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Abstract: The N adsorption experiment is one of the most important methods for characterizing
the pore structure of shale, as it covers the major pore size range present in such sediments. The
goal of this work is to better understand both the mechanisms and application of low-pressure
nitrogen adsorption experiments in pore structure characterization. To achieve this, the N, adsorption
molecular simulation method, low-pressure N, adsorption experiments, total organic carbon (TOC)
analysis, X-ray diffraction (XRD) analysis, scanning electron microscopy (SEM), and a total of 196
shale samples from the Wufeng-Longmanxi formations in the Sichuan basin have been employed in
this study. Based on the analytical data and the simulations, two parameters, the connectivity index
and the large pore volume index, are proposed. These parameters are defined as the connectivity of
the pore system and the volume of large nanopores (>10 nm) respectively, and they are calculated
based on the N; adsorption and desorption isotherms. The experimental results showed that TOC
content and clay minerals are the key factors controlling surface area and pore volume. However,
in different shale wells and different substrata (divided based on graptolite zonation), the relative
influences of TOC content and clay minerals on pore structure differ. In three of the six wells, TOC
content is the key factor controlling surface area and pore volume. In contrast, clay minerals in
samples from the W202 well are the key factors controlling pore volume, and with an increase in
the clay mineral content, the pore volume increases linearly. When the carbonate content exceeds
50%, the pore volume decreases with an increase in carbonate content, and this may be because in
the diagenetic process, carbonate cement fills the pores. It is also found that with increasing TOC
content the connectivity index increases and SEM images also illustrate that organic pores have better
connectivity. Furthermore, the connectivity index increases as quartz content increases. The large
pore volume index increases with quartz content from 0 to 40% and decreases as quartz increases
from 40% to 100%. By comparing the pore structure of shale in the same substrata of different
shale gas wells, it was found that tectonic location significantly affects the surface area and pore
volume of shale samples. The shale samples from wells that are located in broad tectonic zones, far
from large-scale faults and overpressure zones, have larger pore volumes and surface areas. On the
contrary, the shale samples from shale gas wells that are located in the anticline region with strong
tectonic extrusion zones or near large-scale faults have relatively low pore volumes and surface areas.
By employing large numbers of shale samples and analyzing N, adsorption mechanism in shale, this
study has expanded the application of N, adsorption experiment in shale and clarifies the effects of
sedimentary factors and tectonic factors on pore structure.
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1. Introduction

Shale gas in the USA and China has proven to be enormously successful, and these
methane molecules of natural gas are mainly stored in pores of the shale reserve [1,2].
Pore systems in shale are important for gas storage and transport [3-6]. From the start of
shale gas development and production, pore structure has been one of the key research
topics [7,8], and numerous studies have been carried out on pore systems in shale [9,10].
These have shown that shale contains organic pores and inorganic pores, e.g., within clays
or formed by carbonate dissolution [11,12]. The pore sizes in shale range from 0.4 nm to
greater than 10,000 nm [13]. The variations in pore types and sizes make pore structure
in shale difficult to characterize [14,15]. Many different methods have been applied, and
these methods can be divided into quantitative, experimental and analytical methods,
such as low-pressure N, adsorption (LP-N,-GA), high-pressure mercury injection (HPMI),
low-pressure CO; adsorption (LT-CO;,-GA), and nuclear magnetic resonance spectroscopy
(NMR), cryoporometry, and visible, qualitative characterization methods, such as scanning
electron microscopy (SEM), nano-computerized tomography (nano-CT), and atomic force
microscopy (AFM) [16-21]. Each method has its own advantages and disadvantages [22].
LT-CO,-GA can measure pore sizes in the 0.4-2.0 nm range [14]. HPMI can measure
pores in the 3-10,000 nm range, but the experimental pressure needed for shale samples
is relatively high, and this may alter the pore system [23]. SAXS and SANS measure the
total pore structure including the “accessible” pores (i.e., those pores that can be filled
by gas from outside the shale sample) and “inaccessible” pores (those pores that cannot
be filled by gas from outside the shale), but SAXS and SANS need further improvement
to obtain accurate, accessible pore structure information as researchers usually get the
total pore information (including inaccessible pore and accessible pore information) from
SAXS and SANS [24]. SEM analysis permits easy identification of the pore type in shale,
but the information is qualitative because it is visual, and limited by the sample size [25].
Focused ion beam-scanning electron microscope (FIB-SEM) and nano-CT can provide
quantitative pore structure data, such as pore volume and pore size distribution, but these
methods cannot see pores smaller than 30 nm [26]. Such pores (pore size < 30 nm) typically
contribute more than half of the total pore surface area in shale [26]. LP-N»-GA provides
quantitative data on pores in the 1-300 nm range, and these pores contribute the largest
fraction of the total pore volume [14]. Thus, this method is considered to be the most
important method to characterize the “accessible” pores in shale.

Knowledge of pore evolution over geological time and factors that influence pore
evolution, such as the mineralogy and the TOC content and maturity, are essential for un-
derstanding mechanisms of shale gas storage and shale gas accumulation [27,28]. Because
of the heterogeneity in shale, understanding controlling factors is problematic. If several
shale samples are employed in studies of pore evolution and pore influence factors, it is dif-
ficult to distinguish the key controlling factors due to the sample heterogeneity [16]. Some
studies have found that the pore surface area and pore volume increase with increasing
TOC content in shale [29,30]. However, other researchers reported that there is no obvious
correlation between the Brunauer—-Emmett-Teller (BET) surface area and the TOC content,
and that, furthermore, clay minerals have more significant effects on the BET surface area
than the TOC content [31].

The N; adsorption experiment is a general method used to characterize mesoporous
(2-50 nm) materials [32]. The application of N, adsorption experiments to shale is mainly
based on the method adopted from material science [33]. Shale is different from artificial
mesoporous materials, as the pore sizes of most of artificial materials cover a narrow
range. In contrast, the pore system of shale contains not only micropores (<2 nm) but also
mesopores (2-50 nm) and macropores (>50 nm) [34,35]. This variability would affect pore
structure results if the analytical methods used in material science were applied directly.
For the N; adsorption experiments, there are Horvath Kavazoe (HK), BET, Barrett Joyner
Halenda (BJH) and density functional theory (DFT) models for analyzing the N, adsorption
experimental data to obtain pore structure data. The BET model is usually used to obtain
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the surface area of the pore system in shale, and the BJH model is usually used to obtain the
pore size distribution and the pore volume [36]. In addition, when studying the pore system
of shale, the pore connectivity and gas phase state in the pore space are also important [36].
In order to systematically analyze the pore structure of shale, molecular simulations are
used to help analyze the N, adsorption/desorption isotherms to obtain the pore structure
in shale [37,38].

There is still a need to expand and further study the application of low-pressure N,
adsorption experiments in characterizing the pore structure in shale. In addition, the key
factors controlling pore characteristics in shale are still unclear. To further understand
pore systems in shale, 196 organic shale samples from the Wufeng-Longmaxi formations
in the Sichuan basin were collected, and N, adsorption experiments, XRD experiments,
SEM experiments, and TOC tests were performed in this study. Longmaxi shale in the
Sichuan Basin is the most successful gas shale in China. Most of the commercial shale gas
production of China is provided by the Longmaxi shale [39]. In addition, the molecular
simulation method was also employed to investigate the N, adsorption mechanism in shale.

2. Materials and Methods
2.1. Samples

A total of 196 shale samples from the Wufeng-Longmaxi formations were collected
from six shale gas wells in the Sichuan basin. The units in the formations are subdivided by
using graptolites, which are abundant in the Wufeng-Longmaxi. The formations can thus
be divided into 13 zonations, and among these, there are 12 zonations in Katian, Hinantian,
Rhuddanian, and Aeronian as shown in Figure 1a [40]. Based on the graptolite zonation,
lithofacies, sedimentary environment, and natural gamma log (GR), the shale samples are
divided into four substrata for shale gas exploration: Wufeng, LM1-3, LM4-5, and LM6-8
(Figure 1b) [41].
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Figure 1. (a) Subdivision of the Wufeng-Longmanxi formations into units based on graptolite zonation:
(Katian, Hinantian, Rhuddanian, and Aeronian: WF1-4 and LM1-8) [40]; (b) Typical stratigraphic
column for the Wufeng-Longmaxi formations and its subdivisions in the Weiyuan location used in
this study [41].
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The depth of the Wufeng-Longmaxi formations generally increases from southwest to
northeast (Figure 2) [3]. The six wells are mainly in the southwestern Sichuan Basin where
the Wufeng-Longmaxi is shallower, with the exception of the B201 well, located more
toward the center of the basin. The true vertical depths (TVD) of the Wufeng-Longmaxi
shale samples analyzed range from 2500 to 4300 m.
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Figure 2. The true vertical depth (TVD) of the Wufeng-Longmanxi formations in the Sichuan basin
and the location of the wells [3].

2.2. Methods
2.2.1. Low-Pressure N, Adsorption Experiment

LP-N>-GA experiments were used to characterize the properties of nanopores
(1.0-300 nm) in shale samples by employing the Micromeritics ASAP 2420 instrument.
First, the shale samples were pulverized to about 60-80 mesh. The 1.5-2.5 g pulverized
shale samples were used in the LP-N»-GA experiment. Then, degassing was performed at
an ambient temperature of 22.0 °C before testing N, adsorption and desorption amounts.
After degassing, the N, adsorption amount was tested at a testing temperature of —195.8 °C
(77.35 K) with an increase in the P/Pj from 0.01 to 0.99. The equilibration interval was
set to 10 s. During the desorption process, P/P( decreased from 0.99 to 0.14 and the N,
desorption isotherms were obtained.

2.2.2. Simulation Methods

The grand canonical Monte Carlo (GCMC) method was used to simulate the N;
adsorption in shale, and thus it was an equilibrium calculation rather than a time-dependent
calculation. The simulation temperature is also 77.35 K, which is consistent with the
experimental temperature. As pores in shale are heterogeneous and complex, different-
sized slit pores were constructed to study the N; adsorption behavior. As the organic
matter (OM) in Longmaxi shale of the Sichuan basin was over-mature [42], the surface of
the reconstructed pore was composed of carbon atoms only. In the simulation, the forcefield
used was condensed-phase optimized molecular potentials for atomistic simulation studies
(COMPASS) [40]. As N, adsorption in shale is physical adsorption, the forces between



Energies 2022, 15, 4875

5o0f 24

the N, molecule and pore model are mainly intermolecular forces (van de Waals force).
In the COMPASS forcefield, the van de Waals force are calculated by L] 9-6 equation

(Equation (1)) [43]:
AN A °
Evan :ei]'[2<l> _3(1,_1]) ] 1

1’1']'
In this work, ¢;; and r?j are the van der Waals parameters between N atoms and carbon

atoms; r;; represents the distance between the two atoms. More details about the L]9-6
Equation can found in [43].

2.2.3. TOC Content

The TOC content was measured by using the LECO carbon and sulphur analyzer
following the Chinese standard GB/T 19145-2003 (determination of total organic carbon in
sedimentary rock). Before the experiment, the shale samples were pulverized to less than
60 mesh. Then, a hydrochloric acid solution was added to a known mass of the powdered
samples for 2 h to remove the carbonate minerals. After washing and drying, the residues
were weighed and analyzed for their TOC content.

2.2.4. XRD

The XRD analyses were performed by using the RINT-TTR3 X-ray diffractometer
following the Chinese petroleum industry standard SY/T 5163-2018 (analytical method for
clay minerals and ordinary non-clay minerals in sedimentary rocks by X-ray diffraction).
Before the experiment, the shale samples were pulverized to 40 pm. During the analysis,
the scan range was 26 = 545 °, and the scan speed was 2 °/min.

3. Results
3.1. TOC Data

Figure 3 illustrates the average TOC contents of shale samples from each substratum
in the six shale gas wells. It can be seen that the average TOC contents of the Wufeng
substrata in the six shale gas wells vary greatly, ranging from 1.1% to 7.3%. In contrast, the
average TOC contents of LM1-3 substrata are all very high, ranging from 4.6% to 6.0%. The
average TOC contents of LM4-5 and LM6-8 substrata are much lower than those of LM1-3
substrata. The average TOC contents of LM4-5 and LM6-8 substrata range from 2.3% to
3.4% and 2.6% to 3.4%, respectively.
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Figure 3. The average TOC contents of shale samples from each substratum in the six shale gas wells.
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3.2. Mineralogy

The mineral components of shale samples are determined by the XRD results (Figure 4).
The shale samples from different substrata and different wells are mainly composed by clay,
quartz, potash feldspar, plagioclase, calcite, dolomite, pyrite, and other minerals (Figure 4).
Among these mineral types, the contents of clays, quartz, and carbonates (calcite and
dolomite) are usually larger by 20% each. Comparably, the content of other minerals such
as pyrite is mainly less than 5%. By comparing the mineral composition of different shale
samples from different shale wells and different substrata, it can be found that the mineral
composition of different substrata differ significantly. However, the shale samples with
the same substrata in different shale gas wells often have a similar mineral composition.
The shale samples of LM1-3 substrata usually have the lowest clay mineral and highest
quartz contents of all substrata in each well (Figure 4). This is mainly because the mineral
composition is mainly determined by the sedimentary environment.

LM4-5 LM6-8

LM1-3

Wufeng

0 20 40 60 80 100
X201

0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80
B201 H201 L1204
I Clay I Quartz Potash feldspar [l Plagioclase [l Calcite W Dolomite [ Pyrite [ Siderite [l Pyroxene [ Anatase‘

Figure 4. The mineral composition of the shale samples from the six wells.

3.3. Simulation Results and the Mechanism of N, Adsorption in Shale

Shales have a pore size that ranges from <1 nm to >1000 nm. Thus, different-sized
slit-shaped pores were used in the model. Figure 5a shows the N, adsorption isotherms for
different-sized slit pores at 77.35 K. It can be seen that the N, adsorption behavior differs
significantly in different pore sizes. In 1-nm pores, the N, adsorption volume reaches the
largest value at low pressure and then remains flat with increasing pressure. In 2-nm slit
pores, the N, adsorption amount reaches the maximum value at 8 kPa, and then remains
stable with an increase in pressure (Figure 5a). It should be noted that in small nanoscale
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pores, the N, molecule fills up the pore space at the low-pressure stage. In these small
pores, there is little space for Nj storage, and thus, with increasing pressure, the volume
of N does not increase. In larger pores, the pressure at which the maximum volume of
Ny, fills the pore space is greater as shown in Figure 5a. For example, in 2-nm pores, the
pressure at which the pore space is filled is about 8 kPa. Comparably, in 3-nm, 4-nm and
6-nm slit pores, the corresponding pressure (the pressure at which the pore space is filled)
is 33 kPa, 57 kPa, and 96 kPa, respectively (Figure 5a).
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Figure 5. (a) N, adsorption isotherms in different-sized slit pores; (b) N; density distribution in the
4 nm slit pore; (c) N density distribution in 10 nm slit pore.

From Figure 5a, it can also be seen that small nanoscale pores have their own dominant
pressure stages. At 8 kPa-20 kPa, the 2-nm pores contain the largest volume of Nj. At
35 kPa-50 kPa, the 3-nm pores contain the largest volume of N, and at 60 kPa-80 kPa,
the largest volume of N is in the 4-nm pores. These dominant pressure stages for each
size of slit pores can be used to identify the pore structure based on low-pressure N,
adsorption experiments. Figure 5b shows the N; density distribution in 4-nm pores at
different pressures. By increasing the pressure, N, adsorption is performed layer by layer.
At 1.03 kPa, there is a main adsorption layer in 4-nm slit pores. At 21.6 kPa and 47.3 kPa,
there are two and three main adsorption layers, respectively. At 73.1 kPa, N, would fill up
the whole pore space.

Figure 5c shows the Ny volume density distribution in 10nm pores at different pres-
sures. When the pressure is less than 47.3 kPa, Nj adsorption in 10-nm pores is similar to
that in 4-nm pores. However, when the pressure is greater than 73.1 kPa, the N, adsorption
behavior in 10-nm pores is quite different. In 10-nm pores, there is more space, and more
layers of N can be formed at relatively high pressures, as shown in Figure 5. By analyzing
Figure 5a—c, it can be also seen that, in different-sized slit pores, the N; saturation pressures
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are different. This makes the experimental N adsorption and desorption isotherms difficult
to analyze.

3.4. Experimental Adsorption and Desorption Isotherms

Considering that there are too many experimental data to put all the N; adsorption
and desorption data of 196 samples in one or two figures, the adsorption and desorption
isotherms of the shale samples from well B201 were chosen to represent the adsorption
and desorption characteristics as shown in Figure 6. It can be seen that when the relative
pressure (P/P0) = 0.01, the initial mass of N, adsorbed by the shale samples is greater than
4 cm®/g, indicating that some shale samples have relatively large surface area or micropore
volume (Figure 6). When P/P0 increases from 0.1 to 0.8, the volume of N; adsorbed by all
the shale samples increases slowly.

25 —
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Figure 6. The experimental N, adsorption and desorption curves of shale samples from B201 well.

The adsorption isotherms, desorption isotherms and hysteresis loops of the gas ad-
sorption reflect the pore structure of the porous material [44,45]. Based on molecular simu-
lation, the adsorption and desorption isotherms of individual pores can be obtained [44]
(Figure 7). As the shale contains different-sized and different-shaped pores, by analyzing
the adsorption and desorption isotherms of different pores, the experimental adsorption
and desorption isotherms can be better understood (Figure 7). Based on the simulation
results in the work of Neimark et al. [45], with increasing pore size, the hysteresis loops
shift to greater pressure (condensation and evaporation pressure both increase) (Figure 7).
However, when we analyze desorption isotherms of all the shale samples, it can be found
that the evaporation pressures are all around 0.5 (P/P0). It indicates that there are pores
around 6 nm that provide significant pore volume.

By analyzing the N, adsorption and desorption isotherms of 196 shale samples, there
are three types of Ny adsorption desorption isotherms. We chose a representative curve for
each type as shown in Figure 8. Among the three N, adsorption and desorption isotherms,
N201-4 has the largest adsorption volume at each pressure. The difference between the
adsorption and desorption loop of shale sample N201-4 is also the largest. In contrast,
the adsorption and desorption loop of shale sample N201-37 is quite narrow and the N
adsorption amount is less than the other two. As shown in Figure 8, when the relative
pressure is greater than 0.9, the adsorption amounts increase sharply for all shale samples.
Based on Figures 5 and 7, with increasing pressure from 0.9 to 1.0, N, condensation occurs
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in all large pores (>10 nm). Before that, smaller pores are fully filled with molecular N,. And
the surface of the large pores has been covered by the N, molecules. Thus, the incremental
adsorption amounts are from the inner space of the large pores. These spaces are the storing
places for free gas.

Adsorption/desorption isotherm
in different size pores

Open pore

——

—_—

Open pores
3.680m

Adsorption (mmol/em’)

Closed-end pores

Relative pressure
Adsorpuon /desorption isotherm
in different shaped pores
Orgamc pores

| | l | Micro-fractures |

1 nm 10 nm 100 nm 1000 nm 10,000 nm

Figure 7. Adsorption and desorption loops in different sized and different shaped ideal
pores [37,38,45]. Adapted with permission from Ref. [37]. Copyright 2016 Elsevier Ltd. Adapted
with permission from Ref. [38]. Copyright 2015 Elsevier Inc. Adapted with permission from Ref. [45].
Copyright 2000 American Physical Society.
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Figure 8. Representative adsorption and desorption isotherms among all the experimental N
adsorption data.
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For shale gas studies, the connectivity of pore system and the volume of large
nanopores (>10 nm, having large storage capacity and gas circulation) is of significant
interest. From Figure 7, it can be seen that the adsorption and desorption curves of the
open pores which have good connection in the pore system have wide hysteresis loops,
whereas those of closed-end pores have quite narrow hysteresis loops. Thus, the hysteresis
loops could reflect the connectivity of the pore system. When the P /P is smaller than 0.5,
the adsorption curve overlaps the desorption curve. When the P/Py is larger than 0.8, the
differences between the adsorption amounts on the adsorption curve and desorption curve
decrease rapidly. The differences between the adsorption amounts on the adsorption curve
and desorption curve at P/Py = 0.8 and P/Pj = 0.5 could represent the N; hysteresis loops.
In addition, if there are many large-sized pores (>6 nm), the adsorption amount would
significantly increase when the P/P0 > 0.9 (Figures 5 and 7). At this pressure stage, N
condensation begins and the adsorption amount is controlled by the volume of shale pore.
These pores are very significant for the free gas storage. Based on the mechanism of Nj
adsorption in nanopores and the experimental N, adsorption and desorption isotherms of
the shale samples (Figures 5 and 7), we propose two parameters to reflect (i) the connectivity
of the pore volume and (ii) the volume of large nanopores in shale, namely the connectivity
index and large-pore volume index. The calculation methods are listed in Equations (2) and
(3). The larger connectivity index means a larger hysteresis loop and better connectivity,
whereas the larger pore volume index means there is more volume in large pores for N;
condensation, which also means more free gas can be stored in these shales:

Connectivity Index = De,, /pp = 0.8 — ADp /0 = 0.8 + Dep, /0 = 0.5 — ADp /0 =05 (2)

Large-pore volume index = ADp, /0 = 1.0 — ADp, /0 = 0.9, (©)]

where: Dey, /0 - 0.5 is the adsorption amount at P/P=0.8 during the desorption process,
ADp /p0 = 0.8 is the adsorption amount at P/Py=0.8 during the adsorption process, De;, /0= 0.5
is the adsorption amount at P/Py = 0.5 during the desorption process, AD,, /p0 =05 is the ad-
sorption amount at P/Pg = 0.5 during the adsorption process, ADp, /0 = 1,0 is the adsorption
amount at P/Pp = 1.0 during the adsorption process, and ADy, /0 -0 is the adsorption
amount at P/Py = 0.9 during the adsorption process.

4. Discussion
4.1. Overall Analysis of Factors That Influence Pore Structure

To better analyze the controlling factors of pore structure in organic shale, the BET
surface area data of all 196 shale samples are presented in Figure 9a—c. Previous studies
suggest that OM pores are the most important components of pore systems in organic
rich shale; hence TOC content usually has a good positive correlation with BET surface
area [7,46—48]. However, there is no correlation between the BET surface area and TOC
content in this study (Figure 9a). In fact, this relationship is very complicated and is caused
by several factors, such as tectonic compaction, filling and blocking of primary kerogen
pores, and limited thermal conversion into liquid hydrocarbons [49,50]. Therefore, the
effect of organic matter on the pore structure of shale samples from different wells may be
quite different.
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Figure 9. The correlations between BET surface area and TOC content (a), clay content (b), and
carbonate content (c) of all 196 shale samples (sample L204-4 has an extremely large BET value, and
is not presented in these figures. Data for sample L204-5: TOC-5.25%, quartz content: 65.8%; clay
content-11.6%; BET-56.87 m? /g, BJH volume-0.0534 cm3/g).

The absence of significant correlations between BET surface area and the clay content
of 196 shale samples can be seen in Figure 9b. Yang and Aplin [51] also observed that
no apparent correlation between the clay content and specific surface area in the Horn
River Group shale in Canada. Some studies have even documented that a slightly negative
correlation between the specific surface area and total clay mineral content of some marine
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shale [52,53]. Chalmers and Bustin [54] attributed these insignificant or negative relation-
ships to the fact that the clay-associated pores are usually mesopores and macropores,
which only contribute very limited pore volume and specific surface area. In addition, due
to the ductility of clay minerals and the lack of shelter from rigid matrix minerals, tectonic
compaction can easily destroy the internal porosity in the shale reservoir with high clay
mineral content, leading to a sharp reduction of the pore volume within the shale matrix.

The positive correlation between porosity and quartz content has been reported in
studies of major marine shale in south China [55] and Devonian gas shale in northern
Canada [56]. Many studies attribute this correlation to rigid matrix minerals with high
compressive strength, a high Young’s modulus, and a low Poisson’s ratio, which can create
stress shadows that shield adjacent nanopores, especially the pores related to non-load-
bearing minerals from compaction [48,57]. However, this relationship is not significant
in this study, even when the carbonate content exceeds 40% and the pore surface area
decreases with increasing carbonate content. In fact, carbonate minerals could shelter the
pores from compaction, but the excessive carbonate may lead to the decrease of macropores
due to precipitation within pore spaces [58].

4.2. Geological Controls on Pore Structure in Shale Samples from Each Well

For shale gas reservoirs from different structural locations, different diagenesis and
tectonism can not only directly affect the pore structure, but also indirectly affect the pore
structure by affecting other factors that can control the pore structure [30,59,60]. In addition,
for the different sedimentary substrata in the Wufeng-Longmaxi formation, the sources of
OM and sedimentary microfacies are different, and this results in differences in TOC content
and mineral composition (Figures 3 and 4). To help elucidate the factors that influence pore
structure in Wufeng-Longmaxi shale, data for samples from different shale gas wells have
been analyzed in detail in the following sections. As a result, the six shale gas wells can be
divided into three types according to the key factors controlling the pore properties. For
each type of shale gas well, the controlling factors of pore structure in organic shale are
different (Type I: pore properties are mainly controlled by the TOC content; Type II: pore
properties of shales in different substrata are controlled by different factors; Type III: pore
properties are not obviously controlled by either TOC content or mineral content.).

4.2.1. Type I: Pore Properties Are Mainly Controlled by the TOC Content

For the shale samples from the N-201 well, the X-201 well, and the B-201 well, there
is a strong correlation between the BET surface area and the TOC content as shown in
Figure 10a—c. It should be also noted that the strong correlation occurs at whole well scale,
which means that for different shale substrata, the correlation is similar. It means the
pore BET surface area provided by the organic matter in different shale substrata is nearly
the same. The correlation between BJH pore volume and TOC content shows different
behaviors as shown in Figure 11a—c. Figure 11a illustrates the relationship between BJH
pore volume and TOC content for well N201. For the samples from a given substratum,
the BJH pore volume increases with increasing TOC content. However, when comparing
the BJH pore volume of shale samples from different substrata, the trends are offset for
each substratum. For any given TOC content, the BJH pore volume in samples from LM4-5
substrata is larger than that in shales from LM1-3 and the Wufeng formation. However,
the correlation line of LM4-5 substrata is parallel to that of LM1-3 substrata, indicating
the increase of organic matter per unit mass in LM4-5 shale provides similar porosities
with that in LM1-3 shale. The differences of BJH pore volume between LM1-3 shale and
LM4-5 shale are caused by other factors. By comparing the mineral composition of LM1-3
shale and LM4-5 shale in N201 well, it can be seen that the clay mineral of LM4-5 shale is
obviously larger than that of LM1-3 shale (Figure 4), indicating clay minerals provide initial
pore volume. Based on the initial pores provided by clay, the pore volume of shale increases
with the increase of organic matter content, and in different substrata, the difference in clay
minerals brings the difference in the initial pore volume (Figure 11b).
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Figure 10. The effect of TOC content on BET surface area the shale samples from (a) the N201 well,

(b) the X201 well, and (c) the B-201 well.
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Figure 11. The correlations between BJH pore volume and TOC content of the shale samples from
(a) the N201 well, (b) the X201 well, and (c) the B-201 well.

By comparing Figures 10b and 11b, it can be seen that in all the samples for the X201
well, the BET surface area and the BJH pore volume both increase with increasing TOC
content. The shales of different substrata in X201 well have similar pore size distributions.
This is different from the N201 well. The relationship between BJH pore volume and TOC
content in well B201 is more complex (Figure 11c). Although the BET surface increases
with increasing TOC content, the overall correlation between BJH pore volume and TOC
is quite weak. By analyzing the different substrata separately, the BJH pore volume also
increases with increasing TOC content. That means small nanopores were provided by OM
and there are many large inorganic pores in shale from the B201 well.
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It is important to understand why the BJH pore volume of LM4-5 shale is greater than
that of LM1-3 shale with the same TOC content in N201 and B201 well. By comparing
the nanopore structures of shales in different substrata in the same well, the effects of
sedimentary environment, mineral composition and OM type can be established, as the
shales in different substrata in the same well have similar maturity and have experienced
a similar tectonic history. LM1-3 substrata have higher TOC values (Figure 3), lower
clay content, and higher carbonate content (Figure 4) compared to other substrata. The
sedimentary environment determines the OM type, TOC content, quartz, clay, and other
mineral contents. The fact that BET surface area increases with increasing TOC for all
the Wufeng-Longmaxi formation also indicates that small nanopores characterized by Np
adsorption are similar in different substrata. However, the larger nanopores characterized
by Ny adsorption are quite different in different substrata. In addition, the clay content of
shale samples in LM1-3 substrata is lower than that of LM4-5 substrata shale samples in
(Figure 4). This may result in a lower pore volume in LM1-3 shale than that of LM4-5 shale
with the same TOC content. Considering that the content of organic matter is much lower
than that of clay, in the N201 and B201 wells, organic matter is the main controlling factor,
but clay provides some initial pore volume.

4.2.2. Type II: Pore Properties of Shales in Different Substrata Are Controlled by
Different Factors

Figure 12a,b illustrate the correction between BET surface area and TOC content and
clay content in shale from the W202 well. A significant correlation between the BET surface
area and TOC content appears in LM1-3, but not in the Wufeng Formation and LM6-8
(Figure 12a). Milliken et al. [30,59,60] also observed that there is not always a positive
correlation between BET surface area and TOC content, because high TOC content could
reduce the brittleness of shale and lead to the collapse of some OM pores. In addition,
a good positive correlation between BET surface area and clay content appears in the
Whufeng Formation shale samples, which is closely related to the high clay mineral content
of these samples (Figure 4). It also implies the pore surface area is mainly controlled
by clay minerals rather than organic matter (Figure 12b). Ji et al. [61] has previously
confirmed that clay-related micro-mesopores can provide a large specific surface area, but
the contribution of different clay minerals to a specific surface area varies. In addition, the
BET surface area of LM4-5 and LM6-8 substrata do not correlate with individual parameters
such as TOC content, clay minerals, and other major mineral contents. In fact, the pore
structure of shale reservoir is affected not only by material composition, but also by external
conditions [60,62]. Therefore, we suggested that this insignificant correlation of LM4-5 and
LM6-8 substrata is related to external factors.

Interestingly, the geological controls of BJH pore volume are a little different from
those of BET surface area (Figures 12 and 13). The correlation between pore volume and
clay in most samples from the W202 well is stronger than that between pore volume and
TOC content, which implies that clay content is the most important factor for BJH pore
volume (Figure 13). Significantly, the above relationship does not appear in the LM1-3
substrata. This is mainly because the clay content in LM1-3 shales are quite low, and
the TOC content in LM1-3 substrata is also greater than that in other substrata (Figure 3).
Organic matter is still one of the main controllers of pore properties (Figure 13b).
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Figure 13. The correlation between BJH pore volume and clay content (a), TOC content (b) in the
W202 well.

Figure 14a,b illustrates the correlation between the BET surface area and the TOC
content, clay mineral content, respectively, for well L204. In different substrata, the major
control factors are different. For the shale samples in LM1-3 substrata, the BET surface area
increases with increasing TOC content. In contrast, for the shale samples in LM4-5 substrata,
the BET surface area increases with increasing clay mineral content. In other words, the
surface area of LM1-3 shale is mainly controlled by TOC content and that of LM4-5 shale is
mainly controlled by clay mineral content. The different controlling factors for LM4-5 shale,
LM1-3 shale, and Wufeng formation shale can both be caused by sedimentary environment
and tectonic compaction reactions. The differences in sedimentary environment will
accompany the difference in mineral composition. In addition, as the contents of brittle
mineral, such as quartz, in different substrata are different, the tectonic compaction reactions
of the pore system are different, which has been proven by previous studies [62,63].
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Figure 14. The correlation between BET surface area and the TOC content (a), clay mineral content
(b) in well L204 (sample L204-4 has extremely large BET value, and was not included in the two
figures). Information of sample L.204-5: TOC-5.25%; quartz content: 65.8%; clay content: 11.6%; BET:
56.87 m?/g; BJH volume: 0.0534 cm?/g.

4.2.3. Type III: Pore Properties Are Not Obviously Controlled by either TOC Content or
Mineral Content

The pore properties of shale in the H201 well are not obviously controlled by TOC
or mineral contents. Figure 15 shows that the BET surface area has no correlation with
TOC content, clay content, and carbonate content in different substrata. Although the
TOC content of shale samples from LM1-3 substrata is much greater than that of shale
samples from LM4-5 substrata, the BET surface area is similar in both cases. In fact, many
factors may complicate the relationship between the BET specific surface area and TOC
content. For example, violent tectonic compaction in this deformation belt also enhances
the robust complexity and heterogeneity of the pore system, resulting in the weakening
of the correlation between TOC and parameters [63]. Similarly, although the clay content
of shale samples of LM4-5 substrata is much greater than that of shale samples of LM1-3
substrata, the BET surface area is similar in both cases. Some previous studies suggested
that due to the ductility of clay minerals and the lack of shelter from rigid matrix minerals,
tectonic compaction can easily destroy the internal porosity in the shale reservoir with high
clay mineral content, which also leads to the complex relationship between pore structure
and clay minerals [54].
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Figure 15. The correlation between BET surface area and TOC content (a), clay mineral content (b),
and carbonate content (c) in the H201 well.

4.3. Connectivity of Pores in Shale

Shale pore connectivity is of great significance for hydrocarbons” migration, enrich-
ment, and production behavior [64]. Figure 16 shows the correlation between the con-
nectivity index and the TOC content. A significant correlation between TOC content and
connectivity index appears in shale from the W202, N201, X201, and B201 wells, which
implies that organic pores have a very significant effect on pore connectivity. In addition,
there is no correlation between the TOC content and pore connectivity index of samples in
wells H201 and 1204, and the connectivity index is quite small. Therefore, we speculated
that the pore connectivity of these samples is affected by other factors, such as clay minerals.
Higher TOC content means more organic pores, and thus from Figure 16 it can be concluded
that organic pores have larger hysteresis loops and better connectivity.
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Figure 17 illustrates the correlations between the connectivity index and quartz content
in wells N201, X201, and B201. In these wells, increasing quartz content correlates with
an increase in the connectivity index. This suggests that quartz can facilitate the increase
in pore connectivity, presumably because quartz particles form rigid frames that create

connected pore networks [65,66].
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As mentioned in Section 3.2, the large pore index reflects internal volumes of pores
greater than 6 nm. For these pores, increasing TOC content does not increase the large
pore index. In contrast, in the W202, X201, and B201 wells, the large pore index increases
with quartz content as quartz increases from 0 to 40% and decreases as quartz increases
from 40% to 100% (Figure 18). This suggests that the quartz particles have a significant
effect on the large pore index. When quartz content is less than 40%, more quartz particles
are conducive to the formation of large pores and provide more space for free gas storage
and transport. However, when the quartz content is greater than 40%, the decrease in the
large pore index may be due to compression of the pore volume under the horizontal and
vertical pressures.

Organic pore system is Compaction of quartz on
protected by quartz frame large pores

Large-pore Index

6|0 80 100
Quartz content (%)

Figure 18. The correlation between the large pore index and the quartz content.

4.4. Factors That Influence Pore Structure in Different Wells

Figure 19 illustrates the pore surface area of LM1-3 samples in different wells. In most
wells, the BET surface area tends to increase linearly with increasing TOC content. However,
for these LM1-3 substrata shale samples, the correlations between BET surface area and
TOC content are different in each well (Figure 19¢). The pore surface area of shale from the
X201 and N201 wells is greater than that from other samples (Figure 19¢). In contrast, the
pore surface area of shale samples from L204 well is less than that from other shale wells.
The BET surface area and BJH pore volume of LM1-3 shales in the L204 and H201 wells are
less than those of other wells. By systemically analyzing the depth, structural form, pore
pressure, and tectonic environment, it was found the shale wells of W202, N201, and X201,
which have relatively large pore volume and pore surface area, are located in the broad
tectonic and overpressure zone (the pressure coefficients are 1.4, 2.03, and 1.95), and these
shales are far from large-scale faults. Comparably, the L204 and H201 wells are near faults,
and the pore volume and surface area is relatively low (Figure 19). In addition, the B201 is
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located in an anticline region with strong tectonic extrusion. Strong tectonic compaction
will significantly reduce pore volume and specific surface area [62,63,66]. On the contrary,
the overpressure and broad structural zones far away from faults are conducive to the
preservation of pores.
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Figure 19. The geological control factors of pore volume and surface area in different shale wells.
(a,b,e,f): seismic cross-sections of well N201, W202, L.204 and H201 wells; (c,d): The correlation
between TOC content and BET surface area (c), BJH pore volume (d) (LM1-3 substrata).

5. Conclusions

1.  Nj adsorption and desorption curves are determined by the pore size, pore shapes,
and pore connections, and can also provide information on the pore structure and
pore connections. Two parameters (connectivity index and large pore volume in-
dex) were proposed to reflect the connectivity of pore volume and volume of large
nanopores in shale. A larger connectivity index means a larger hysteresis loop and
better connectivity, and a larger pore volume index means there is more space volume
in large pores for N, condensation.

2. Indifferent shale gas wells, the geological control factors are different. OM and clay
minerals can both be the key factor of the pore structure. In this study, in the N201,
B201, and X201 wells, organic matter is the key factor. With TOC content increasing,
the pore volume and surface area both increase linearly. In the W202 shale gas well,
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clay minerals are the key factor for pore volume, and with increasing clay mineral
content, the BJH pore volume increases linearly.

3. The connectivity of the shale pore system is controlled by organic matter and quartz.
With TOC content and quartz content increasing, the connectivity index increases.
The large pore index increases with quartz increases from 0 to 40% and decreases with
quartz increases from 40% to 100%.

4. Overpressure and broad structural zones, which are also far from faults, are conducive
to the preservation of pores. In contrast, shale from wells that are located in anticline
regions with strong tectonic extrusion zones or near large-scale faults have relatively
low pore volume and surface area.
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