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Shale is a crucial natural gas resource, attracting global exploration and
development interest. China has abundant shale gas resources that will drive
future oiland gas exploration advances by increasing reserves and production. The
WY shale gas field is the most productive and has the greatest potential for
exploration and development. This study analyzed high-quality shale logging
response characteristics and drilling logging, seismic, and analytical test data in
the WY area to establish a rock physical model of seismic attribute parameters and
shale reservoir quality parameters. Seismic elastic parameters were converted into
indicators that directly reflect shale reservoir quality, such as total organic carbon
(TOC), high-quality reservoir thickness, porosity, brittleness index, and crack
development strength. Corresponding regression equations were established
to predict quality parameters.The results showed that shale reservoir quality
parameters have a good correlation with seismic parameters. The TOC
distribution ranged from 2% to 5% in the study area and was generally high in
the north but low in the south. The high-quality shale reserve had a thickness of
over 40 meters, and except for the northwest region, the porosity was nearly over
4%. The overall brittleness of the study area was favorable, and the brittleness
index was over 35%, which is suitable for network fractures formation in
subsequent fracturing operations. The anisotropy of shale in Sy* was small,
and the overall fractures were underdeveloped in the study area. Drilling
verifications showed that the prediction results of the quality parameters of
high-quality shale reservoirs were consistent with actual drilling test results
with high reliability. This study provides guidance for comprehensive prediction
of sweet spots and subsequent fracturing and well location deployment.In
summary, this study provides valuable insights into shale gas exploration and
development in the WY area by establishing a rock physical model, predicting
quality parameters, and offering guidance for fracturing and well location
deployment.
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1 Introduction

As today’s society and economy grow rapidly, the current
exploitation of conventional oil and gas reservoirs has become
insufficient in meeting the demand for oil and gas resources.
Thus, the development and utilization of non-fossil and non-
conventional oil and gas energy have been a new approach
considering the rapid consumption and shortage of fossil energy.
Natural gas resources are a type of clean energy with low carbon
emission, high calorific value, large reserves, and wide distribution.
The energy type is environmentally friendly, has a wide range of
uses, and has good stability. These attributes play a unique role in
energy conservation and emission reduction, coping with global
climate change, and avoiding smog. For example, shale gas is an
important natural gas resource that emits lower greenhouse gases
than fossil fuels such as oil and coal; the emission levels are
consistent with the general trend of low-carbon sustainable
development in various countries. Recently, many countries have
shown a keen interest in the exploration and development of shale
gas. This follows the success of shale oil and gas development in
North America, which not only helped the United States to realize
the reversal of natural gas imports and exports, but also provided the
country with a sustainable green development path while boosting
shale gas development in other countries (Jiang et al.,, 2012; Teng
and Liu 2013; Sarkar et al., 2018; Zou et al., 2021). Access to mature
technology and massive output has helped the United States and
Canada to achieve large-scale commercial exploitation of shale gas
(Liss, 2014; Selguk and kbal 2016; Jasmin et al., 2016; Soeder 2017;
Ladeveze et al., 2019; Fahad et al., 2021). Although the exploration
and development of shale gas in China started late, it has developed
rapidly, especially in the upper Yangtze region of south Sichuan, east
Sichuan, southeast Chongging, north Guizhou, and west Hubei,
which is the main prospect area of shale gas in China (Jia et al., 2016;
He etal., 2017; Ma and Xie., 2018). Considering the Sichuan Basin as
an example, the shale gas reserve in the two shale sets in the
Cambrian and Silurian systems are equivalent to 1.5-2.5 times
the conventional natural gas resources in the basin. Therefore, a
strong prospect exists for the exploration and development of shale
gas resources in China, and a substantial resource base is available
The
Changning-Weiyuan National Shale Gas Demonstration Zone

for expediting the exploration and development.
and the Fuling National Shale Gas Demonstration Zone are
China’s largest shale gas production bases, with a daily output of
2.011 x 107 m®. As the earliest shale gas discovery area in China, WY
has developed an excellent shale gas production capacity after more
than 10 years of exploration and development research, and its
development prospects are relatively good (Wang et al, 2018;
Zeng et al., 2018; Fan et al,, 2020; Li et al., 2022). To promote
the large-scale production construction in this area and the increase
in shale gas production in Southwest China, it remains crucial to
evaluate the favorable exploration spots in this area.

As an important unconventional oil and gas reservoir, shale has
geological characteristics, such as self-generation, self-storage,
adsorption accumulation, and hidden accumulation. Its reservoir
evaluation and exploitation are significantly different from those of
conventional natural gas (Zhang et al., 2021; Wang et al., 2016; Yang
et al., 2016). Practical shale gas exploration and development have
shown that this type of reservoir lacks natural productivity and
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requires reservoir stimulation through horizontal drilling, hydraulic
fracturing, and other stimulants to achieve high production. The
quality parameters of shale gas reservoirs are the key factors for shale
gas drilling and fracturing selection evaluation and can indicate the
shale gas resource potential. These parameters include organic
carbon content, reservoir effective thickness, porosity, and
brittleness index. For shale reservoirs with self-generation and
self-storage properties, the development and distribution of
fractures play a crucial role in the storage and migration of the
shale gas, and a certain degree of the micro-fracture development
zone is crucial to the construction of fracture networks in later
fracturing construction (Wu, 2017; Li J. et al., 2022). Consequently,
fracture prediction is also a major issue in shale gas exploration.
Previous studies have shown that through the abundance of
organic matter and the effective thickness of the reservoir, the
distribution and potential of the shale reservoir can be determined.
Determine the oil and gas enrichment area through factors such as
lithology and physical properties (porosity); And, determine the
reservoir engineering quality through brittleness and fracture
prediction, and select the appropriate fracturing section (Zheng
et al, 2021; Li, 2022; Li et al, 2022). Therefore, research on the
quality parameters of shale reservoirs is vital for predicting favorable
zones, subsequent fracturing, and well site deployment. Previous
studies on shale gas in the WY area have mainly focused on
examining shale reservoir characteristics, while only a few have
investigated the quality parameters of shale reservoirs. Moreover,
only a few researchers have comprehensively predicted sweet spots
through the seismic prediction of shale reservoir quality parameters
while restricting further developments to subsequent exploration and
development work. To estimate shale reservoir quality parameters
accurately, we selected the Longmaxi-Wufeng Formation shale in the
W204 well area as the research object in this study. The relationship
between seismic elastic parameters and reservoir quality parameters
was established by analyzing the shale reservoir’s petrophysical
properties in the work area through the analysis of high-quality
shale logging response characteristics. The seismic data were
converted into shale gas reservoir quality data. Meanwhile, pre-
stack fracture prediction was performed, providing a basis for
evaluating shale gas area selection in the work area and guiding
the subsequent fracturing construction and well site deployment.

2 Geological background

The Sichuan Basin is located on the northwestern margin of the
upper Yangtze platform and has experienced multiple periods of
tectonic movement since the Sinian period. The Late Ordovician
Five Peaks-Early Silurian Longmaxi period was a period of intense
extension in southern China (Zhao et al., 2016; Niu et al., 2021; Li
et al, 2023). The Longmaxi-Wufeng Formation in the Sichuan
Basin is mainly exposed in southeastern Sichuan, Daba Mountain,
Micang Mountain, Longmen Mountain, and the eastern side of the
Kangdian ancient land on the basin’s edge, where only the Huaying
Mountain is exposed. The stratum is mainly buried at a depth of
2,000-4,000 m. The WY shale gas field is located in the low-fold
structural belt in southwestern Sichuan (Figure 1), adjacent to the
Weiyuan structure in the north and the Ziliujing anticline in the
southeast; moreover, it is generally controlled by the large-scale
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FIGURE 1

Structure location map of WY shale gas field.

dome anticline in Weiyuan (Dai et al., 2020). Several wells were
drilled through the Silurian strata in Weiyuan, Luzhou, and eastern
Sichuan, and the drilling shows that the Upper Ordovician Wufeng
Formation-Lower Silurian Longmaxi Formation is in conformity
contact; the lithological boundary is the Guanyingiao section shell
limestone at the top of the Wufeng Formation limestone. Organic-
rich mud shale is 30-120 m thick and is the main target formation
for exploration in the WY shale gas field (Figure 1).

The Longmaxi-Wufeng Formation in the study area is controlled
by three paleo-uplifts affected by the Caledonian movement, namely
the Central Sichuan paleo-uplift, the Central Guizhou paleo-uplift and
the Kangdian ancient land. It is mainly a set of deep-water shelf facies
deposits. The lithology is carbonaceous shale and argillaceous
siltstone, which are widely distributed and relatively stable (Mou
et al, 2016; Yang et al, 2019). The organic type is a sapropel-type
organic formed by lower aquatic plankton and algae, mainly type I
kerogen, with a kerogen index of more than 90%, mainly amorphous
sapropel and algae. The sapropel group accounts for more than
95%.The Wufeng Formation in the study area can be divided into
two members according to lithology and biological assemblage from
bottom to top: the first and second members of the Wufeng
Formation (Hu, 2021). The first member of the Wufeng
Formation is black carbonaceous shale, which is rich in graptolite,
slightly sandy, and siliceous, and it contains three graptolite belts. The
depositional time limit was 2.46 Ma, with little lateral change. The
second member of the Wufeng Formation is the original Guanyinqiao
Formation. The main lithology is gray, gray-black, and medium-thick
marl or argillaceous limestone. The deposition time limit was 0.73 Ma,
and the lateral distribution was uneven. The Longmaxi Formation in
the study area can be divided into two members according to lithology
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and biological assemblages (Shi et al., 2022). The first member is
mainly black carbonaceous shale at the bottom, gray-black-dark gray
shale and sandy shale in the middle, and dark gray-yellow-green
calcareous shale in the upper part, including eight graptolite belts with
a depositional time limit of 5.94 Ma. The second member of the
Longmaxi Formation is a dark gray calcareous shale or gray-green
sandy shale, and graptolites are rare here. The first Long segment is
subdivided into subsegments Longyi 1 (S;/'') and Longyi 2 (S,I'"). By
utilizing  petrology,
paleontology, and electrical properties, the Longyi 1 sub-member

comprehensively sedimentary  structure,
was subdivided into the Longyi 1' sub-member (S,/'""), Longyi 1
sub-member (S,/'?), Longyi 1> sub-member (S;/'"?), and Longyi
14 sub-member (S;/'"*). The Longyi 1' sub-member was in the most
favorable microphase, with high organic matter abundance, well-
developed organic pores, and high gas content while being the main

sub-member for development (Table 1).

3 Methods and tests

According to the collected drilling logging data and the test
analysis of core samples, we analyzed the high-quality shale
logging response characteristics and conducted the rock
physics carbon porosity,
brittleness index, and other rock physics analyses of shale

analysis of organic content,
reservoirs. The relationship between seismic elastic parameters
and reservoir quality parameters was established from the
analysis of shale reservoir geological and logging response
characteristics, combined with the rock physics analysis

results. The post-stack inversion and pre-stack simultaneous
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TABLE 1 Comprehensive stratigraphic division table of WY area.

Stratum Characteristics Thickness Sea level Graptolite

(m) belt

Segment Sub- Thin

member  layer

Liangshan Group/Stone Niulan Group (P,//S;sh) The carbonaceous mud shale is bounded by the 2-10
grey-green silty mudstone at the top of the

Longmaxi Formation, with high GR, AC, CNL,

low RT, and DEN

Marine LM7-9
transgression again

Longmaxi Long2 segment (S,) The gray-black shale at the bottom of the Long 100-250
Formation 2 Member and the rhythmic layer boundary
(S, between the black shale and gray silty shale
overlay the Long 1 Member below; the DEN
boundary is obvious
Longyi 2 (S,I'") The lithology is demarcated by the dark gray 100-150
shale at the bottom of Longyi 2 and the gray-
black shale at the bottom of Longyi 1. The
overall GR and AC are lower than those of
Longyi 1, the overall DEN is higher than that of
Longyi 1, and the overall TOC of Longyi 2 is less

than 2%

Stage of the marine
retreating

Longyi
segment (S,1')

Longyi 1 4
(Su') (8:1"

Thick, black silty shale, calcareous shale, GR is 20-30 LM6
relatively low and flat-box type, 140-180 (API),
AC, CNL lower than 3, DEN higher than 3,
TOC lower than 3%

3 Marker layer, black carbonaceous, siliceous 4-10
(S,1"?) | shale, GR gyro-type protruding from sublayers
4 and 2, 160-270 (API), high AC, low DEN,
TOC similar to GR

Stage of the marine LM5
transgression

2 Thick, black carbonaceous shale, GR is low-flat 3-8
(SiI"?) | box-shaped relative to sublayers 3 and 1, similar
to sublayer 4, GR140-180 (API), stable TOC
distribution, lower than sublayers 1 and 3

LM2-4

1 The marker layer is black carbonaceous and 2-6 LM1
(SiI") | siliceous shale. The GR at the bottom shows the
highest value in the Longmaxi Formation, at
170-500 (API), the TOC is 4%-12%, and the
lower half of the maximum GR value is 1 at the
bottom boundary

Wufeng
Formation
(O3w)

Wu2 segment (O;w?)

Wul segment (O;w')

The top boundary is the shell limestone of the
Guanyingiao Member, with a thickness of less
than 1 m, and the carbonaceous siliceous shale
of the Wufeng Formation below; the boundary
is the lower half-amplitude point of the GR
finger-shaped peak, and the high GR is
delineated into the Longmaxi Formation, and
this interval presents the characteristics of
low GR

0.5-15

Initial stage of the
marine
transgression

WF4

WF1-3

Linxiang Group (Os])

Gray Nodular limestone, low GR, and Wufeng
shale are demarcated, the shale decreases
downward, the limestone is purer, and the
electrical properties are low GR and high RT

inversion technology of constrained sparse pulse were used to
convert the seismic data into shale gas reservoir quality
parameters, including organic carbon content, high-quality
shale reservoir thickness, porosity, and brittleness content.
Error statistics were then performed to illustrate the reliability
of the method. Pre-stack anisotropic fracture prediction based on
seismic data in the Offset-vector tiles (OVT) domain provides a
basis for shale gas selection evaluation in the work area and
guides subsequent well placement and fracturing operations.

Frontiers in Earth Science

W204 is used as a drilling well for seismic inversion.
W211 and W213 are used as wells for verification of seismic
prediction results.

3.1 Sample tests

The Longmaxi Formation-Wufeng Formation shale reservoir in
the WY area was systematically studied, three wells (W204, W211,
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and W213) were considered, and one well core (W204) was observed
in detail. We selected 69 core samples from the Longmaxi-Wufeng
Formation shale section in the W204 well area for testing and
analysis of total organic carbon (TOC), six samples for testing and
analysis of total gas content, 75 samples for porosity testing, and
62 samples for brittleness index testing. The collected three-
dimensional work area was approximately 383.72 km> Shale
reservoir prediction was performed synthetically using the test,
logging, and seismic data.

3.2 Rock physics

Models of rock physics link logging and seismic waves. The
models provide basic data for rock physics sensitive parameter
analysis and pre-stack inversion; they also transform seismic
information into reservoir description parameters such as
lithology, physical properties, and oil and gas properties to
describe oil and gas reservoirs quantitatively and reduce reservoir
prediction risks in rock physics research (Wang, 2015; Liu et al.,
2017; Zhou et al,, 2021; Miele et al., 2022). Through the intersection
analysis of the quality and seismic parameters of the drilling shale
reservoir in the W204 well area, we established various rock physical
editions, such as the rock physical edition of the ratio of
compressional and shear wave velocity and TOC, density and
TOC, compressional wave impedance and porosity, density and
porosity, brittleness index and density, the ratio of brittleness index
to compression and shear wave velocity. These rock physical
editions provides a basis for subsequent predictions of reservoir
quality parameters.

3.3 Seismic inversion

Seismic inversion is a core technology for reservoir prediction
(Zhou, 2015). We established the relationship between the seismic
and evaluation parameters and proposed using Jason’s constrained
sparse pulse post-stack inversion and pre-stack simultaneous
inversion to predict the quality parameters of shale gas
reservoirs. These were based on the analysis of the geological
of the
Longmaxi-Wufeng Formation shale in the WY area, combined

characteristics and logging response characteristics
with the analysis results of the rock physical characteristics of the
reservoir. The thickness and porosity of shale reservoirs can be
predicted through post-stack impedance inversion. Similarly, pre-
stack impedance inversion can be performed to obtain density,
Young’s modulus, Poisson’s ratio, and brittleness index for TOC
and brittleness prediction.

Because there are only three wells in the study area, post-stack
inversion mainly adopts the constrained sparse pulse inversion
method based on Jason. Constrained sparse pulse inversion is not
based on the initial model but simply determines the reflection
coefficient value according to the waveform relationship of the
seismic waveform trace. It uses the well control interpolation
model to control the low-frequency impedance trend and finally
obtains the wave impedance inversion results (Helgesen et al., 20005
Taylor etal., 2015; Zhang and Yin, 2015; Yuan et al., 2016). Although
a low wave impedance resolution is obtained by this inversion type
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because it does not depend on the number of wells and the initial
model, the inversion error caused by the deviation of the initial
model is avoided due to the small number of wells. The impedance
difference depends more on the seismic reflection energy difference;
therefore, it can depict the formation’s horizontal and vertical
variations more accurately. Compared with post-stack inversion,
simultaneous pre-stack inversion can obtain not only the P-wave
impedance, but also the shear-wave impedance, density, and a series
of elastic parameters derived accordingly (Figure 2). Therefore, pre-
stack inversion can yield rich seismic elastic properties, which
considerably increases the amount of information and number of
methods for comprehensive geological and seismic interpretation.

3.4 Fracture prediction

Currently, seismic data are commonly used for fracture
prediction, which can be roughly divided into three categories:
multi-component converted wave fracture detection, post-stack
seismic attribute analysis, and pre-stack anisotropic fracture
detection (Dang et al.,, 2016; Bhattacharya and Mishra, 2018; Ge
et al, 2021; Li H. et al., 2022; Ma et al., 2018; Zahm and Hennings,
2009; Zhang, 2010). However, multi-wave and multi-component
data are rarely collected, and the resolution of the horizontal
component data is typically lower than that of the vertical
component. Hence, the horizontal component data cannot meet
the general needs of fracture exploration. The post-stack seismic
attribute detection fracture method is more suitable for inferring the
general appearance of the fracture development area, and the
calculated fracture accuracy is low. The use of pre-stack fracture
prediction based on the OVT domain can improve the reliability and
accuracy of the prediction results while addressing the problems of
fracture orientation and fracture density or strength (Wu, 2017).

In this study, we used the pre-stack anisotropy of the amplitude
variation with azimuth angle (AVAZ) based on OVT domain
seismic data to perform fracture prediction investigations.
Seismic waves produce certain anisotropic characteristics when
passing through a fracture development zone (Ajaz et al,, 2021),
including AVAZ, apparent velocity variation with azimuth angle
(VVAZ), wavelet frequency variation with azimuth angle (FVAZ),
and frequency attenuation changes with azimuth angle (QVAZ)
(Han et al., 2020). Monitoring these changes can help detect the
orientation and development density of fractures (especially high-
angle, high-density fractures). The azimuth variation characteristics
of the bottom interface travel time and top interface amplitude of the
fracture-developed layer and isotropic formation are simulated
under a fixed offset. The simulation shows that in the presence
of fracture-induced azimuthal anisotropy, the P-wave travel time
and amplitude undergo approximately elliptical changes. In the
direction of the fracture strike, the amplitude is large, whereas
the travel time is short; in the vertical fracture direction, the
travel time is large, whereas the amplitude value is small.
Traditional common shot offset technology can be used to
address the problem of VTI anisotropy. However, because the
azimuth information cannot be saved by the common shot
domain, the subsequent azimuthal anisotropy analysis is not
feasible (Wu, 2017). OVT gather is a data domain method,
which is a subdivision and reintegration form of cross-arranged
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subsets (Starr, 2000) that can be regarded as a single coverage of the
entire work area. In the data volume, all seismic traces in the gather
have roughly the same offset and azimuth (Cai, 2021), meaning
OVT can be directly used for azimuth analysis after migration. This
attribute is a major advantage of OVT technology (Dang et al., 2016;
‘Wu, 2017). In addition, the number of gathers after OVT migration
is large; the overall energy is more balanced; and the energy of near,
medium, and far tracks tends to be consistent. OVT gathers can
suppress multiple waves, highlight the energy of significant waves,
and satisfy the impact of fracture prediction on the quality of seismic
2016). Therefore, the pre-stack
anisotropic fracture prediction based on the AVAZ was
performed in the W204 well area using OVT gathers. The
relevant data obtained can directly reflect vital information, such

data requirements (Dang et al,

as reservoir fracture direction and density, which is helpful for
drilling and developing oil wells.

4 Applications

4.1 Logging response characteristics of
high-quality shale

We conducted a comprehensive logging evaluation, including
physical property calculation, organic carbon content evaluation,
gas content analysis, and brittleness coefficient evaluation. It was
found that the high-quality shale in the WY area had the

characteristics of “four highs™: high organic matter, porosity, air

Frontiers in Earth Science

content, and brittleness index. The logging response characteristics
are low density and low P-wave velocity ratio. The specific high-
quality shale logging response range is: density <2.66 g/cm®, P-S
wave velocity ratio <1.70, S-wave impedance <9500 m/s * g/cm’.
Well W204 was sampled to determine the log response
characteristics of the high-quality shale member of Longyi 1 sub-
members and Wufeng Group (Table 2; Figure 3).

4.1.1 Longyi 1* sub-member (S,[*?)

The organic carbon content is between 1.0% and 2.7%, with an
average of 2.2%; the porosity is between 4.0% and 6.5%, with an
average of 5.7%; the gas content varies greatly and is within
1.1-3.3 m*/t; the brittleness index is between 40% and 45%, and
the overall fracturing ability is relatively general.

4.1.2 Longyi 1* sub-member (S,*~3)

The organic carbon content is between 2.5% and 4.0%, with an
average of 3.3%; the porosity is between 4.5% and 7.0%, with an
average of 6.2%; the gas content is 2.5-4.0 m’/t, with an average of
3.5 m>/t; the brittleness index is between 45% and 60%, with an
average of 50%, and the overall fracturing ability is excellent.

4.1.3 Longyi 1% sub-member (S,*?)

The organic carbon content is between 2.0% and 3.5%, and the
distribution is stable, with an average of 2.8%; the porosity is
between 4.5% and 7.0%, with an average of 6.0%; the gas content
is 2.5-4.5 m*/t, with an average of 3.5 m’/t; the brittleness index is
between 50% and 55%, and the overall fracturing ability is good.
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TABLE 2 Statistical table of logging response characteristics of well W204.

Stratum TOC (%) Porosity (%) Gas content (m?/t) Brittleness index (%)

Range value Average Range value Average Range value Average

Nl 1.0-2.7 22 4.0-6.5 57 1.1-3.3 40-45
YA 2.5-4.0 33 4.5-7.0 6.2 2.5-4.0 35 45-60
N 2.0-3.5 2.8 4.5-7.0 6.0 2.5-45 35 50-55
Sy 5.0-7.0 25 6.0-8.5 5.8 4.0-10.0 5.5 50-55
Wufeng Formation 1.0-2.5 2.0-5.0 4.0 1.0-4.5 2.0 45-50
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FIGURE 3
Logging curve characteristics and results of well W204.
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4.1.4 Longyi 11 sub-member (S,*7)

The organic carbon content is between 5.0% and 7.0%, with an
average of 5.5%; the porosity is between 6.0% and 8.5%, with an
average of 5.8%; the gas content is 4-10 m’/t, with an average of
5.5 m’/t; the brittleness index is between 50% and 55%, and the
overall fracturing ability is outstanding.

4.1.5 Wufeng formation

The organic carbon content is between 1.0% and 2.5%; the
porosity is between 2.0% and 5.0%, with an average of 4.0%; the gas
content is 1.0-4.5 m*/t, with an average of 2.0 m*/t; the brittleness
index is generally between 45% and 50%, and the overall fracturing
ability is relatively general.

4.2 Total organic carbon prediction

4.2.1 Rock physical analysis of organic carbon
content

The rock organic matter forms the material basis for the oil and
gas formation. The amount of organic matter in the rock (i.e., the
abundance of organic matter) mainly determines the hydrocarbon-

Frontiers in Earth Science

10.3389/feart.2023.1119600

generation capacity of the source rocks, and the TOC is often used to
measure the abundance of organic matter. The TOC (%) in the rock
refers to the ratio of the residual organic carbon content to the unit
rock mass after a series of geological historical events in the rock (Xu
et al, 2012). Therefore, the quality of shale gas reservoirs can be
determined according to the TOC. The cross-analysis of TOC,
gamma, density, neutron porosity, and acoustic time difference of
the Longmaxi-Wufeng Formation shale reservoir in the W204 well
block showed a good linear positive correlation between TOC and
density in the target interval of this study. Moreover, the correlation
coefficient reached 0.80 (Figure 4). Meanwhile, the TOC of the target
interval in the study area has a good (correlation coefficient = 0.71)
exponential relationship with the ratio of the compressional and shear
wave velocity (Figure 5). According to the above analysis results, we
developed a multiple regression model for organic matter, density,
and velocity ratio of the longitudinal and shear waves, with a
correlation coefficient of 0.84. The model is expressed as follows:

TOC = 35.44 - 12.08 x DEN - 0.2587 x ¢"?/Vs; R? = (.84,

where DEN is density [g/cm?], and Vp/Vs is the ratio of longitudinal
to shear wave velocity [non-dimensional].

4.2.2 Plane prediction of organic carbon content

The TOC is an index of the abundance of organic matter; it refers to
the carbon content of the remaining organic matter in the rock after the
oil and gas in the source rock escape. The TOC can adequately represent
the gas production potential of the shale gas reservoir and is a key
parameter for predicting the spatial and planar distributions of shale gas
reservoirs by the seismic method. The test results of drilling samples
show that the TOC content of shale reservoir in the study area is
relatively high, ranging from 0.17% to 5.52%, with an average of 2.28%,
which is medium-high organic carbon content. The samples with TOC
greater than 1% account for 92.52% of the total. According to the
previous rock physics analysis, the TOC and density have a good linear
positive correlation (correlation coefficient = 0.71) in the WY area.
Additionally, it has a good exponential correspondence with the ratio of
compression and shear wave velocity. Therefore, as expressed above, we
established a multivariate linear relationship between TOC, density, and
the ratio of compression to shear wave velocity to predict the TOC
(Figure 6A): TOC=35.44-12.08xDEN-0.2587xe"?"s, R*=0.84. The
TOC distribution map of the Longmaxi-Wufeng Formation shale in
the W204 well area (Figure 7) shows that the TOC distribution ranges
from 2.0% to 5.0%, and the average TOC is above 2.5%. The TOC was
highest in the north and lowest in the south, with the characteristics in
the part of southeast region being high TOC values. The actual TOC test
and predicted data of the three wells in the study area were compared
for error analysis (Table 3). The absolute and relative errors of wells
W204, W211, and W213 were 0.3, 0.27, and 0.31, as well as 8.3%, 8.2%,
and 9.4%, respectively. The overall relative error did not exceed 10%.
Thus, the prediction results are credible.

4.3 Thickness prediction of high-quality
reservoir

The thickness of the shale gas reservoir determines the gas
content potential of the shale gas reservoir. High-quality shale
reservoirs were classified according to the evaluation standard of
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FIGURE 7
Planar distribution map of shale TOC in the W204 well area (%).

organic matter in the key geological parameters of the shale gas
(Poor: TOC <1%; Average: TOC 1%-2%; Good: TOC >2%) (Dong
et al., 2016). The thickness distribution range of high-quality shale
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reservoirs in the Longmaxi-Wufeng Formation was obtained using
the threshold value TOC >2% (Figure 8). According to the analysis,
the high-quality shale reservoirs in the Longmaxi-Wufeng
Formation in the W204 well area are laterally stable, with an
overall thickness of more than 40m and local thicknesses
ranging from 30 to 40 m and rarely thinner than 30 m. These
values are consistent with the regional geological sedimentary
law. For the error analysis, the thicknesses of the high-quality
shale reservoirs in the three wells in the study area were
compared with the predicted data (Table 4). The absolute and
relative errors of wells W204, W211, and W213 were 2, 3.7, and
4.4 m, as well as < 4%, 6.6%, and slightly >8.3%. The relative error of
the three wells was less than 9%, indicating that the prediction
results are reliable.

4.4 Porosity prediction

4.4.1 Porosity rock physical analysis

The porosity of a rock refers to the ratio of the rock pore
volume to rock volume (¢, %) (Xu et al., 2012). From the seismic
perspective, porosity prediction primarily uses seismic technology
to establish a correlation between porosity and rock physics
characteristics to explain the reservoir’s physical properties
indirectly. Our intersection analysis showed that porosity had a
good linear correlation with the density and P-wave impedance
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TABLE 3 Statistical table of average TOC seismic prediction errors of shale in the W204 well area.

Well number Average TOC (%)

Predicted average TOC (%)

Absolute error Relative error (%)

W204 3.6 -0.3 8.3
w211 33 -0.27 8.2
w213 33 -0.31 9.4

FIGURE 8
Planar distribution map of high-quality shale thickness in the
W204 well area (m).

(Figures 9, 10), and the correlation with other parameters is
average. Porosity can be predicted by the P-wave impedance
data volume and density velocity volume obtained by seismic
inversion. According to the above intersection relationship, we
developed the following multiple regression model of porosity,
density, and P-wave impedance:

¢ =37.80-8.22 x DEN-0.00114 x ZVP; R? = 0.61,

where DEN is density [g/cm?®], and ZVP is longitudinal wave
impedance [m/s - g/cm’].

4.4.2 Porosity plane prediction

Organic pores are important storage spaces for shale gas. The
development degree of organic pores is proportional to the gas
content of shale gas and the gas production of a single well. The
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FIGURE 9
Cross plot of P-wave impedance and porosity.

sample test in the study area shows that the physical properties of
the shale layer are good. The porosity is between 2.02% and
10.05%, with an average of 5.75%. The pore types include organic
pores, inorganic pores and microcracks. Thus, the accurate
prediction of the porosity distribution can help understand
the possible enrichment areas of shale gas. According to our
rock physics analysis, porosity had the good positive correlation
with P-wave impedance and density to predict the Porosity
(Figure 6B). We established a multivariate linear relationship
between porosity, P-wave impedance, and density: ¢ =
37.80-8.22 x DEN—0.00114 x ZVP; R*> = 0.61. From the
porosity plane distribution map of the high-quality shale
reservoirs in the Longmaxi-Wufeng Formation in the
W204 well block (Figure 11), it can be concluded that the
overall porosity of the high-quality shale in the
slightly;  the
distribution range is 3%-7%, and the porosity of the rest of
the region is almost greater than 4%, except for the northwest

Longmaxi-Wufeng  Formation  changes

region, where the porosity is less than 4%. The high-quality shale
porosity test data of the three wells in the study area were
compared with seismic predictions (Table 5). The absolute

TABLE 4 Statistical table of the prediction error of high-quality shale reservoir thickness.

Well number Thickness of high-quality shale Predicted thickness of high-quality shale Absolute Relative
reservoirs (m) reservoirs (m) error error (%)
W204 50 48 -2 4
wall 56 523 -3.7 6.6
W213 52.7 483 -44 83
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and relative errors of wells W204, W211, and W213 were 0.61,
0.43, and 0.62, as well as 7.2%, 11.1%, and 10%, respectively.
Thus, the porosity prediction results are more reliable.

FIGURE 11
Planar distribution of porosity in W204 well area.

TABLE 5 Statistical table of porosity prediction error of high-quality shale.

Well number Average porosity (%)

Predicted average porosity (%)
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FIGURE 12
Cross plot of brittleness index and P-S wave velocity ratio.

4.5 Brittleness prediction

4.5.1 Rock physical analysis of brittleness index

The brittleness index of shale reservoirs is a reliable basis for
selecting well sections for horizontal fracturing. The Poisson’s ratio
and Young’s modulus are important parameters of brittle minerals
in shale reservoirs but do not directly reflect rock brittleness. The
reservoir brittleness is expressed by normalizing both parameters;
the larger Young’s modulus, the smaller the Poisson’s ratio, and the
greater the reservoir brittleness. After the rock density, shear wave
transit time, and longitudinal wave transit time are determined,
both parameters are calculated, and the brittleness index of the
reservoir is obtained (Qin and Yang, 2019). We determined the
intersection of the brittleness index and parameters such as the
ratio of longitudinal to shear wave velocities, wave impedance, and
density; the parameters related to the brittleness index were
optimized. The results show that the shale brittleness index in
this area has a good correlation with the ratio of compression to
shear wave velocity and density (Figures 12, 13); that is, a low ratio
of compression to shear wave velocity and low density corresponds
to a high brittleness index. Hence, we established a multiple
regression model of the brittleness index, density, and ratio of
longitudinal to shear wave velocities. The model is expressed as
follows:

Brittleness index = 1.996-0.81 x (Vp/Vs)-0.061 x DEN; R?
=0.73,

where DEN is density [g/cm?], and Vp/Vs is the ratio of longitudinal
to shear wave velocities [non-dimensional].

Absolute error Relative error (%)

W204 6.2 5.59 —-0.61 9.8
W211 6 5.57 -0.43 7.2
w213 5.6 4.98 -0.62 11.1
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4.5.2 Brittleness index plane prediction

The shale gas in a shale gas reservoir is trapped in mudstone
and shale formations with hydrocarbon-generating ability in the
adsorption or free states. The gas flow resistance in the reservoir
is larger than that of conventional natural gas. Thus, fracturing
technology is key for the commercial exploitation of shale gas, in
which the brittleness of shale reservoirs has a significant
influence on the effect of shale gas fracturing (Shi et al., 2015;
Yan et al,, 2021), and high brittle mineral content is the basis for
natural fractures and fracturing in later developments. A rock
structure with highly brittle minerals results in shale rock with a
high Young’s modulus and low Poisson’s ratio. Moreover, it is
easy to form natural fractures and artificially induced fractures,
which is advantageous for the migration and enrichment space
of shale gas. Therefore, it is important to estimate the brittleness
index of shale gas reservoirs, which is crucial to subsequent
fracturing.

The measured brittle mineral content of the samples in the
study area is between 66.2% and 92.3%, with slight differences in
each small layer. The brittle mineral content is generally stable on
the plane, and the average value of each well area is generally
greater than 60%. The reservoir compressibility is generally good.
According to previous rock physics analysis results, the shale
brittleness index in this area has a good correlation with the ratio
of compression and shear wave velocity and density. Hence, a
multiple regression model of the brittleness index, density, and
ratio of compression to shear wave velocity was established to
predict the Brittleness (Figure 6C): Brittleness index
1.996-0.81 x (Vp/Vs)—0.061 x DEN; R*> = 0.73. Through pre-
stack simultaneous inversion, data volumes such as the ratio of

P-to-shear wave velocity and density were obtained, and the
brittleness index could be calculated by introducing it into the
multivariate regression model of the brittleness index. The planar
distribution of the brittleness index (Figure 14) revealed the
following The of the
Longmaxi-Wufeng Formation shale in the study area was

conclusions: overall brittleness
good. The brittleness index in most areas was greater than
35%, it reached 65% The overall

compressibility was good, which was suitable for subsequent

while in some areas.

fracturing operations. The error analysis of the high-quality
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FIGURE 14
Planar distribution map of brittleness index in W204 well area.

shale brittleness index and the predicted data of the three
wells in the study area (Table 6) showed that the absolute
error of the brittleness index of well W204 was small at 0.8,
and the relative error was 1.5%; the absolute error of the
brittleness indexes of wells W211 and W213 were highly
similar, at 4.4 and 4, respectively, and the relative errors were
8.8% and 7.8%, respectively. The relative errors of the three wells
were less than 10%, indicating that the porosity prediction results
were reliable.

4.6 Fracture prediction

The hydrocarbon-generation potential of shale is the basis for
shale gas production, and fracture development is the key to shale
gas production. In low-permeability reservoirs, fracture
development can improve reservoir performance and infiltration
capacity, provide good channels for oil and gas migration, and
control the distribution of oil and gas reservoirs. These factors are
vital for studying formation pressure distribution and oil and gas
development (Starr, 2000; Cai, 2021). The large-scale faults in the
study area are not developed, but through the observation of the
surrounding well rock cores, the fractures are developed (Figure 15).
There are mainly two or more groups of cracks, among which the
cracks in the near NS and near EW directions are the main ones. We
performed the pre-stack anisotropic fracture prediction based on
OVT data in the W204 well area.

First, we analyzed the OVT gathers, coverage time, and offset
distance—azimuth angle of the 204 well in the W204 well area. In the
30 m x 30 m area, the maximum coverage time in the central area was
256 times, and the coverage time at the edge of the work area was
short. The minimum and maximum offset distances were 1.414 m
and 4476.45 m, respectively. The coverage time for each azimuth angle
at medium and small offset distances was relatively uniform. In

general, the gathers met the azimuth anisotropy analysis. Finally,

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1119600

Hu et al.

10.3389/feart.2023.1119600

TABLE 6 Statistical table of the prediction error of high-quality shale brittleness index.

Well number Brittleness index (%)

Predicted brittleness index (%)

Absolute error Relative error (%)

w204 52 52.8 0.8 15
w21l 50 45.6 —4.4 8.8
w213 51 47 -4 7.8

FIGURE 15

Rock core photos [(A) calcite full-filled high-angle fractures, W202 well, 2560 m (B) calcite full-filled multiple high-angle fractures, oblique fractures,

W205 well, 3704 m].

FIGURE 16
Three drilling locations of S;* fracture direction statistics in the
W204 well area.

the OVT data is used for superposition. The maximum incident angle
of the target layer of the OVT gather reaches 30°, and five partial
superpositions are determined, which are 1-9°, 6-14°, 11-19°, 16-24’,
21-29’, respectively. The wavelet morphology of the superimposed
data at different angles is consistent. Finally, we used OVT data to
perform pre-stack fracture inversion based on the AVAZ to obtain the
density and orientation of the fracture development (Figure 16). The
analysis showed that the anisotropy in the study area was generally

Frontiers in Earth Science

weak, and the fractures in the shale section of the Longyi 1 sub-
member (S,/") were underdeveloped as a whole. Fractures were
mainly developed in the EW and NS directions, and some were
developed in the NW direction. Three groups of fractures were in the
W204 well area, two in the W211 well area, and one in the EW
direction in the W213 well area.

5 Conclusion

(1) The TOC distribution range of the Longmaxi-Wufeng
Formation shale in the WY area was between 2% and 5%,
with high TOC in the north and southeastern parts while low
TOC is in the south. With 2% as the threshold value, the
overall thickness of high-quality reservoirs was more than
40 m, and the thickness distribution in local areas was between
30m and 40 m, extending in the direction of the NE-SW
banding.

(2) The porosity of the Longmaxi-Wufeng Formation shale in

the WY area changed slightly with a distribution range of

3%-7%. Except for the northwest region, almost all other

areas had a porosity greater than 4%. The overall brittleness

of the study area was relatively good. The brittleness index in
most areas was greater than 35%, and the local brittleness
index reached 65%, which is suitable for the formation of

network fractures in subsequent fracturing operations. A

comparison of the prediction results of this time with the
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drilling test data showed that the relative error was almost
less than 10%, and the reliability was high.

The pre-stack anisotropic fracture prediction of AVAZ based on
OVT data was performed in the WY area. The anisotropy in the

@3

=

study area was generally weak. The fractures in the shale of the
Longyi 1 sub-member were underdeveloped as a whole, and the
fracture development orientations were mainly east-west and
north-south, followed by some fractures in the NW direction.
Three groups, two groups, and one group of fractures were
developed in the W204, W211, and W213 well areas, respectively.

(4) This study comprehensively studied quality parameters

~

sensitive to shale reservoir productivity, such as TOC,
reservoir thickness, porosity, brittleness index, and fracture
development  strength. prediction of quality
parameters was performed to provide a comprehensive

Seismic

prediction for sweet spots and subsequent wells. This work
provides an important basis for bit deployment and fracturing.
Compared with the uncertainty of previous single method or
single reservoir quality parameter prediction, this study uses a
variety of methods including pre-stack and post-stack to carry
out comprehensive prediction of various reservoir quality
parameters, which is more reliable and worthy of promotion.
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