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Shale gas plays a significant role in meeting the increasing demand of energy resources, which enables the exploration and
exploitation of gas from shale reservoir to be emphasized gradually. Aiming to serve a more responsible and efficient shale gas
development, for example, to guide the hydraulic/nonaqueous fracturing operation, this work organized a comprehensive
assessment on the petrophysical characterization and gas accumulation of the Upper Ordovician Wufeng-Lower Silurian
Longmaxi shale reservoir (abbreviated as WL shale). Results indicate that the WL shale in Well-YC4 contains three third-order
sequences (SS1-lower WL, SS2-middle WL, and SS3-upper WL), and each sequence contains a transgressive system tract (TST)
and a high-stand system tract (HST), according to the logging information. Meanwhile, the SSI1, SS2, and SS3 experienced
variable sedimentary environment—with different relatively oxygenic and hydrodynamics. And the bottom section (SS1 and
SS2) has a soft great brittle index (BI) value than the upper section (SS3), suggesting the bottom WL shale is better suited for
hydraulic fracturing than the upper section. Besides, the organic matter indicates the WL shale has a decent hydrocarbon
generation ability, and the thermal evolution degree is also conducive to the full generation of shale gas. The gas content of
WL shale ranges in the scope of 0.76 m>/t~2.38 m’/t, in which CH, is the primary composition and occupies 95.51%~99.36%,
and the content of heavy hydrocarbon gases is limited. Besides, the drying coefficient indicates the dry gas is the dominate
molecular composition in the gas content of WL shale. Hopefully, this work is instructive to a certain extent for the
researchers and engineers who are working on WL shale gas in Sichuan basin.

1. Introduction

Developing and utilizing clean energy is currently the most
practicable measure to combat climate change and to meet
ever-increasing energy demand, of which shale gas is
expected to be, at the least, one of the eco-friendly energy
suppliers from the underground geological resources [1-7].
Against this background, the exploration of shale gas is a

revolution and is changing global energy picture all over
the world [8-13]. Shale gas is one of the main helpers to
enable the American to be an energy exporter now, although
the American had the role of being an energy importer for
many years [14]. Accordingly, the American does not need
much Canadian oil and gas anymore, resulted in that Can-
ada has to turn to Asia, especially to China, to export its
energy. In this context, China has achieved the commercial
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extraction of gas from shale reservoir, aiming to help to
improve the Chinese energy structure that is heavily depen-
dent on coal currently [8, 15, 16]. In China, the shale gas
exploration covers most of the national region and involves
the shale reservoir from different sedimentary environments,
including marine shale, continental shale, and transitional
shale. However, for China, the commercial development
mainly occurs to the marine shale, especially the Upper
Ordovician Wufeng-Lower Silurian Longmaxi shale reser-
voir (abbreviated as WL shale) in the southern and south-
eastern Sichuan basin, SW China [9, 17-23].

Unfortunately, even though China has the world’s larg-
est deposit of shale gas with estimated recoverable resources
of up to 36.1 trillion cubic meters, the current commercial
shale gas production in China is far below that in American
[24]. Therefore, more scientific deep investigations on the
shale-related fields are required for a better development of
shale gas in China. Therein, geological assessment for explo-
ration and engineering operation (like the hydraulic/non-
aqueous fracturing operation) for extraction are two
primary fields in the process of shale gas development; the
former one is set to figure out the situation of shale gas
resources, while the latter one aims to enable a cost-
effective gas extraction based on the geological information
[25-29]. During the geological exploration of shale gas, the
petrophysical characterization and gas content assessment
are indispensable, making it clear that if the shale gas
resources are promising or not.

To facilitate the responsible shale gas development in
China, especially in Sichuan basin, many sound achieve-
ments are made from the perspective of geological explora-
tion. The reservoir characteristics of three typical marine
shales in Sichuan basin were compared, by which the advan-
tage and disadvantage of Wufeng shale, Longmaxi shale, and
lower Cambrian Niutitang shale for shale gas accumulation
were explored [30]. According to the analyses about the
sedimentary environment, material basis, storage space,
fracability, and reservoir evolution data, the reservoir charac-
teristics of the WL shale, the depth of 2200~4000m was
treated as the favorable section in Sichuan basin and its
periphery [31]. Besides, the heterogeneities both in vertical
and in horizontal are widely recognized and occur to the res-
ervoir properties of WL shale, such as mineral composition,
gas content, and brittle index (BI) [3, 26, 32, 33]. Despite that
a number of attentions have been paid to the WL shale in/
around Sichuan basin, the current shale gas production
related to WL shale are still dissatisfactory, compared to the
vast verified reserves exploitable in this target formation
[34, 35]. This indicates that more investigations are needed
to push the development of shale gas in/around Sichuan
basin, in which the WL shale is of primary importance
because it is generally considered as the most promising geo-
logical formation.

Recently, an exploration well of shale gas, labelled as
Well-YC4, was implemented in the eastern margin of
Sichuan basin, offering a rare opportunity to investigate the
WL shale, in a comprehensive manner. By this chance, the
well drilling, well logging, and laboratorial work together
form a systematic scientific structure, aiming at clarifying
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the shale gas potential in this area. In the area that Well-
YC4 locates at, few gas wells are deployed before, so the
information from Well-YC4 is precious and is of signifi-
cance. In this work, the petrophysical characterization and
gas accumulation of WL shale are discussed, according to
the detailed information from Well-YC4. Hopefully, this
work is helpful in deepening the knowledge on the resource
potential of shale gas and in guiding the further arrangement
of shale gas exploration in the eastern margin of Sichuan
basin, such as the resource evaluation, the hydraulic fractur-
ing, and even, the nonaqueous fracturing (e.g., liquid/super-
critical CO, fracturing).

2. Geological Background

In this work, the involved shale gas well, Well-YC4, is
located at the Wulong County, a city in eastern Chongging
municipality, that is, in geographical, ~150 km far away from
Chongqing urban. Geologically, the tectonic environment is
regarded as complicated and is mainly composed of a series
of S-N and NE-SW trending fault zones and fold belts
[36-40]. The current complicated geological setting related
to this work, like numerous faults (some now active), univer-
sally steep dips, and high tectonic stress, is the composite
outcomes resulted from the multiple stages of tectonic activ-
ity, including the Caledonian orogeny (542-386 Ma), Hercy-
nian orogeny (386-257 Ma), Indo-China movement (257-
205 Ma), Yanshan movement (205-65 Ma), and Himalayan
orogeny (beginning 65Ma) [30, 41]. Therein, the Caledo-
nian movement enabled the stratigraphic lacuna of the
Devonian and Carboniferous systems, except from the
Neoproterozoic Sinian, Paleozoic, and Mesozoic systems
in this involved area [41-43]. Nowadays, four sets of
hydrocarbon source rocks exist in study area, namely, the
lower Cambrian Niutitang shale, the WL shale, the lower
Permian carbonate source rocks, and the upper Permian
coal-bearing shale [30, 43-45]. Among these sedimentary
strata, the WL shale is the targeted strata of Well-YC4
and is the research object of this work.

In the southeastern Sichuan basin, the WL shale has a
thickness ranging from 35m to 200m and a maximum
burial depth of 4900 m (Figure 1) [46]. As for the Well-
YC4, the well depth is ~800 m, and it met seven sets of strata
in total, which from the top to the bottom consists of Qua-
ternary, Silurian Xiaoheba formation, Silurian Xintan for-
mation, Silurian Longmaxi formation, Ordovician Wufeng
formation, Ordovician Linxiang formation, and Ordovician
Baota formation. The basic information of each involved
stratum is exhibited in Table 1, in which the targeted WL
shale, the combination of Ordovician Wufeng formation
and Silurian Longmaxi formation, has a thickness of 118 m
in total.

3. Materials and Analytical Methodology

Collected from the Well-YC4, in total of 54 shale samples
were involved for the investigation of this work. In this work,
the petrophysical properties mainly contain the petrologic
characteristic and the pore system characterization. Herein,
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FIGURE 1: Regional overview of the Well-YC4 and its surrounding area [30, 36, 46].

TABLE 1: Brief information of the drilled strata in Well-YC4.

System Formation Thickness (m) Petrographic description
Quaternary 6.5 Topsoil, mainly composed of sandy mudstone, sandstone, and limestone
Xiaoheba 132.7 Greenish-gray shales, gray siltstones, deep to dark gray argillaceous siltstones with silty bands
The upper section is grayish to greenish gray argillaceous siltstone and gray argillaceous siltstone,
a Xintan 505.8 while the lower section is greenish gray silty shale, dark gray silty shale and greenish gray shale,
Silurian . . 5
with horizontal bedding.
Longmaxi 109.6 Dark gray shale, black ca.rbonaceou.s shale, and l?lack-gray carbonac§ous silty shale, which
contains graptolite and occasional patches of pyrite.
Dark grey silty shale with horizontal bedding, carbonaceous shale bands, pyrite bearing nodules,
Wufeng 8.4 . -
dovici and graptolite bearing.
Ordovician Linxiang 124 Gray nodular argillaceous limestone
Baota 25.6 Dark gray turtle crack limestone with turtle crack structure

the X-ray diffraction (XRD) was introduced to investigate
the mineral composition, and the low-pressure N, adsorp-
tion experiment and scanning electron microscopy were
employed for the characterization of pore system in shale.
Besides, the onsite desorbed gases from the desorption can-
isters were used to analyze the gas content and molecular
components. The gas molecular components were analyzed
using a gas chromatograph equipped with a flame ionization
detector and a thermal conductivity detector, and subse-
quently corrected for the bulk compositional analyses of
oxygen. Besides, the scanning electron microscope (SEM)
imaging is also used in this work, aiming to observe the
pore system in the collected samples in a direct manner.
In addition, the total organic carbon (TOC) and vitrinite

reflectance (R,) were also measured for the comprehensive
study in this work. The detailed operations regarding the
above-mentioned methodologies are exhibited in previous
works [26, 30, 46-48].

4. Results and Discussion

4.1. Sedimentary Characteristics and Sequence Stratigraphy.
In the Well-YC4, the buried depth of WL shale is
645 m~763 m, where the thickness of Longmaxi shale and
Woufeng shale is 109.6 m and 8.4 m, respectively. The strati-
graphic division is a comprehensive result from the core
observation and logging information. As for the bottom of
WL shale, the logging results experienced abrupt changes
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FIGURE 2: Stratigraphic correlation diagram and vertical variations in the sedimentary sequence of the WL shale in Well-YC4. TST:
transgressive system tract; HST: high-stand system tract.

at the boundary between Wufeng formation and Linxiang  ally greater than 138 API, while that for Linxiang formation
formation (Figure 2). Herein, the gamma-ray (GR) value is basically lower than 50 APIL The interval transit-time
for the Wufeng formation is regarded as high and is gener-  (DT) curve also has an abrupt change, in which the DT value



Geofluids

640

660
680

720

Buried depth (m)

y————————————,

1

0 10 20 30 40 50 60 70 80 90 100

Clay mineral (%)
B Quartz  [7] Dolomit
M Feldspar M Pyrite
M Calcite [ Clay minerals

()

(m)

Buried depth

0 10 20 30 40 50 60 70 80 90 100

Mineral content (%)
M Kaolinite [l I-S mixed
M Chlorite [l C-S mixed
W Ilite

(b)

FIGURE 3: Mineral composition (a) and clay mineral analysis (b) of shale samples from Well-YC4. I-S: illite-smectite mixed-layer mineral; C-

S: chlorit -smectite mixed-layer mineral.

620
640
660
680
700

720 A

Buried depth (m)

740 +

760

780

20

BI Index (%)

F1GURE 4: Vertical variation of BI value for the WL shale in Well-YCA4.

for the Wufeng formation is overall greater than 74 ys/ft and
that for Lingxiang formation is lower than 52 us/ft. Besides,
abrupt change also occurs to the spontaneous potential
(SP) and deeply investigates double-lateral resistivity (RD)
curves at the contact surface between Wufeng formation
and Linxiang formation (Figure 2). In the roof of WL shale,
logging information also has some abrupt changes, which is
treated as the sign of the boundary between Longmaxi for-
mation and Xintan formation, and the related curves are
exhibited in Figure 2.

According to the core observation and logging informa-
tion, the two sequence boundaries in the WL shale were
identified; accordingly, the sequence stratigraphic frame-
work of Well-YC4 in the WL shale was established
(Figure 2). The two sequence boundaries are manifested as
a flooding surface, which divide the WL shale of Well-YC4

into three third-order sequences (SS1, SS2, and SS3) from
the lower section to the upper section (Figure 2). Herein,
each sequence is composed of a transgressive system tract
(TST) and a high-stand system tract (HST) according to
the vertical variation in GR logging. This sequence division
is consistent with previous works, such as the investigations
based on the shale gas wells of Well-JY1, Well-PY1, and
Well-WQ2 [26, 46, 49-51], indicating the reliability of this
work and the general law for sequence division in WL shale
from Sichuan basin and its peripheral areas. Basically, the
TST and HST in each third-order sequence correspond to
variable formation thickness, where the SSI is recognized
at Wufeng formation, while the SS2 and SS3 are the lower
section and upper section of Longmaxi formation, respec-
tively (Figure 2). Regarding each third-order sequence, the
TST exhibits an upward increasing trend, while the HST



SEl  20kV

WD10mm  SS50 x7,000 2um

BEC 20kV WD10mm  SS50 X6,000 2pm

SEl  20kV WD10mm  SS50

(e) Intragranular pore

Geofluids

SEl  20kV WD10mm  SS50 %6,000 2um

x9,000  2pm

(f) Microfracture

FIGURE 5: Pore system classification for WL shale of Well-YC4.

displays an upward decreasing trend based on the GR
response. Besides, according to the core observation, the
amount and species of graptolites exhibit upward decreasing
trends, indicating that the water depth was much deeper in
the early phase of the deposition (SS1 and SS2) than in the late
phase (SS3) [26, 49]. Meanwhile, as for SS1, SS2, and SS3, the
sedimentary environment differs from each other—with dif-
ferent relatively oxygenic and hydrodynamics; in the upper
WL shale, namely, SS3, the sediment sources seem to contain
more terrigenous sand and silty materials, compared to the sit-
uation of SS1 and SS2 (Figure 2).

4.2. Reservoir Characterization

4.2.1. Mineral Composition. The mineralogical analyses of
the WL shale are presented in Figure 3. The mineralogy of
all collected samples is dominated by quartz and clay min-
erals, followed by the feldspars, carbonates (dolomite and

calcite), and pyrite. Herein, the average content of quartz
and clay minerals is 38.3% and 32.3%, respectively, for the
WL shale of Well-YC4 (Figure 3(a)). In general, the mineral
composition can reflect the shale brittleness—a key factor in
promoting hydraulic fracturing as a stimulation method.
Meanwhile, the BI index is commonly used to represent
the brittleness, which is treated as a key parameter in the
evaluation of gas reservoirs. According to the mineral com-
position, the BI is calculated as follows [52]:

Q

BI= (Q+c+Cly)

% 100%, (1)

where BI is the brittleness index and Q, C, and Cly represent
the contents of quartz, carbonate minerals, and clay min-
erals, respectively.
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FiGurek 6: Effective porosity (a), permeability (b), and their relationship (c) of WL shale with different buried depth in Well-YC4.

Based on Equation (1), the calculated results of BI for the
WL shale of Well-YC4 are shown in Figure 4, exhibiting a BI
value scope of 31.6%~73.5% with an average of 47%. By
comparison, in vertical, the bottom section (SS1 and SS2)
has a soft great BI value than the upper section (SS3). This
phenomenon indicates the bottom WL shale is better suited
for hydraulic fracturing than the upper section. This phe-
nomenon keeps pace with the investigation on the Well-
WQ2, a shale gas well targeted at WL shale in the northeast-
ern Sichuan basin [26].

Clay minerals are a complex group and mainly contain
illite and illite-smectite mixed-layer mineral, supplied with
kaolinite, chlorite, and chlorit-smectite mixed-layer mineral
(Figure 3(b)). Regarding WL shale, the illite occurs with a
percentage of 10-53% and an average 29%, while the illite-
smectite mixed-layer mineral ranges from 24% to 82% with
an average of 55%. Besides, the content of chlorite varies
from 1% to 29% with a mean of 10%. Besides, the illite-
smectite mixed-layer ratios of all collected samples locate
at 5%~11%, which is characterized as small and suggests a
sufficient organic evolution of WL shale [53].

4.2.2. Pore System Characterization. In general, shale gas res-
ervoir has a complex type in pore structure and pore size dis-
tribution, which has a great influence on the storage and
transport mechanism of gas in shales [32, 35, 54-59].
According to the SEM observation, the pore system of WL
shale can be divided into six types: intergranular pore, pyrite
intercrystalline pores, organic micropore, interlayer pores of
clay minerals, intragranular pore, and microfracture
(Figure 5). The intergranular pore usually occurs at the silty
shale and argillaceous siltstone with heavy sandy content
(Figure 5(a)), in which the larger the mineral grain, the
larger the intergranular pores. The pyrite intercrystalline
pore is always developed at where the pyrite exists
(Figure 5(b)), while the organic micropore is related to the
organic matter and basically is resulted from the hydrocar-
bon production (Figure 5(c)). The interlayer pores distribute
mainly in the clay minerals which are usually sheet or bed-
ded and thus have free space between layers (Figure 5(d)).
The intragranular pore refers to the pores in mineral parti-
cles, mainly caused by the dissolution of quartz, calcite,
and dolomite and other soluble minerals (Figure 5(e)). These
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FIGURE 7: Relationship between porosity and (a) quartz and (b) clay mineral content.

dissolution pores are irregular in shape and developed in
groups. Besides, microfracture is also observed in WL shale
and is of significance for the gas seepage in shale
(Figure 5(e)).

Basically, porosity controls the gas content of shale to a
certain extent, and permeability is an important parameter
to judge whether a shale gas reservoir has economic value.
The effective porosity, permeability, and their relationship
are exhibited in Figure 6. Although pore type in WL shale
of Well-YC4 is diversiform, the porosity is low, where the
highest effective porosity is just 1.84%, and the majority
locate in the range of 0.1%~0.4% (Figure 6(a)). According
to the scatter diagrams made by the effective porosity and
main mineral content (quartz and clay mineral) of WL shale,
either the quartz content (Figure 7(a)) or the clay mineral

content (Figure 7(b)) insignificantly affects the porosity. As
for the permeability, it is mainly within the scope of
0.0001 4m*~0.0044 um* and has an average of 0.0008 ym>
(Figure 6(b)). In vertical, an inconspicuous variation goes
to the porosity and permeability, which differs from the ver-
tical heterogeneity observed in another shale gas well (Well-
WQ2) located in the northeastern Sichuan basin [26].
Herein, further investigations are needed to clarify this phe-
nomenon, because previous achievements tend to support
the heterogeneous porosity and permeability in vertical,
regarding the WL shale in Sichuan basin and its peripheral
areas [26, 46, 49, 51]. Besides, in this work, the correlation
between effective porosity and permeability of WL shale is
unobvious (Figure 6(c)), indicating the pores in shale spar-
ingly participate in the seepage behavior of fluids in WL
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reservoir. This phenomenon is unfriendly for an effective gas
extraction from WL shale during the potential shale gas
development in area nearby Well-YC4. By comparison, the
unobvious correlations in this work, regarding porosity
and permeability, differ from some other achievements.
According to Liu et al. [26], a linear relationship between
porosity and permeability was observed in the Longmaxi
formation shale, based on the Well-WQ2 in the northeast-
ern Sichuan basin. However, the reason making this incon-
sistent view between previous acknowledge and this work
needs more attentions further.

Besides, the low-pressure N, adsorption experiments
indicate the BET surface area of WL shale in Well-YC4
mainly locates at 7.2344 m*/g~23.3031 m*/g with an average
of 13.6450 m*/g. For the involved samples, over 80% of mea-
sured BET surface area is greater than 10 m?/g, suggesting
the micropores are well developed (Figure 8(a)). As for the
BJH total pore volume, it varies from 0.0037cm’/g to
0.0157 cm®/g with an average of 0.0089 cm®/g (Figure 8(b)).

Herein, the large range for the BET surface area and the
BJH total pore volume suggests that a strong heterogeneity
in vertical occurs to the pore system of WL shale from
Well-YC4. Besides, the BJH average pore size locates at
4.26~5.86 nm and averages 5.12nm (Figure 8(c)), which is
a bit smaller than that (a mean of 6.28 nm) of Longmaxi
shale from Jiaoshiba shale gas field, a place nearby the loca-
tion of Well-YC4 (<100 km in geographical), reported by Liu
et al. [17].

4.2.3. TOC Content and Thermal Maturity. TOC content
usually refers to the percentage of organic carbon of rock
mass in the rocks and can approximate representative rocks
of original organic matter abundance, which thus is the
effective index for the evaluation on the original hydrocar-
bon generation ability [30, 60, 61]. Overall, the TOC content
of WL shale in Well-YC4 is characterized as high. In total,
64 samples are measured, in which the TOC content mainly
locates at 1%~5% (~88% of total statistics) (Figure 9(a)). The
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TOC content indicates the WL shale has a decent hydrocar-
bon generation ability. Herein, the measured values of TOC
content exhibit a good linear relationship with BET surface
area, as shown in Figure 10, indicating the significant contri-
bution of BET surface area is related to the organic matter.
This phenomenon also indicates the organic matter influ-
ences a lot on the pore system regarding the WL shale in this
work. Besides, the R, is an internationally recognized inde-
pendent index for the maturity judgement of organic matter.
The measured R, values locate at 2.68%~2.81% with an aver-
age of 2.75%, showing a high thermal evolution process
(Figure 9(b)), which works in concert with the small illite-
smectite mixed-layer ratios (5%~11%) of WL shale from
Well-YC4. This phenomenon indicates that the thermal evo-
lution degree of the WL shale is basically in the early stage of
overmature evolution, and the organic matter in shale has
reached the peak of gas generation, which is conducive to
the full generation of shale gas. In general, the decent hydro-
carbon generation ability revealed by TOC content and the

sufficient thermal evolution symbolized by R, together sug-
gest that a mount of hydrocarbon has been generated during
the geological period, which is the precondition for the great
potential of shale gas development in Sichuan basin.

4.3. Gas Accumulation Investigation

4.3.1. Gas Content. Herein, three steps were recorded during
the coring process, including the beginning of core barrel
extraction, when the barrel reached the surface and when
the core was placed into the desorption canister, to measure
the in situ gas content; thus, the measured total in situ gas
content contains desorbed gas, lost gas, and residual gas.
This methodology is exhibited in detail by Hartman et al.
[62]. The gas content of WL shale is demonstrated in
Figure 11, in which the mean is 1.22m’/t, and the range is
0.76 m’/t~2.38 m’/t. In vertical, the lower section (depth of
724~736 m) has the highest gas content with an average of
1.44m>/t (0.99 m’/t~2.38 m>/t), while the middle section
(685m~724m) contains the lowest gas content, and its
average is 0.98m’/t. Besides, as for the upper section
(645m~685m), the gas content locates at 0.89 m?/
t~1.53 m’/t with a mean of 1.24 m’/t. Basically, the gas con-
tent varies along with the buried depth in vertical, and the
distribution of gas content in vertical is relatively heteroge-
neous to some extent in the Well-YC4. This phenomenon
is consistent with some previous acknowledge on the gas
content in WL shale. For example, the vertical heterogeneity
of gas content is strong in the WL shale in the wells of Well-
PY1 and Well-JY1 located in the southeastern Sichuan basin,
where the gas content in the bottom section of WL is the
highest and is obviously greater than that in the middle and
upper sections, reported by Chen et al. [49]. Accordingly,
the bottom section (SS1) is appropriate for the potential
deployment of horizontal well during the shale gas extrac-
tion, because of the preponderant gas content in the bottom
WL shale of Well-YC4 and the greater BI in this section
(Figure 4).
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TaBLE 2: Gas molecular composition of WL shale in Well-YC4.
Sample ID Depth (m) C, (%) C,, (%) C,-Cs (%) Drying coefficient (C,/C,-C;) Cs, (%) N, (%) CO, (%)
YC4-4 647.2 98.51 0.59 99.10 0.99 0.53 0 0.37
YC4-10 653.3 98.3 0.41 98.71 1.00 0.86 0 0.43
YC4-17 658 98.5 0.63 99.13 0.99 0.45 0 0.42
YC4-24 665 97.74 0.37 98.11 1.00 1.42 0 0.47
YC4-31 672 97.55 0.66 98.21 0.99 1.1 0 0.7
YC4-38 678.6 98.12 0.52 98.64 0.99 0.72 0 0.64
YC4-45 683.9 98.37 0.81 99.18 0.99 0.65 0 0.17
YC4-50 693 98.65 0.56 99.21 0.99 0.68 0 0.12
YC4-58 703.6 98.66 0.482 99.14 1.00 0.61 0 0.25
YC4-66 712.25 98.08 1.1 99.18 0.99 0.65 0 0.17
YC4-71 718.4 98.44 0.65 99.09 0.99 0.64 0.22 0.06
YC4-76 724 96.68 0.68 97.36 0.99 0.68 1.08 0.17
YC4-82 730.5 98.87 0.39 99.26 1.00 / 0 0.74
YC4-87 735.4 98.91 0.77 99.68 0.99 / 0 0.32
YC4-92 741.7 98.5 0.81 99.31 0.99 / 0.33 0.38
YC4-96 746.2 97.25 0.8 98.05 0.99 / 0.87 0.62
YC4-100 751.1 96.41 0.78 97.19 0.99 0.41 1.69 0.7
YC4-105 756.7 98.39 1.04 99.43 0.99 / 0 0.57
YC4-109 762 97.96 0.94 98.90 0.99 0.4 0 0.69
YC4-15-1 655.6 99.36 0.41 99.77 1.00 / 0.05 0.18
YC4-15-2 655.9 95.94 1.28 97.22 0.99 / 2.48 0.3
YC4-15-3 656.2 99.36 0.49 99.85 1.00 / 0 0.15
YC4-15-4 656.5 98.61 0.7 99.31 0.99 / 0 0.69
YC4-15-5 656.8 98.34 1.26 99.60 0.99 / 0 0.4
YC4-15-6 657 98.71 0.62 99.33 0.99 / 0 0.66
YC4-27-1 667.1 99.32 0.34 99.66 1.00 / 0 0.34
YC4-27-2 667.3 98.49 0.23 98.72 1.00 / 0 1.29
YC4-27-3 667.5 95.51 0 95.51 1.00 1.81 0 2.69
YC4-27-4 667.7 96.63 0.7 97.33 0.99 / 2.2 0.47
YC4-27-5 667.9 96.87 0.91 97.78 0.99 / 1.22 0.99
YC4-27-6 668.2 96.76 1.08 97.84 0.99 0.85 0 13
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4.3.2. Gas Molecular Composition. In this work, a gas chro-
matograph equipped with a flame ionization detector and a
thermal conductivity detector in used to analyze the gas
molecular components, which is subsequently corrected for
the bulk compositional analyses of oxygen. Herein, the sta-
tistics from 31 samples are exhibited in Table 2, where the
total content of hydrocarbon gases is distributed in
95.51%~99.85%, and its average is 98.67% (therein ~0.78%
belongs to Cg,), while the nonhydrocarbon gas (mainly are
CO, and N,) occupies small proportion (average of
0.89%). Basically, CH, is the primary composition, which
occupies 95.51%~99.36% in total gas content. Besides, the
content of heavy hydrocarbon gases is tiny and just has an
average of 0.68%. Meanwhile, the drying coefficient has an
average of 0.99, indicating the dry gas is the dominate
molecular composition in the gas content of WL shale.
Competitively, the drying coefficient of gases in WL shale
located at different place is similar, for example, the drying
coeflicient is 98.58%~99.04% (98.81% on average) according
to the achievements from the Well-EFD1 (E Feng Di 1)
located in Xianfeng County of Hubei Province [63]. This
phenomenon suggests that the CH, is dominated in the
gas molecular composition for all WL shale gas in/around
Sichuan basin.

5. Conclusions

This work exhibits a comprehensive investigation on the WL
shale, represented by a shale gas exploration well in Sichuan
basin, according to the drilling/logging information, petro-
physical properties, and gas content. Accordingly, the main
notable points yield.

The WL shale in Well-YC4 contains three third-order
sequences (SS1, SS2, and SS3) from the lower section to
the upper section and each sequence contains a TST and
an HST. Besides, regarding SS1, SS2, and SS3, their sedimen-
tary environment differs from each other—with different rel-
atively oxygenic and hydrodynamics. Basically, compared to
the situation of SS1 and SS2, the sediment sources in the sec-
tion of SS3 seem to contain more terrigenous sand and silty
materials.

The bottom section (SS1 and SS2) of WL shale has a soft
great BI value than the upper section (SS3), suggesting the bot-
tom WL shale is better suited for hydraulic fracturing than the
upper section. Besides, the pore type in WL shale of Well-YC4
is diversiform, but the porosity is low; meanwhile, the high
BET surface area indicates that the micropores are well devel-
oped. The TOC content and the thermal evolution degree
indicate the WL shale has a decent hydrocarbon generation
ability and is conducive to the full generation of shale gas.
Besides, the vertical heterogeneity widely occurs to the reser-
voir parameters of WL shale, such as mineral composition,
pore system characteristics, and organic matter.

The gas content of WL shale is 1.22m*/t in average
and ranges in the scope of 0.76 m>/t~2.38 m’/t. In vertical,
the lower section (depth of 724~736 m) has the highest gas
content, compared to the middle section (685m~724m)
and the upper section (645m~685m). In the total gas in
WL shale, CH, is the primary composition and occupies

Geofluids

95.51%~99.36%, while the nonhydrocarbon gas occupies
small proportion (average of 0.89%). Meanwhile, the drying
coeflicient averages 0.99, indicating the CH, is the dominate
molecular composition in the gas content of WL shale. Basi-
cally, the gas accumulation suggests a great potential for shale
gas development in the area where Well-YC4 locates at.
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