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The shale of Cambrian Niutitang Formation is one of the most important shale gas reservoirs in the Middle Yangtze region, South
China. Nanopores are important reservoir spaces for shale gas. The study of pore characteristics and its formation controlling
factors is of great significance for the exploration and development of shale gas in the Niutitang Formation. In this study, two
drilling core samples and two profile samples were investigated. The laser Raman, X-ray diffraction analysis, FE-SEM, and low-
pressure N2 and CO2 adsorption methods are used to study the geochemical and mineral compositions of the shales, and the
nanopore characteristics and its formation controlling factors of the shales are discussed. Results show that the shales have the
following features: (1) rich in organic matter (OM) and the total organic carbon (TOC) contents ranging from 2.65 to 11.33%,
with an average value of 6.81%. (2) The main mineral components of these shales are quartz, feldspar, clay minerals, calcite, and a
small amount of pyrite. (3) The samples from the center of the Middle Yangtze region (EY1 well and BGP profile) have a higher
maturity value (RmcR0% = 4:0%) relatively to the samples from the south of the Middle Yangtze region (XD1 well and JF profile),
where the RmcR0% is 2.8%. (4) The maximum N2 adsorption capacity of the four groups of shale samples ranges from 5.090 to
27.333 cm3/g, with an average value of 15.571 cm3/g, while the maximum CO2 adsorption capacity ranges from 2.686 to 5.567 cm3/
g, with an average value of 3.776 cm3/g. The higher maturity leads to the EY1 well having the lowest average maximum N2
adsorption capacity, while most of the OM pores in the EY1 well and BGP profile samples are smaller than 10 nm in diameter.
The tectonic uplift leads to the profile samples having more meso-macropores than the core samples. The dissolution pores and
granular mineral support are the key factors for the better pore structure of the high-evolution stage Niutitang Formation shale.

1. Introduction

Shale gas is a different kind of gas accumulations from con-
ventional gas, which exists primarily as the adsorbed gas,
free gas, or dissolved gas in the organic-rich shales [1].
Nanopores are the main storage spaces for shale gas, and
the nanopore volume and structure are one of the key inter-
nal factors affecting the occurrence state of shale gas [2].

Meanwhile, the characteristics of organic matter (such as
organic matter content, type, and maturity) and mineral
composition of organic-rich shale greatly affect the volume
and structure of the pores [3–6]. Although previous stud-
ies provided a lot of detailed information on the pore
structure in organic-rich shale, the key influencing factor
is diverse in different shales because of its inherent hetero-
geneity [7–10].
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The Cambrian Niutitang Formation (CNF) in South
China is a favorable horizon for shale gas development
because of its high total organic carbon (TOC) contents,
high thermal maturities, and wide distribution [11, 12].
Many scholars have studied the nanopore characteristics of
the CNF organic-rich shales in the Upper Yangtze region.
The CNF shales from Chongqing City with an Eq-Ro of
3.5%-4.2% have a poorer pore development compared with
the CNF shales from Yichang City with an Eq-Ro of 1.6%-
2.8% [13, 14]. Therefore, some researchers argued that the
thermal evolution degree of shale is the key factor for con-
trolling shale pore development in the CNF [14]. Xi et al.
[15] studied the pore characterization and the controls of
OM and quartz on CNF pore structure in the northern Gui-
zhou Province and thought that the TOC content is the key
influencing factor. The shales of the CNF are also widely dis-
tributed in the Middle Yangtze region (Figure 1), but the
pore characteristics and their influencing factors are still
unclear which impeded the development of shale gas in
South China.

In this study, we selected core and outcrop samples of
the CNF in the Middle Yangtze area and then conducted
geochemical analysis, mineralogy, and porosity measure-
ment. We have compared the variation of TOC contents,
maturity, lithology, and pore development in the different
samples. The main aims of this study are to (1) finely eluci-
date nanopore characteristics of the CNF organic-rich shale
in the Middle Yangtze area and (2) determine the key con-
trols of the nanopores. Our experimental findings would be
beneficial to the exploration and development of the CNF
shale gas in the Middle Yangtze region.

2. Materials and Methods

2.1. Investigated Samples. The shale samples investigated in
this study were collected from drilling cores and outcrops,
comprising the Jiangfeng (JF) and Baiguoping (BGP) out-
crop profiles and the EY1 and XD1 wells (Figure 1(b)).
The JF profile is located in Youyang County, Chongqing
City. This section has a total thickness of 27 meters, with a
bottom of 3 meters of black siliceous mudstone and 4 meters
of black siliceous mudstone and 20m of black carbonaceous
mudstone on the top. A total of 36 samples were collected
from this section. The BGP profile is located in Hefeng
County, Hubei Province. This section has a total thickness
of 57 meters, including 34 meters of black carbonaceous
mudstone (Figure 1(c)). 30 samples were collected from this
section. To ensure that the lithological and geochemical
characteristics of these samples are not affected by weather-
ing, all section samples are fresh samples. The EY1 well is
located in Lichuan City, Hubei Province. The Lower Cam-
brian strata were drilled to depths of 3717-3965m. A total
of 55 samples were collected from this well. The XD1 well
is located in Zhangjiajie City, Hunan Province. The Lower
Cambrian strata were drilled to depths of 1792.8-1998m.
30 samples were taken from this well. Ultimately, a total of
24 carbonaceous shales from the core and profile samples
were selected for the experimental study (Table 1).

2.2. Experiments. The TOC contents of the samples were
tested by CCS-902 series carbon and sulfur analyzer pro-
duced by Beijing Wanliandaxinke Instrument Co., Ltd. The
pulverized samples were treated with 8% hydrochloric acid
to remove carbonates.

In this study, we adopted a HORIBAHR-LabRAM fully
automatic microlaser Raman spectrometer to characterize
the samples’ maturity. In this experiment, a silicon wafer
was used as a wave number calibration of Raman instru-
ment. Some other experimental parameters can be consulted
in Liu et al. [16].

The nanoporous signatures of the samples were studied
by gas adsorption and FE-SEM observation. The gas adsorp-
tion included low-pressure N2 and CO2 adsorption measure-
ments using a Micromeritics ASAP 2020 HD88 apparatus.
Before the gas adsorption test, about 0.25 g of 60~80-mesh
powder sample was placed into a vacuum oven and dried
at 110°C for 12 hours to remove adsorbed moisture and vol-
atile matters from the sample. The tested pores range from
1.083 nm to 400 nm in the isothermal N2 adsorption includ-
ing some microporous, all of the mesoporous, and a part of
macroporous. The test temperature was -196°C, and the rel-
ative pressure (P/P0) was 0.000 1~0.995. The low-pressure
CO2 isothermal adsorption was used to determine the
microporous signatures. The CO2 adsorption analysis was
carried out at 0°C with a relative pressure P/P0 ranging from
0.00003 to 0.03. The Brunauer-Emmett-Teller model (BET)
was used for calculating the surface area (AS, m

2/g), the
Barrett-Joyner-Halenda (BJH) model was used for calculat-
ing pore volume (VN2, cm

3/g), and the density functional
theory (DFT) was used to calculate the varied ranges of pore
size distributions in these experiments. The nanoporous
observation was conducted by field emission scanning elec-
tron microscopy (Zeiss, Merlin Compact). The samples were
cut into small cubes of 0.5~1 cm3 at Gatan Precision and
then polished by argon ion for 1 hour at an accelerating volt-
age of 7 kV to produce a flat surface on Gatan Precision
Etching Coating System II (PECSII) 685 system. After that,
the samples were put into the scanning electroscope for
observation with a 1 kV acceleration voltage and 5-6mm
working distances.

At the same time, all the samples were also subjected to
X-ray diffraction analysis. These analyses were performed
on an Empyrean X-ray diffractometer using Cu Ka radiation
at 40 kV and 40mA. Each scan was performed from 5° to 45°

with a step interval of 0.02° at a rate of 2.0°/min.

3. Results

3.1. Organic Geochemistry

3.1.1. Total Organic Carbon (TOC) Contents. Organic matter
in shale is the material basis for hydrocarbon generation. Its
abundance is an important organic geochemical parameter
to evaluate the merits of shale gas reservoirs. This is because
it not only directly determines the hydrocarbon generation
potential of shale but also produces abundant nanoscale
micropores and fractures in the process of hydrocarbon gen-
eration, which provides good storage space for shale gas [17,
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18]. The CNF shale is famous for its richness of oil-prone
kerogen, but it contains scarce soluble organic matter
because of its overmaturity. Thus, in this study, the TOC
content is used as a parameter to evaluate the abundance
of organic matter. To clarify the relationship between the
TOC and pore development of shale in the CNF, the samples
which were tested by gas adsorption and FE-SEM were also
tested for TOC contents simultaneously. The results are
shown in Table 1.

The TOC contents of EY1 well samples range from 4.9 to
10.24wt. %, with an average of 7.42wt. %, while the TOC con-
tents of XD1 well samples range from 2.65 to 6.83wt. %, with
an average of 4.84wt. %. And for the profile samples, the TOC
contents of BGP vary from 4.62 to 11.33wt. %, with an average
of 6.64wt. %, while the TOC contents of JF vary from 6.22 to
8.56wt. %, with an average of 7.49wt. %.

3.1.2. Maturity of Organic Matter. Maturity is an important
index for source rock evaluation and an important basis for
shale oil and gas exploration and development [1, 3, 19, 20].
The maturity evaluation of most organic shales is character-
ized by vitrinite reflectance of organic matter (VRo, %) or
solid bitumen reflectivity (BRo, %; [21]). However, the

CNF organic-rich shales are overmatured marine shales for
which effective maturity indicators are scarce/absent [22,
23]. At the same time, Raman spectroscopy has been
increasingly used to determine the maturity of shale because
of its simple operation and reliable data [24–27]. Raman
measurements can offer a useful maturity proxy mainly via
Raman band separation (RBS) calculated from the wave-
numbers of the G and D bands [25, 28]. Therefore, in this
study, we used the laser Raman spectrum to measure the
maturity of the CNF shale.

Details of this test were as follows: firstly, one or two
samples from each well or section were selected for Raman
spectroscopy analysis. Then, tests were carried out at four
different locations of each sample. Some Raman spectra are
shown in Figure 2. Liu et al. [16] proposed that the Raman
spectra of all kinds of solid organic matter in the stratum
have D and G peaks with different morphological intensities
and morphologies, which increase with the increase of the
thermal evolution degree of the samples, and their peak
spacing (dðG −DÞ) and peak height ratio (hðDh/GhÞ)
change laws are very similar. Meanwhile, they proposed that
the peak-to-height ratio can be used to calculate the thermal
evolution degree for high to overmature shale. So, finally, the
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Figure 1: (a) The geographical location of the study area in China. (b) Sedimentary face map of the Cambrian Niutitang Formation in the
Middle Yangtze region. (c) The Lithological column of the Niutitang Formation in the BGP section.
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maturity of samples was calculated through Equation (1),
which was proposed by Liu et al. [16] based on Raman
parameters. The results of Raman spectrum maturity ð Rmc
R0%Þ are shown in Table 1.

RmcR0% = 1:1659h Dh/Ghð Þ + 2:7588, ð1Þ

where RmcR0% is the reflectance calculated by Raman analy-
sis parameters and h ðDh/GhÞ is the peak-to-height ratio
(Dh is D peak height, and the Gh is G peak height).

It could be seen from the test results that the CNF shales
in the Middle Yangtze are overmature. The shale maturity of
the CNF in the JF profile and XD1 well is slightly low with
the RmcR0% to be about 2.8% and 2.7%, respectively, while
that of the BGP profile and EY1 well is as high as about 4%.

3.2. Mineral Composition. The mineral compositions of the
shale play an important role in the study of shale reservoirs.
Shale gas mainly occurs in adsorbed and free states in reser-
voirs [19]. According to previous studies, clay minerals are
important storage places for adsorbed shale gas. The large
pore size intergranular pores and contact edge fractures
between different minerals formed during diagenesis are
the main storage spaces for free shale gas [9, 29–31].

The main mineral components of the CNF shale in the
study area are quartz, feldspar, clay minerals, calcite, and a

small amount of pyrite (Table 1 and Figure 3). The quartz con-
tents range from 3 to 76wt. %, with an average of 42wt. %. The
feldspar contents vary from 0 to 56wt. %, with a mean of
23wt. %. The clay mineral contents vary from 5 to 50wt. %,
with a mean of 22wt. %. The calcite contents vary from 0 to
85wt. %, with a mean of 8wt. %. But overall, the core samples
had lower quartz contents and higher feldspar and calcite con-
tents. The outcrop samples had higher quartz contents and
lower feldspar and calcite contents. However, there are no sig-
nificant differences in the average clay mineral contents
between the core samples and the outcrop samples.

3.3. FE-SEM Observations. The classification of shale pores
proposed by Loucks et al. [18] and Ko et al. [4] was adopted
in this study. We observed organic matter (OM) pores, inter-
particle (interP) pores, intraparticle (intraP) pores, and micro-
fractures in the samples by the FE-SEM (Figures 4 and 5). OM
pores refer to various forms of pores developed in primary
organic matter and solid asphalt. The interP pores refer to
the pores between all kinds of plastic minerals (such as clay
minerals, fecal pellets, and organic matter) and brittle minerals
(quartz, feldspar, carbonate minerals, pyrite, etc.). The intraP
pores include the strawberry intercrystalline pores of pyrite,
interlayer pores of clay minerals, and dissolution pores. The
fractures include the structural fractures, diagenetic contrac-
tion fractures, and cleavage fractures. Furthermore, the pores

Table 1: Geochemical characteristics and mineralogical composition of the samples.

Source Sample no. Depth (m) TOC (%) RmcR0 (%)
Minerals

Quartz Feldspar Clay mineral Calcite Pyrite

Core samples

EY1-05 3906.1 7.97 ─ 25 19 47 4 1

EY1-10 3896.9 7.40 4.07 31 31 32 0 2

EY1-15 3885.3 10.24 ─ 25 32 38 2 2

EY1-18 3879.6 4.99 ─ 42 42 5 6 5

EY1-25 3865.8 10.16 ─ 41 46 6 3 5

EY1-30 3855.2 6.56 ─ 12 52 6 4 3

EY1-35 3845.6 5.83 ─ 32 33 33 1 2

EY1-45 3825.4 7.25 ─ 27 35 30 2 6

EY1-50 3815.0 8.29 4.06 30 40 18 7 3

EY1-54 3807.5 5.47 ─ 26 36 31 1 6

XD1-70 1923.7 6.83 ─ 66 21 8 3 2

XD1-92 1945.8 2.65 2.71 3 0 9 85 3

XD1-107 1961.5 5.71 ─ 23 0 9 67 1

XD1-132 1984.8 4.20 ─ 26 56 15 0 4

Outcrop samples

BGP-7 ─ 11.33 ─ 55 12 26 0 5

BGP-9 ─ 7.94 ─ 56 9 23 4 7

BGP-12 ─ 5.66 3.99 62 8 19 6 6

BGP-13 ─ 5.49 ─ 64 11 23 0 2

BGP-15 ─ 4.79 ─ 64 10 21 0 4

BGP-17 ─ 4.62 ─ 38 10 50 0 2

JF-04 ─ 6.22 ─ 60 15 14 0 8

JF-14 ─ 8.56 2.73 62 13 18 0 7

JF-26 ─ 7.23 2.99 76 5 14 1 4

JF-36 ─ 7.96 ─ 71 5 24 0 0
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formed by solid bitumen thermal degradation is defined as
compound pore herein. This solid bitumen fills the interlayer
pores of clay minerals and dissolved pores of granular min-
erals (Figures 5(a)–5(d) and 5(f)).

Under the FE-SEM, various organic matter particles can
be observed between mineral particles and clay minerals
(Figures 4 and 5). The shale samples of CNF all have dense
organic pores, but the pore sizes were various (Figure 4). The
OM pores in the well EY1 sample are mainly circular pores
of 5-10nm in diameter, and some pores are about 50-
100nm in diameter. The size of OM pores in the XD1 well
and JF profile increases. The pore sizes are typically 5-
100nm. The pore shapes are round and oval, and a small
number of strips connected by two or three small pores. The
main OM pore size of the BGP samples is slightly larger than
that of the well EY1, but smaller than that of the JF samples.

Simultaneously, when the contents of organic matter are high,
the minerals are closely bound to organic matter (Figures 4–
6). But some compound pores formed by solid asphalt and
someminerals have larger apertures with 10-200nm diameter,
which are circular, oval, and irregular (Figure 5).

The main inorganic pores in CNF shale are dissolution
pores and a few interP pores (Figure 5). The dissolution pores
are of various shapes, including long strips parallel to each
other (Figure 5(a)) and irregular distribution within the parti-
cles (Figures 5(a) and 5(c)–5(f)). In general, most of intraP
and interP pores in the well EY1 samples are usually developed
partially and poorly connected (Figures 5(a), 5(d), and 6(a)),
while the intraP and interP pores in well XD1 are relatively well
developed and have better connectivity (Figures 5(e), 5(f), and
6(b)). At the same time, in some samples, almost no pores can
be seen in the view field (Figures 6(c) and 6(d)).
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Figure 2: Raman spectra recorded for the samples of (a) EY1-50, (b) XD1-92, (c) BGP-12, and (d) JF-14.“—1, 2, 3, 4” represents each test result of
the samples. The Ramanmaturity of the sample can be calculated by reading peakG and peakD in each test and substituting them into Equation (1).
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There are some vertical fractures and high angle frac-
tures in the core of well EY1, but no structural fractures
are found under the FE-SEM. In general, the shale of the
CNF mainly develops some diagenetic fractures at the con-
tact between organic matter particles and large mineral par-
ticles and some dissolution fissures along the cleavage
(Figures 5(a), 5(d), and 5(e)). These fractures are typically
1-5μm long and 5-20nm wide.

3.4. CO2 and N2 Adsorption Isotherms. Nanopores are gener-
ally classified as micropores (<2 nm), mesopores (2–50 nm),
and macropores (>50nm) according to the standard of the
International Union of Pure and Applied Chemistry
(IUPAC; [32]). Moreover, gas adsorption is an effective
method to study nanopore types and structures in the shale
[8, 9, 29, 33]. Sing et al. [32] had proposed that there were six
types of isotherms and four types of hysteresis loops accord-
ing to their shapes. According to the experimental results,
the samples of the CNF exhibited the type IV isotherms
and transitional hysteresis loops between H2 and H3, which
illustrate there are many “ink bottle” pores (with narrow
necks and wide bodies) and some slit-shaped pores [32]
(Figure 7). Some samples like EY1-30 and JF-04, whose tran-
sitional hysteresis loops look more like H3, illustrate that
there are more slit-shaped pores in the shales. Meanwhile,
the samples like XD1-70 and BGP-13, whose transitional
hysteresis loops look more like H2, illustrate that there are

more “ink bottle” pores in the shale. Furthermore, almost
all of the nitrogen adsorption curves of the CNF shale sam-
ples show that the adsorption and desorption curves do not
coincide at lower pressures (P/P0 < 0:4), Sing et al. [32]
explained that this phenomenon was caused by the swelling
of a nonrigid pore structure or with the irreversible uptake of
molecules in pores (or through pore entrances). In other
words, N2 could not be desorbed properly after entering
the micropores in this study.

The maximum N2 adsorption capacity of shale samples
is shown in Table 2. Test results show that (1) the samples
from the JF profile have the highest maximum quantities
adsorbed (MQAs) of N2, ranging from 15.873 to
27.333 cm3/g, with a mean of 22.560 cm3/g. (2) The BGP
samples have the second highest MQAs of N2, which are
in the range of 7.859-26.079 cm3/g, with a mean of
17.649 cm3/g. (3) The MQAs of XD1 well samples are in
the range of 10.603-18.956 cm3/g, with a mean of
15.632 cm3/g. (4) The MQAs of EY1 well samples have the
lowest MQAs of N2, ranging from 5.090 to 16.809 cm3/g
with a mean of 11.505 cm3/g.

The CO2 adsorption curves of experimental samples are
shown in Figure 8, which are consistent with the type I-
microporous media adsorption curves in Sing et al. [32].
The samples from the JF profile have the highest MQAs of
CO2, varying from 3.985 to 4.772 cm3/g, with a mean of
4.402 cm3/g. The MQAs of BGP profile samples vary from
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Figure 3: Distributions of the mineral compositions of the four groups of CNF shales.
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2.816 to 5.567 cm3/g, with a mean of 3.879 cm3/g. The MQAs
of XD1 well samples vary from 2.686 to 3.558 cm3/g, with a
mean of 3.124 cm3/g. The MQAs of EY1 well samples vary
from 3.148 to 4.713 cm3/g, with a mean of 3.725 cm3/g.

As mentioned above, CO2 and N2 adsorption measure-
ments can provide pore structure parameters related to
nanopores, such as pore volume, specific surface area, and
pore size. Among them, the low-pressure N2 adsorption
method can effectively characterize the pores between 0.8
and 300 nm, which was the preferred method for studying
the pore structure of organic-rich shale [8, 33, 34], while
the low-pressure CO2 adsorption was used to characterize
the micropores that are smaller than 1.083 nm in this study.

The pore structure parameters are shown in Table 2.
From the results of N2 adsorption, the shales of EY1 well
have the worst pore structure in the four groups of samples:
(1) the minimum pore diameter of 6.660–15.342 nm, with an
average of 10.877 nm; (2) the lowest surface area values,
ranging from 2.292 to 14.174m2/g, with an average of
8.818m2/g; and (3) the minimum pore volume in the range
of 0.685-2.508 cm3/100 g, with an average of 1.694 cm3/100 g.
However, the results of CO2 adsorption show that the well
has a comparably higher micropore surface area and pore
volume, with an average of 32.211m2/g and 0.287 cm3/
100 g, respectively.

In the N2 adsorption measurement, the pore size of XD1
well exhibits a range of 10.345–16.038 nm, with an average
of 13.777 nm. The surface area values range from 8.642 to
16.832m2/g, with an average of 11.648m2/g. The pore vol-

ume is in the range of 1.509-2.827 cm3/100 g, with an aver-
age of 2.156 cm3/100 g. In the CO2 adsorption
measurement, the XD1 well has the lowest micropore sur-
face area and pore volume, with an average of 23.650m2/g
and 0.250 cm3/100 g, respectively.

Comparably, the BGP and JF profiles have better pore
structure parameters in the N2 adsorption measurement.
The BGP profile have an average pore size of 18.074 nm,
while the average pore size of the JF profile is 15.591 nm.
The average surface area value of the BGP profile is
11.225m2/g, and that is 17.805m2/g for the JF profile. The
average pore volume of the BGP profile is 2.446 cm3/100 g.
The JF profile is 3.174 cm3/100 g. In the CO2 adsorption
measurement, the average surface area and pore volume of
the BGP profile, respectively, are 30.766m2/g and
0.442 cm3/100 g, which are 33.377m2/g and 0.505 cm3/100 g
for the JF profile samples.

Moreover, to better distinguish pore structure differ-
ences between the four groups of CNF samples, the CO2
and N2 adsorption amounts of different pore sizes of each
sample were spliced together, and the proportion of adsorp-
tion amounts of different pores was calculated. The results
are shown in Table 2 and Figure 9. The samples from the
EY1 well have the highest micropore proportion with an
average of 55.02%. The samples from the JF profile have a
higher micropore proportion than the other two groups of
shales, with an average of 46.28%. The samples from the
XD1 well have the lowest micropore proportion, with an
average of 33.44%. Overall, micropores smaller than 1nm

200 nm

d < 10 nm
OM pore

Compound pore

(a)

200 nm

5 < d < 50 nm
OM pore

IntraP pore

(b)

d < 20 nm
OM pore

InterP pore

200 nm InterP pore

(c)

5 < d < 50 nm
OM pore

200 nm

InterP pore

(d)

Figure 4: The FE-SEM images of organic pores in the CNF shale samples of the (a) EY1-18, (b) XD1-70, (c) BGP-12, and (d) JF-26 samples.
The visible OM pores in the well EY1 profile sample are mainly circular pores of 5-10 nm in diameter. The visible OM pore size of BGP
profile is slightly larger, but most of them do not exceed 20 nm. The OM pores in the well XD1 and JF profile sample are mainly circular
pores of 5-100 nm in diameter.
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are well developed in the CNF shale. Meanwhile, the meso-
pore and macropore development of JF and BGP profiles is
better than that of EY1 and XD1 well (Figure 9).

4. Discussion

4.1. Pore Characteristics of Shales in the CNF. In this study,
the nanopore signatures of the samples were studied by gas
adsorption and FE-SEM observation. Under the FE-SEM,
various organic matter particles distributed between mineral
particles and clay minerals are observed. Organic pores from
different wells or profiles are varied in size. The maximum
pore size of almost OM pores is less than 100 nm. The inor-
ganic pores of the four shale groups are mainly dissolution
pores, some clay mineral interlayer pores, and composite
pores. However, the overall development degree is worse
than that of the Longmaxi shale in the Middle Yangtze
region which was reported in Xu et al. [35]. At the same
time, the connectivity of organic and inorganic pores in Niu-
titang shale is generally poor (Figures 5(d) and 5(f)).

According to the low-pressure gas adsorption measure-
ment, four groups of CNF shale samples show their own
pore structure characteristics. The N2 adsorption mainly
reflects the pore characteristics of meso-macropores in shale.
The maximum N2 adsorption capacities of the four groups

of shale samples are different. The lowest mean value is
11.505 cm3/g in the EY1 well while the highest is
22.56 cm3/g in the JF profile (Table 2), indicating that the
four groups of samples have developed different meso-
macropores. CO2 adsorption reflects the pore characteristics
of micropores in shale. The average value of the CO2 maxi-
mum adsorption capacity of the four groups of shale sam-
ples is greater than 3 cm3/g. Comparatively, the CO2
maximum adsorption capacity of the samples from lacus-
trine Yanchang Mudstone in Ordos Basin is no more than
2.0 cm3/g [36], while it is mostly between 2.0 and 3.0 cm3/g
of the Longmaxi samples in the Middle Yangtze region
[35]. The comparison results of CO2 adsorption show that
the micropores in CNF shales in this study area are well
developed.

4.2. Main Formation Controlling Factors of Pore Structure.
The pore structure of shales is affected by many factors.
On the immature stage, it is mainly affected by early diagen-
esis. When the shale matures, the pore structure is more
influenced by organic matter type, organic carbon content,
mineral composition, the thermal evolution degree, and so
on [3, 34, 37, 38]. In our study, the four groups of shale sam-
ples all are formed in the deep shelf environment
(Figure 1(b)), which mainly contained the type I kerogen

Cleavage fracture 

IntraP pore
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pore
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(a)
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Compound pore

(b)

Compound pore

1 𝜇m
InterP pore

(c)

Compound pore

2 𝜇m

IntraPpore

Diagenetic fractures

(d)

IntraPporeInterP pore

1 𝜇m InterP pore

(e)

IntraP pore

Compound pore

2 𝜇m

OM pore

(f)

Figure 5: The FE-SEM images of organic and inorganic pores in the CNF shale samples of the (a) EY1-30, (b) EY1-45, (c) EY1-50, (d) EY1-
35, (e) XD1-92, and (f) XD1-70. The main inorganic pores in the CNF shale are dissolution pores and a few interP pores.
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[39]. Therefore, we will mainly discuss the influence of TOC
content, thermal evolution degree, and mineral composition
on the nanopores of the CNF shale.

4.2.1. Tectonic Uplift. Table 2 and Figure 9 exhibit difference
in the nanopore characteristics of the four groups of the
shales. The four groups of shales develop plentiful micro-
pores; however, their mesopores and macropores develop

quite differently. This is because the average MQAs of N2
of the EY1 well is 11.505 cm3/g and the average MQAs of
N2 of the BGP profile is 17.649 cm3/g, while that of the
XD1 well is 15.632 cm3/g, and the JF profile is 22.560 cm3/g.

As pointed out above, the EY1 well and BGP profile have
approximately the same degree of evolution, with the RmcR0%
of 4.06% and 3.99%, respectively, while the RmcR0% of the
XD1 well and JF profile are 2.71% and 2.86%, respectively.

2 𝜇m
Compound pore

(a)

2 𝜇m

OM pore

pore

Compound

(b)

1 𝜇m

(c)

2 𝜇m

(d)

Figure 6: The FE-SEM images of organic and inorganic pores in the CNF shale samples of (a) EY1-18, (b) XD1-132, (c) EY1-05, and (d)
EY1-15. The intraP and interP pores in well XD1 samples are relatively well developed and have better connectivity than them in well EY1.
Meanwhile, in some samples, almost no pores can be seen in the view field.
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Combined with the maturity and MQAs of N2 of the four
groups of samples, it can be seen that the MQAs of N2 of the
profile samples are significantly higher than those of the well
samples with roughly the same maturity. Furthermore, based
on the physical simulation experiment of diagenesis, Gao et al.
[40] found that the “pore rebound” effect that occurred after
tectonic uplift can increase the remaining primary pores of
the reservoir by about 1%. This is because the formation cooling
and pressure relief can lead to more diagenetic fracture in the
reservoir which connect the remaining primary pores. There-
fore, we inferred that tectonic uplift may be conducive to pres-
sure release, making the holes that were once smaller due to
burial compaction become larger.

4.2.2. Maturity of Organic Matter. With the increase of
burial depth, inorganic pores generally decrease constantly
because of compaction. At the same time, the organic matter
stored in shales goes through the evolution stages from
immature to mature, then to high mature, and finally to
overmature, which are corresponding to formation of kero-
gen, kerogen cracking during oil and gas generation and
expulsion, condensation of residual liquid hydrocarbon into
solid asphalt, and finally secondary cracking of kerogen and
solid asphalt to form methane [41, 42]. In this process, the
OM pores in the shales are not developed firstly. Subse-
quently, the OM pores are occupied by liquid hydrocarbon.
Finally, a large number of OM pores are formed by pyrolysis
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Figure 8: Low-pressure CO2 adsorption isotherms of the four groups of the CNF shales: (a) is for the EY1 well tested samples, (b) is for the
XD1 well tested samples, (c) is for the BGP profile tested samples, and (d) is for the JF profile tested samples.
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gas [3, 43–45]. However, some exploration practices found
that the organic-rich shale with Ro > 3:5% generally has no
pores [44, 46]. This is because when the shale is overma-
tured, the organic matter is densified by a condensation
reaction [43]. Therefore, the development of organic pores
in shale is closely related to its maturity.

In this study, one or two samples from each well or sec-
tion are selected for Raman spectroscopy. The results are
exhibited in Table 2. The RmcR0% are ca. 4% for the EY1 well
and BGP profile samples and ca. 2.8% and 2.7% for the JF
profile and XD1 well samples, respectively. To exclude the
influence of structural uplift on pore structure, the samples
of the same type were compared. Through comparative
study, it is found that the XD1 well and JF profile samples
with lower maturity had larger OM pores while the BGP
profile and EY1 well samples with higher evolution have sig-
nificantly smaller organic pores (Figure 4). In addition, we
also find that the maximum adsorption of N2 of samples is
overall negatively correlated with its maturity. In other
words, the maturity of the JF profile is lower and its N2
adsorption capacity is larger while the maturity of the
BGP profile is higher and its N2 adsorption capacity is
lower. Meanwhile, the N2 adsorption capacity of the XD1
well is larger when the maturity is lower, and the N2 adsorp-
tion capacity of the well EY1 is smaller when the maturity is
higher.

However, the EY1 well which has the highest maturity
also has some samples with large N2 adsorption capacity,
e.g., EY1-10, EY-50, and EY1-54, while the XD1 well also
has a sample with low N2 adsorption capacity, e.g., XD1-
132, indicating that the maturity is not the only influence
factor on porosity. Therefore, other influencing factors will
be discussed next.

4.2.3. TOC Content. OM pores play an important part in the
reservoir space of mature shale [18, 44, 47]. After shale
enters the mature stage (Ro > 0:6), OM is consumed and
transformed into hydrocarbons with the increase of matu-
rity. Meanwhile, the OM pores increase accordingly which
offer surface area and pore volume [33, 44, 45]. Previous
studies have shown that when the same type of organic mat-
ter has the same maturity, porosity and TOC had a piecewise
relationship; i.e., when the TOC is below a certain value,
porosity and TOC have a positive correlation. When the
TOC is above a certain value, the correlation would become
negative for its plasticity [43, 48–50]. In general, the TOC
content controls the development of organic pores and
affects the pore size in different ranges.

To study the influence of the organic contents on shale
pores in this group, the gas adsorption data of the samples
in this study were fitted to their TOC content, as shown in
Figure 10. The results show that TOC contents have no rela-
tionship with the total pore volume or the N2 maximum
adsorption capacity of all the samples, but a positive correla-
tion exists between the total pore volume and the N2 maxi-
mum adsorption capacity of the JF profile and XD1 well.
Meanwhile, the TOC contents have a strong positive correla-
tion with the CO2 maximum adsorption capacity, a weak
positive correlation with the proportion of micropores, and
some negative correlation with the proportion of mesopores
and macropores. In this study, N2 adsorption characterized
the pores between 1.083 and 300nm, and CO2 adsorption
characterized micropores smaller than 1.083 nm. Therefore,
according to the relational graph, the SEM photograph,
and some previous research results, we can infer that (1)
there is no piecewise relationship between TOC contents
and pore volume in the study area probably because almost
all of their TOC contents are high, and the maturity of the
four groups of samples is different (Figure 10(a)). (2)
Though there is no relationship between TOC contents
and pore volume of all the samples (Figure 10(b)), there is
a positive correlation between the total pore volume and
the N2 maximum adsorption capacity of the JF profile and
XD1 well (Figures 10(c) and 10(d)), which is consistent with
the FE-SEM photograph, that most of OM pore sizes of the
experimental samples in the study area are small (mainly less
than 5nm). Nevertheless, there are large OM pores devel-
oped in the XD1 well and JF profile ranging from 5 to
100 nm that partly contribute to the pore volume
(Figure 4). However, the correlation coefficient is not high,
indicating that the other factors have more influence on
the development of mesopores and macropores. (3) The
OM of shale samples in the study area provides many micro-
pores smaller than 1.083 nm inferred form the strong posi-
tive correlation between TOC contents and CO2 maximum
adsorption capacity (Figure 10(e)). However, the correlation
coefficient between TOC contents and micropore propor-
tion which contains all micropores is decreased
(Figure 10(f)). Consequently, we deem that some micro-
pores between 1.083 and 2nm are inorganic pores from
these two groups of relationships (Figures 10(e) and 10(f)).
(4) The increase of OM would reduce the corresponding
mineral particles; moreover, the OM is a soft and plastic
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Figure 9: The pore volume distribution of the four groups of CNF
shales: (a) is for the EY1 well tested samples, (b) is for the XD1well
tested samples, (c) is for the BGP profile tested samples, and (d) is for
the JF profile tested samples. The results show that profile samples
have more micro-, meso-, and macropores than core samples.
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Figure 10: The correlation between TOC and pore structure: (a) is for the total pore volume and TOC contents of the all tested samples, (b)
is for the N2 maximum adsorption capacity and TOC contents of the all tested samples, (c) is for the total pore volume and TOC contents of
the JF profile and XD1 well tested samples, (d) is for the N2 maximum adsorption capacity and TOC contents of the JF profile and XD1 well
tested samples, (e) is for the CO2 maximum adsorption capacity and TOC contents of the all tested samples, (f) is for the micropore
proportion and TOC contents of the all tested samples, (g) is for the mesopore proportion and TOC contents of the all tested samples,
and (h) is for the macropore proportion and TOC contents of the all tested samples.
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particle with poor compressive ability. When the OM is
overmature and lost its hydrocarbon generation capacity
and has been under the burial pressure of shale in a long
geological history, the volume of meso-macropores in shale
would gradually decrease due to the weak compressive abil-
ity of rock page. Thus, there is a weak negative correlation
between TOC contents and the proportion of mesopores
and macropores (Figures 10(f) and 10(h)).

4.2.4. Mineral Compositions. The main mineral components
of the CNF shale in the study area are quartz, feldspar, clay
minerals, calcite, and a small amount of pyrite. According
to previous research results, all of these minerals have differ-
ent effects on shale pores [6, 34, 44, 51]. The inorganic pores
of the four shale groups in this study are mainly dissolution
pores, some clay mineral interlayer pores, and clay mineral
composite pores (Figure 5). Due to the high TOC contents
of the samples, the practice of energy spectrum analysis by
the FE-SEM was not good. Thus, the mineral identification
was mainly analyzed by combining XRD diffraction results
and mineral color morphology. To discuss the influence of
mineral composition on the pore structure of shale, the
adsorption data in Table 2 were fitted to the mineral compo-
sition data in Table 1. However, the results show that only
quartz and feldspar contents were positively and negatively
correlated with the total pore volume, respectively
(Figure 11), while the other minerals had no relationship
with the adsorption data.

Figure 11(a) exhibits the effect of quartz on pore con-
struction; i.e., high quartz content is conducive to the devel-
opment of shale pores. This is because quartz is the mineral
with the strongest weathering resistance and highest hard-
ness among detrital minerals. The increase of its contents
leads to the stronger compressive resistance of shale in dia-
genesis and the preservation of shale pores. But
Figure 11(b) shows the destructive effect of feldspar on
pores. The higher their contents, the lower the pore volume.
Under acidic conditions, feldspar and water will heteroge-
neously dissolve. However, when the dissolution reaction
occurs, in addition to the formation of dissolution pores,

the reaction will also form one or more new mineral or
amorphous solid materials. Due to the different physical
and chemical properties, such as molecular weight and den-
sity, the newly generated minerals or solids occupy different
volume spaces [52]. Although feldspar can be dissolved, no
new dissolution pore would be formed again because of the
limit of organic acid generated in the process of hydrocarbon
generation and the densification of shale reservoir, when the
acidic fluid is saturated. Therefore, the more the feldspar, the
lower the pore volume. Furthermore, we obtain the specula-
tion of the effect of other minerals on the pores of the CNF
shale through Tables 1 and 2 and FE-SEM observation
although we did not obtain the effect of other minerals on
the pores in the adsorption data and mineral fitting. Firstly,
there are two samples with the smallest N2 adsorption in
well EY1 (EY1-05 and EY1-15). Through the study of their
mineral composition, it was found that the contents of clay
minerals and the TOC in the two samples are high. Both
these two components are characterized by softness and
plastic. Of course, under the FE-SEM, there is scarcely pore
development in some of the field of view (Figures 6(c) and
6(d)). Therefore, it can be concluded that the higher the con-
tent of soft components, the worse the pore structure is in
shale samples of the CNF with high maturity. Secondly,
the three samples with the highest nitrogen adsorption
capacity in the EY1 well are observed and studied. It is found
that even though the content of organic carbon is high in the
highly evolved samples, the dissolution pores are relatively
developed and the content of granular minerals is high
(the contents of samples are higher than 60%). The meso-
macropores of these samples are still relatively developed,
so the maximum nitrogen adsorption capacity is high.

5. Conclusions

In this study, the laser Raman, X-ray diffraction analysis, FE-
SEM, and low-pressure N2 and CO2 adsorption were used to
study the geochemical characteristics, mineral composition
characteristics, and pore characteristics of the CNF shale in
the Middle Yangtze region and to analyze the controlling
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Figure 11: The correlation between minerals and adsorption data: (a) is for the total pore volume and quartz content, and (b) is for the total
pore volume and feldspar content.
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factors of pore formation. The following conclusions are
drawn:

(1) The TOC contents of organic-rich shale selected in
this study ranged from 2.65 to 11.33%, with an aver-
age of 6.81%. The main mineral components of these
samples in the study area are quartz, feldspar, clay
minerals, calcite, and a small amount of pyrite.
Two of the samples are argillaceous limestone. The

RmcR0% of the JF profile and XD1 well samples are
about 2.8% and 2.7%, while the RmcR0% of the BGP
profile and EY1 well samples are about 3.99% and
4.06%

(2) The N2 adsorption of field profile samples is higher
than that of well samples, which demonstrate that
the tectonic uplift releases the pressure and improves
the pore structure. Meanwhile, the comparison of
the maximum N2 adsorption capacity of similar
samples shows that the samples with lower evolution
degrees have higher nitrogen adsorption capacity
while the samples with higher evolution degrees have
lower maximum N2 adsorption capacity

(3) OM pores from different wells or field profiles var-
ied in size. The maximum pore size of almost OM
pores is not more than 100nm. The XD1 well and
JF profile samples have larger OM pore sizes (10 to
100nm) than those of the EY1 well and BGP pro-
file samples (barely exceeding 10 nm). The matu-
rity is the key factor leading to the difference in
OM pores among four groups of shales. Further-
more, in the CNF shales with the same maturity,
the higher the TOC content, the more the micro-
pores developed, and the less the meso-
macropores developed

(4) The EY1 well with the highest maturity also has
some samples with large N2 adsorption capacity,
while the XD1 well with the relatively lower maturity
also has a sample with low N2 adsorption capacity,
indicating that the maturity is not the only influence
factor on porosity. The FE-SEM observation and
mineral composition analysis show that the dissolu-
tion pores and granular mineral support are also
the key factors for the better pore structure of the
high-evolution CNF shale while the high contents
of TOC and clay minerals lead to poor pore structure
of the relatively lower evolution shales
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