divide it into two parts: continuously developed fractures and caves in
the upper part of the siliceous reservoir and uneven horizontal development of pores and
fractures in the lower part of the reservoir (Figure 2). In view of the different evolution of
fractures and caves in the lower part of the siliceous strip, Xiao [19] separated the reservoirs
of the Fourth member of the Dengying Formation in the study area into three types. Type I:
fracture-cavity reservoir + siliceous strip + fracture-cavity reservoir (such as Gaoshi well 8);
Type II: fracture-cavity reservoir + siliceous strip + cave reservoir (such as Gaoshi well 3);
Type III: fracture-cavity reservoir + siliceous strip + relatively dense layer reservoir (such
as Gaoshi well 103).

Figure 2. Well and logging data corresponding to three reservoir types in the geological model.
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2.4. Construction of the Geological Model

Based on our understanding of the spatial characteristics of reservoirs and their
unit combinations in the study area, we designed three typical fracture-cavity reservoir
stratigraphic models for the study area (Figure 3): (1) the type I stratigraphic model
has the following features: a thickness of 220 m, capped by 70 m deep mudstone of the
Qiongzhusi Formation, a 30 m deep fracture-cavity reservoir in the upper reservoir, a
20 m thick siliceous interlayer, and the lower part a 40 m thick cave reservoir; (2) the type
II stratigraphic model has the following features: a cumulative thickness of 220 m, the
caprock is mudstone of the Qiongzhusi Formation, a thickness of 60 m, a 40 m thick upper
reservoir that is a fracture-cavity reservoir, the interlayer is a 30 m thick siliceous layer,
and the lower reservoir is a 30 m thick fracture cave reservoir; (3) the type III stratigraphic
model has the following features: an overall thickness of 220 m, embedded with mudstone
of the Qiongzhusi Formation as its caprock, which is 50 m thick, and the upper part of the
reservoir comprises a 30 m deep fracture-cavity reservoir. The interlayer is characterized
by a siliceous layer with a thickness of 30 m. The lower part is a relatively dense layer with
a 30 m thickness. Table 2 gives the specific rock physical parameters of the model.

Figure 3. Three types of typical fracture-cavity reservoir stratigraphic models.

Table 2. Petrophysical parameters of the reservoirs.

Reservoir Type Reservoir Unit P-Wave
m/s

S-Wave
m/s

Density
g/cm3

I

Mudstone in Qiongzhusi Formation 4900 2841 2.57
Fracture-cavity reservoir 6000 3510 2.7

Siliceous dissection 6200 3624 2.72
Fracture-cavity reservoir 6100 3567 2.71

Dolomite dense layer in Dengying Formation 6800 3966 2.79

II

Mudstone in Qiongzhusi Formation 4900 2841 2.57
Fracture-cavity reservoir 5700 3909 2.78

Siliceous dissection 6200 3624 2.72
Cavity reservoir 5800 3388 2.68

Dolomite dense layer in Dengying Formation 6800 3966 2.79

III

Mudstone in Qiongzhusi Formation 4900 2841 2.58
Fracture-cavity reservoir 6200 3624 2.74

Siliceous dissection 6300 3681 2.75
Dense layer 6600 3852 2.78

Dolomite dense layer in Dengying Formation 6800 3966 2.80

3. Anisotropic Reflection Theory of Fracture-Cavity Reservoirs

TI media are generally used to describe anisotropic media. As the uniform layer
fracture develops, it can be considered a VTI medium (Figure 4a). However, as opposed to
VTI, the uniform layer medium containing the vertical fracture is termed an HTI medium
(Figure 4b), and a fracture that has a certain dip angle or nonhorizontal arrangement can be
called a TTI medium (Figure 4c). Concerning the relatively gentle strata in the study area,
the fractures have high angle characteristics, and the pores and caves in the reservoir show
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no signs of anisotropy. Therefore, at a certain level, the pores can be regarded as isotropic
background parameters, and then the anisotropic reflection coefficient can be obtained as a
result of using fractures by calculation in the form of anisotropy alone. The type of medium
with a high-angle crack located in the physical parameters of the entire background can be
regarded as an HTI medium.

Figure 4. TI anisotropic medium.

3.1. Thomsen’s Anisotropic Parameters

To facilitate theoretical research and practical application, Thomsen proposed three
anisotropic coefficients, i.e., ε, γ and δ, which are combinations of elastic coefficients [32–35].
Coefficient ε is approximately equal to the relative difference between the horizontal and
vertical velocities of the P-wave, and its size reflects the anisotropy strength; coefficient
γ demonstrates the anisotropy of the S-wave, and coefficient δ indicates the curvature of
the P-wave phase velocity curve in the direction of symmetry [36–38].

According to Hudson’s theory, Bakunin [39] discussed the correspondence between
the Thomsen parameter of HTI medium and fracture density E, considering that when the
fracture contains gas:

ε(V) ≈ − 8
3 e

γ(V) ≈ − 8e
3(3−2g)

δ(V) ≈ − 8
3 e
[
1 + g(1−2g)

(3−2g)(1−g)

] (1)

The superscript (V) works under HTI medium as Thomsen’s three parameters, and g is the
velocity ratio of transverse and longitudinal waves, and e is the fracture density, dimensionless.

The calculation formula of fracture density e can be written as follows:

e = Na3/V (2)

where N represents the cracks with average radius and a represents the amounts in unit
volume V.

Based on these relationships, we calculated the fracture density and Thomsen parame-
ters of the reservoir in the study area. Table 3 presents the specific calculation results.

Table 3. Thomsen’s parameters correspond to different fracture densities.

Model Type Layer Type Microfracture
Density ε(V ) γ(V ) δ(V )

High fracture density Covering strata / / / /
Reservoir 0.053 −0.14 −0.08 −0.12

Real fracture density Covering strata / / / /
Reservoir 0.026 −0.07 −0.04 −0.06
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Table 3. Cont.

Model Type Layer Type Microfracture
Density ε(V ) γ(V ) δ(V )

Medium fracture density Covering strata / / / /
Reservoir 0.013 −0.04 −0.02 −0.03

Low fracture density Covering strata / / / /
Reservoir 0.007 −0.02 −0.01 −0.02

The snapshot in Figure 5 presents the change rule of Thomsen anisotropic parameters
for different fracture densities of the reservoir in the study area. The anisotropic parameters
gradually decrease as the fracture density increases.

Figure 5. Thomsen’s parameters and fracture density.

3.2. Reservoir Reflection Coefficient

Rüger [40] proposed an approximate formula of the P-P wave reflection coefficient in
weakly anisotropic HTI media, which is based on the approximate formula of the P-P wave
reflection coefficient in isotropic HTI media:

Rsym
P (θ, φ) = ∆Z

2Z
+ 1

2

{
∆α
α −

(
2β
α

)2
∆G
G

+

[
∆δ(V) + 8

(
β
α

)2
∆γ

]
cos2(φ − φsym

)}
sin2 θ

+
{

∆α
α + 1

2

[
∆ε(V) sin2(φ − φsym

)
+ ∆δ(V) cos2(φ − φsym

)]
sin2(φ − φsym

)}
sin2 θ tan2 θ

(3)

where θ is the incident angle, ϕ represents the azimuth angle, ϕsym is the symmetrical axis
direction (the normal direction of the fracture surface), α is the longitudinal wave velocity
of the isotropic surface of HTI medium, β is the SH wave velocity of all isotropic surfaces
of the HTI medium, Z is the longitudinal wave impedance, G is the shear modulus, α and
β are the mean values of the upper and lower layer parameters, and ∆ is the parameter
difference between the upper and lower layers.

The Rüger formula enables us to apply the measured physical property parameters of
the study area to the calculation, under different fracture densities, of the weak anisotropic
reflection coefficient, which is selected from three different types of fracture-cavity reservoir
characterized by varying angles of incident and azimuth angles. The detailed research
process is shown in Figure 6.
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Figure 6. AVAZ reflection coefficient of the model.

The specific change rule of the reflection coefficient is shown in Figure 7. The results,
as shown in the figure, present the azimuth angles of 0◦ and 180◦ as fracture strike, and a
certain similarity exists in the reflection coefficient changes for the three reservoir types. In
general, the characteristics of the top interface of the reservoir show a positive reflection.
With the same incident angle, the reflection coefficient of the fracture cavity reservoir
increases as fracture density surges, and it is symmetrical along the fracture symmetry
axis (i.e., azimuth 90◦ and 270◦). However, the reflection coefficient of the fracture-cavity
reservoir decreases as the incident angle declines. When the azimuth approaches the
average direction of the fracture surface (i.e., 90◦ and 270◦), the reflection coefficient
gradually reaches its lowest level until it is parallel to the average direction of the fracture
surface. In light of this, based on the AVAZ characteristics, an analysis of the fracture trend
of the reservoir in the study could be conducted to indicate the change in fracture density,
which is reflected to a certain extent by the reflection coefficient.

Combined with the calculation results of the anisotropic reflection coefficient of the
three categories of the fracture–cavity reservoir, this forward modeling used the 40 Hz
primary frequency Reiko subwave to conduct convolution calculations for three types of
geological models with different reservoir combinations, obtaining three types of AVAZ
channel collection models (Figure 8). In the figure, the transverse arrangement is a man-
ifestation of different fracture densities and the longitudinal method exhibits different
reservoir types.
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Figure 7. AVAZ reflection coefficient of the model. I: fracture-cavity reservoir + siliceous strip
+ fracture-cavity reservoir. II: fracture-cavity reservoir + siliceous strip + cave type reservoir.
III: fracture-cavity reservoir + siliceous strip + relatively dense layer.4. AVAZ Forward Modeling and
Its Analysis.

Figure 8. AVAZ gather forward model. I: fracture-cavity reservoir + siliceous strip + fracture-cavity
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reservoir. II: fracture-cavity reservoir + siliceous strip + cave type reservoir. III: fracture-cavity
reservoir + siliceous strip + relatively dense layer.

4. Summary and Discussion
4.1. Characteristics of Seismic Response

There is a huge difference in the wave characteristics of the AVAZ gathers in the three
types of reservoirs (Figure 9). The AVAZ gathers of the type I reservoir are characterized by
“wide troughs”. The amplitude of the top and bottom interfaces of the reservoir declines
gradually as the incident angle increases with the slowly increasing amplitude of the
internal trough of the reservoir. The AVAZ gathers of the type II reservoir present the
characteristic of “wide troughs + highlights”, with the amplitude of the top interface falling
sharply as the incident angle rises, whereas that of the bottom interface declines slowly
and the “highlights” in the reservoir increase correspondingly, with a “double highlights”
feature forming after full angle superposition. The AVAZ gathers of the type III reservoir
show the feature of “wide troughs + highlights” where the top interface of the reservoir
shows a strong wave peak, with a weak wave peak in the bottom interface, the interior of
the reservoir features the characteristic of “highlights”, and the overall amplitude intensity
of the reservoir is in accordance with the increase in incident angle. However, the trend is
not apparent.

Figure 9. Amplitude attribute analysis of the AVAZ gathers. I: fracture-cavity reservoir + siliceous
strip + fracture-cavity reservoir. II: fracture-cavity reservoir + siliceous strip + cave type reservoir.
III: fracture-cavity reservoir + siliceous strip + relatively dense layer.

4.2. Characteristics of Seismic Facies

Application of a 40 Hz primary frequency Reiko subwave assisted in the calculation of
the reservoir reflection coefficient at 0◦ azimuth by convolution and obtaining the reservoir
stack profile model, which indicates the characteristics of the seismic facies of the reservoir
are highly consistent with those of the measured seismic data. When the reservoir unit
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combination was “fracture-cavity reservoir + siliceous layer + fracture-cavity reservoir”,
i.e., the type I reservoir, the seismic facies showed “wide trough” reflection characteristics;
in the case of the “fracture-cavity reservoir + siliceous layer + cave type reservoir”, i.e., the
type II reservoir, the seismic facies presented “wide trough + double highlights” reflection
characteristics; however, the “fracture-cavity reservoir + siliceous layer + more dense layer”,
i.e., the type III reservoir, made the seismic facies exhibit the reflection characteristics of
“wide trough + highlight” (Figure 10).

Figure 10. Comparisons of forward modeling.

The advantage of this study is that it fully considers the distribution law of reservoir
lithology and designs a reasonable geological theoretical model, which can directly reflect
the influence of fractures and holes in fracture cave reservoirs on seismic response char-
acteristics, making the model more suitable for fracture cave reservoirs with small pore
size and high fracture density such as Dengying Formation in central Sichuan. Wang [41]
also showed the relationship between the reflection coefficient of the HTI medium and the
incident angle according to the Rüger formula. However, only when the incident angle
is greater than 20◦ does the reflection coefficient change slightly. The incident angle that
can be resolved by the three types of models established by us is less than 15◦. However,
there are also some disadvantages. For example, we only consider the fracture-cavity
reservoir under study as an HTI medium, and there is still a lack of consideration for an
anisotropy medium.

In this paper, together with analyzing the development of fracture density of three
types of reservoirs in the Dengying Formation of the central Sichuan Basin, knowledge has
been extended to a certain level. However, some limitations in practical application still
exist; for instance, the reservoir cavities are not well understood in fine detail because of
the limitations of research methods in the study of cavity characteristics. At the same time,
we also found that the silicon content of the carbonate reservoir of Dengying Formation in
the study area is abnormal, and the formation silicon content has a certain impact on the
response characteristics of AVAZ forward modeling of fracture cave reservoir. Eliminating
the influence of silicon will make the results more accurate, which needs to be improved.
Therefore, we intend to perform physical rock modeling to further investigate the rock
physical parameters of the cavity background and thus improve the accuracy of the seismic
model. The reservoirs of the Dengying Formation could be developed by reference to the
conclusions of forward modeling, which provides us with feasible and applicable evidence
for future research on the seismic identification of reservoirs and prediction of fracture
distribution in the Dengying Formation of central Sichuan.

5. Conclusions

Apart from the different reservoir types of Sinian Dengying Formation in the Gaoshiti
block of central Sichuan were summarized, a better understanding of reservoir space was
made to have an establishment of different reservoir geological models. By calculating
various reservoir reflection coefficients with anisotropic HTI media to conduct AVAZ
forward modeling, the analysis of multiple reservoirs’ characteristics of the amplitude
change and azimuth anisotropy was performed. Based on the results above, the following
conclusions are obtained.
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The top interface of the fracture-cavity reservoir presents a positive reflection on
a whole. On the premise of the same incidence angle, the reflection coefficient of the
fracture-cavity reservoir increases as fracture density raises, being symmetrical along
the symmetrical axis of fracture. While the incidence angle marks higher, the reflection
coefficient is in decline. Azimuth parallel to the normal direction of the fracture surface
makes the reflection coefficient lowest, but when it parallels to fracture strike, the reflection
coefficient turns to the highest.

Reservoir type, incidence angle, and azimuth change are considered the main impacts
on seismic response characteristics of the fracture-cavity reservoir. The amplitude intensity
is the most obvious in type III reservoir, while it remains the lowest in type II, and type
I ranks as the second. The increase in incident angle brings about a gradual decline in
amplitude. The amplitude reaches the highest when the azimuth is parallel to the normal
direction of the fracture surface; however, it will come down to the lowest as the azimuth
is perpendicular to the normal direction of the fracture surface. The fracture density fails
to affect the amplitude when the azimuth angle is parallel to the direction of the fracture.
However, When the azimuth is parallel to the normal direction of the fracture surface, the
amplitude decreases with the increase in fracture density.
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Nomenclature

AVAZ Amplitude Variation with Azimuth
AVO Amplitude variation with offset
HTI Horizontal Transverse Isotropy
VTI Vertical Transverse Isotropy
TTI Tilted symmetry axis Transverse Isotropy
Type I fracture-cavity reservoir + siliceous strip + fracture-cavity reservoir
Type II fracture-cavity reservoir + siliceous strip + cave type reservoir
Type III fracture-cavity reservoir + siliceous strip + relatively dense layer
P-P wave Incident p-wave to receive p-wave
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