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Abstract: Organic matter (OM) pores are significant for shale gas accumulation and flow mechanisms.
The pores of Wufeng-Longmaxi (W-L) shale in the Sichuan Basin, China have been extensively
characterized, however, the proportion of OM pores in this shale have not been adequately discussed.
In this study, the contribution of OM pores to the total pore volume of W-L shale was quantitatively
studied through the analysis of OM isolation, field emission scanning electron microscopy (FE-SEM)
and low-pressure CO2 and N2 adsorption (LPGA). FE-SEM images showed abundant OM pores,
interparticle pores and intraparticle pores with various shapes and widths in the W-L shales. The pore
size distribution (PSD) of the isolated OM from five shale samples showed a consistent, unimodal
pattern. The pore volume of isolated OM was greater than that of the bulk shale samples, suggesting
that OM is more porous than the inorganic compositions in shales. The average contribution of OM to
the volumes of micropores, mesopores and macropores was 58.42%, 10.34% and 10.72%, respectively.
Therefore, the pore volume of the W-L shale was dominantly related to inorganic minerals. This was
probably due to the small weight ratio of OM in the shale samples (1.5 wt%–4.2 wt%). The findings
of this study reveal the different effects of OM and minerals on pore development, and provide new
insights into the quantitative contribution of OM pores to the total pore volume of the W-L shale.

Keywords: isolated organic matter; organic matter pores; pore size distribution; Wufeng-Longmaxi
shale; fuling gas field

1. Introduction

Organic shales commonly contain complex pore systems with various pore types, pore geometry
and multiscale pore widths [1–3]. The pores in shale are commonly classified as interparticle
(interP), intraparticle (intraP), and organic matter (OM) pores or microfractures, using direct imaging
techniques [2]. In addition, the pore size of shale can be sorted. The categories include micropore
(pore width smaller than 2 nm), mesopore (pore width between 2 and 50 nm) and macropore (pore
width larger than 50 nm), following the international union of pure and applied chemistry (IUPAC)
classification [4]. Due to the nanoscale organic and inorganic pores within the shale formations,
the solid–fluid interaction becomes non-trivial, causing the gas flow to derivate from classical Darcy’s
law [5,6]. Recently researchers have reported some pore-scale studies of fluid flows in shale, however,
most of them focused on a single nano-tube with the mean pore-throat radius. All the derived formulas
are based on gas molecular dynamics, which might not be applicable to shale formations, especially
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the organic pores. Therefore, molecular dynamic simulations are also used to investigate the gas state
and flow mechanisms within organic pores [7,8]. Assuming shale formations to be fractal porous
media, non-Darcy flows were further investigated. However, the real pore structures within the
shale formations are much more complex than the studies stated. Naraghi and Javadpour (2015) first
proposed their stochastic model by representing organic patches randomly scattered within inorganic
pores [9], and this idea was further adopted by Naraghi et al. (2018) [10,11]. Therefore, characterization
of the pores in gas shale is critical to understanding gas storage and gas flow mechanisms [12].

Pores in shale can be characterized by direct observation [2,13–17], radiation detection [3,18–20],
and fluid intrusion techniques [1,21–24]. Recently, the multi-scale pore structure (e.g., pore types,
shapes, size and connectivity) of shales has been studied extensively using various methods [20].
For example, field emission-scanning electron microscopy (FE-SEM) [2,13–17], small angle neutron
scattering (SANS) [3,19,20], nuclear magnetic resonance (NMR) [25–29], nano-scale X-ray computed
tomography (Nano-CT) [18,30–32], low-pressure gas physisorption (LPGA) and mercury intrusion
capillary pressure (MICP) [1,21–24,33–38] were applied to characterize the pores in shales. Of these
techniques, FE-SEM and Nano-CT were effectively applied to the quantitative characterization of OM
pores, with the help of image processing, data extraction and electron tomography of subnanometric
resolution to characterize the porous network in organic matter [13–18,30–32]. However, these
measurements have the drawbacks, the tiny sample preparation for Nano-CT and the limited
observation areas for FE-SEM. The results of microscopic observation methods, considering the
heterogeneity of organic shales and the small observation area, may not be representative [31].
In addition, OM pores were poorly characterized with the fluid intrusion (LPGA and MICP) techniques
because these methods cannot distinguish OM from inorganic mineral compositions [35]. Rexer et al.
(2014) proposed an effective OM isolation process that does not alter the pore structure [39]. Therefore,
OM isolation from bulk shale provides an effective way to characterize OM pores [39–41].

OM pores are proposed to be the significant pore type in shale [2,13,15–17] and the major
contributor to the gas storage capacity for both adsorbed gas and free gas [42–46]. Porosity within OM
particles could be larger than 40% based on SEM images [13,15,16,47,48]. OM porosity is promoted
by high total organic carbon (TOC) content and appropriate thermal maturity, whereas excessive
maturity may reduce the number of OM pores [49–51]. The contribution of OM pores is suggested to
be significant in many gas shales [2,13]. Loucks et al. (2012) estimated the proportion of OM pore to
porosity of shales using SEM images [2]. Tian et al. (2013) calculated the contribution of OM to pores
according to the regression line of TOC content versus porosity [3]. Considering that the pore structure
of gas shales may also be controlled by inorganic minerals [13,14,17,31,46–48,50], the accuracy of the
results of Loucks et al. (2012) and Tian et al. (2013) may be low [41].

The pore characteristics of Wufeng-Longmaxi (W-L) shale in China were studied by Chinese
scholars using various techniques. Quantitative pore structure parameters (i.e., pore size distribution,
pore volume and surface area, and pore connectivity) were studied by fluid intrusion methods [20,
33–37,40,42,52–54]. OM pore characterization of W-L shale in China has gained increasing research
attention and OM types and OM pore networks have been qualitatively investigated by the FE-SEM
imaging technique [14,31,32,35,36]. Ji et al. (2017) reported that OM pores in W-L shale were
characterized using isolated OM samples [40]. However, they did not quantitatively study the
proportions of OM pores. The contribution of OM pores to the total pore volume of the W-L shale
requires further study. Therefore, the objectives of this study are to: (1) prepare isolated OM samples
from bulk W-L shale, (2) compare the pore characteristics of isolated OM and the corresponding
bulk shale using FE-SEM and LPGA (CO2 and N2) methods, and (3) quantitatively investigate the
contributions of OM and mineral compositions to the pore volumes of the W-L shale. The findings
of this paper will provide new insights into the quantitative contribution results of OM and mineral
compositions to the total pore volume of W-L shale.
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2. Materials and Methods

2.1. Materials

A total of five W-L core samples were collected from well J-4 in the Fuling gas field, Sichuan
Basin, China. The geological settings of the Wufeng-Longmaxi Formation in the study area have been
reported in previous works [36,42]. Briefly, this field is situated in the southeast margin of the Sichuan
Basin, which has experienced multiple stages of tectonic movements, including the Sinian-Silurian
Caledonian, Devonian-Permian Hercynian, Triassic Indosinian, Jurassic-Cretaceous Yanshanian, and
Tertiary-Quaternary Himalayan movements [36]. The W-L organic shale in the study area is mainly
deposited in deep water shelves with low-energy and anoxic environments [41]. The graptolite-rich
W-L shale, with a present-day thickness of about 60–110 m, consists of black carbonaceous shale,
carbonaceous mudstone, argillaceous siltstone, and siliceous shale [36]. The shale samples in this study
were selected from the bottom of the W-L Formation.

The core samples were prepared as rock chips for FE-SEM and crushed to 60 mesh for OM
isolation, and 100 mesh for TOC, XRD, and LPGA (CO2 and N2) measurements. The particle size used
for gas adsorption porosimetry strongly influences porosimetric results and the 60–140 mesh particle
size of organic shale is recommended for LPGA experiments [55,56].

2.2. Methods

2.2.1. OM Isolation

OM (mixture of kerogen and bitumen) samples were prepared using the chemical treatments
proposed by Rexer et al. (2014) [39]. Specifically, each shale sample, with a particle size of 100 mesh,
was first treated with HCl for about 24 h to remove carbonates. After washing several times with
distilled water, the residue was treated with HF for 12 h to remove silicate minerals. The residual
solids were washed and treated with CrCl2 for 12 h to remove pyrite, and then washed again with
distilled water. The OM samples were separated via filtering. The OM samples were prepared after
the residues were washed with distilled water and dried at −5 ◦C. The bitumen in the W-L shale was
preserved, considering that abundant bitumen pores exist in more mature shales [31,42].

2.2.2. TOC and XRD

TOC and XRD measurements were conducted following the Chinese national standard (GB/T
31483-2015). Specifically, shale samples of 100 mesh were treated with HCl (10%) to remove carbonates,
washed with distilled water and dried for 24 h at 70 ◦C before the TOC experiments commenced.
The TOC content was measured on a Leco CS 230 carbon/sulfur analyzer (LECO Corporation, St.
Joseph, MI, USA).

For bulk mineral composition measurements, the samples were mixed with ethanol, mounted on
glass slides and measured on a Bruker D8 Discover diffractometer (Bruker AXS Corporation, Karlsruhe,
Germany). The diffracted beam was measured with a scintillation detector with a counting time of
20 s for each step of 0.02◦ 2θ. The quantitative phase analysis was performed by Rietveld refinement,
with customized clay mineral structure models [57].

2.2.3. FE-SEM

Shale sections of 1 cm × 1 cm in area were Ar-ion milled to create an ultra-smooth surface and
then coated with carbon. Each carbon-coated section was inspected using an FEI Helios NanoLab™
650 FE-SEM (Thermo Fisher Scientific, Waltham, MA, USA). The FE-SEM images of the shale sample
surface, with a resolution of 2.5 nm at 2 kV accelerating voltage and a working distance of 4 mm,
were collected.



Energies 2019, 12, 1207 4 of 15

2.2.4. LPGA

LPGA (CO2 and N2) experiments were performed on Micromeritics ASAP-2460 surface area
analyzers (Micromeritics, Atlanta, GA, USA). The OM and shale samples were degassed at about
110 ◦C for about 12 h before the LPGA experiments. The parameters were set at 0 ◦C and −196 ◦C.
The relative pressure (P/P0) for N2 and CO2 adsorption ranged from 0.0001 to 0.995 and from
0.0001 to 0.03, respectively. The adsorption isotherms were generated and the surface areas, pore
volumes, and pore distributions were calculated [13]. Micropore volumes and surface areas were
calculated using a Density Functional Theory (DFT) model based on CO2 physisorption data [37].
The Barrett-Joyner-Halenda (BJH) volumes were calculated using low-pressure N2 adsorption
data [33–37].

3. Results

3.1. Organic Geochemistry and Mineralogy

The mineral compositions and geochemical results of the W-L shale samples are listed in Table 1.
The TOC content ranged from 1.5 wt% to 4.2 wt%, with an average content of 2.75 wt%. The equivalent
vitrinite reflectance values, converted from bitumen reflectance, were in the range of 2.35–2.60%,
suggesting a mature dry gas generation. The dominant mineral compositions in the shale were quartz
and clay, with average proportions of 40.8% (35.6–51.1%) and 38.9% (38.3–41.1%), respectively. The
average values of feldspar, carbonate minerals (calcite and dolomite) and pyrite were 9.6%, 4.8%,
2.7%, respectively.

Table 1. Geochemical characteristics and mineral compositions of Wufeng-Longmaxi (W-L)
shale samples.

Sample
ID

Depth
(m)

TOC
(%) Ro (%) Quartz

(%)
Feldspar

(%)
Calcite

(%)
Dolomite

(%)

Clay
mineral

(%)

Pyrite
(%)

J4-1 2282.5 1.5 2.49 35.6 10.5 7.1 1.3 41.1 3.1
J4-2 2354.6 2.1 2.52 37.3 13.6 5.4 1.2 37.6 2.3
J4-3 2368.1 2.7 2.53 41.2 8.8 3.2 0.5 38.3 3.3
J4-4 2386.4 3.2 2.55 39.2 11.2 5.1 1.3 38.4 3.2
J4-5 2408.4 4.2 2.6 51.1 7.1 0.1 0.1 38.5 2.1

3.2. FE-SEM Imaging

FE-SEM images were obtained to study the pore characteristics of the W-L shale samples (Figure 1).
According to the classification of Loucks et al. (2012) [2], OM pores, interparticle pores (interP pores)
and intraparticle pores (intraP pores) were observed. OM pores with various pore shapes and sizes
were identified (Figure 1a–c). OM pores with elliptical bubbles and irregular polygon shapes were
heterogeneously distributed (Figure 1a–b). Within large OM particles, the pores extended toward each
other, forming complex and connected pore networks in three dimensions (Figure 1b). Pores between
the illite interlayers were also filled with OM, which formed complex pore networks (Figure 1c). These
observations were consistent with the results of the W-L Formation in the Sichuan Basin [14,31,32,35,36].
InterP pores are primarily formed between quartz, clay minerals, and calcite grains with, mainly, slit
shape (Figure 1 d–f). Such pores are commonly filled with OM, pyrite framboids, and clay minerals
(Figure 1 g–h). IntraP pores are also observed within quartz (Figure 1d), and calcite grain (Figure 1i).
Pyrite framboids with inter crystal pores filled with OM (Figure 1g) were commonly observed in
the samples.
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Figure 1. Example of pores in W-L shale sample J4-5. (a)–(b) Large organic matter (OM) particles 
with elliptical bubbles and irregular polygon shapes; (c) complex OM pores within the illite 
interlayers; (d)–(f) interP pores between quartz, clay minerals, and calcite grain rims; (g)–(h) quartz 
and pyrite framboids with inter crystal pores filled with OM and with OM pores; (i) intraP pores 
observed within calcite grain. 

3.3. LPGA (CO2 and N2) 

3.3.1. Low-Pressure CO2 Adsorption 

The low-pressure CO2 adsorption isotherms of the isolated OM and bulk shale samples are 
shown in Figure 2. The OM samples had slightly higher adsorption volumes than the related bulk 
shale samples, suggesting the formation of micropores in OM matter. Isotherms with similar shapes 
were observed in the isolated OM samples (Figure 2a). For the bulk shale samples, the J4-1 shale 
with the lowest TOC content had the lowest CO2 adsorption volume, while sample J4-5 with the 
higher OM richness had the highest CO2 adsorption volume (Figure 2b).  
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Figure 1. Example of pores in W-L shale sample J4-5. (a)–(b) Large organic matter (OM) particles with
elliptical bubbles and irregular polygon shapes; (c) complex OM pores within the illite interlayers;
(d)–(f) interP pores between quartz, clay minerals, and calcite grain rims; (g)–(h) quartz and pyrite
framboids with inter crystal pores filled with OM and with OM pores; (i) intraP pores observed within
calcite grain.

3.3. LPGA (CO2 and N2)

3.3.1. Low-Pressure CO2 Adsorption

The low-pressure CO2 adsorption isotherms of the isolated OM and bulk shale samples are shown
in Figure 2. The OM samples had slightly higher adsorption volumes than the related bulk shale
samples, suggesting the formation of micropores in OM matter. Isotherms with similar shapes were
observed in the isolated OM samples (Figure 2a). For the bulk shale samples, the J4-1 shale with the
lowest TOC content had the lowest CO2 adsorption volume, while sample J4-5 with the higher OM
richness had the highest CO2 adsorption volume (Figure 2b).

The pore volumes and surface areas calculated by DFT model are listed in Table 2. The DFT surface
area of isolated OM ranges from 30.98 to 34.85 m2/g, with an average of 32.58 m2/g, which is nearly
two times larger than the related shale samples with a mean value of 9.32 m2/g (12.68–28.95 m2/g).
The DFT pore volume of the isolated OM samples varies from 12.6 to 13.2 cm3·/100g, which is greater
than that of the corresponding bulk shales (0.32–1.12 cm3/100g). In addition, when the TOC content
increased, the DFT pore volume of all bulk shale samples increased. The pore volumes of the OM
samples were normalized to bulk shale weight by multiplying the TOC values of the bulk shale. The
normalized pore volumes of OM are in the range 0.19–0.55 cm3/100g shale (Table 2).
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Figure 2. Comparison of low-pressure CO2 adsorption isotherms of (a) isolated OM samples and (b)
bulk shale samples.

Table 2. Pore structure parameters of isolated OM and shale from low-pressure CO2 adsorption data.

Sample
ID

Bulk Shales Isolated OM

DFT Surface
Area (m2/g)

DFT Pore Volume
(cm3/100g shale)

DFT Surface
Area (m2/g)

DFT Pore Volume
(cm3/100g)

DFT Pore Volume
(cm3/100g shale)

J4-1 12.68 0.32 32.61 13.0 0.19
J4-2 15.92 0.46 31.13 12.8 0.26
J4-3 16.88 0.51 33.34 13.6 0.36
J4-4 24.12 0.95 30.98 12.6 0.40
J4-5 28.95 1.12 34.85 13.2 0.55

The PSDs of isolated OM and bulk shale samples obtained from CO2 adsorption data are shown
in Figure 3. Pores with diameters smaller than 0.7 nm are the primary proportions of pore volume
in both isolated OM and bulk shales (Figure 3). The shapes of PSD curves of both isolated OM and
bulk shale samples are similar. These results are consistent with previous studies of W-L shale in the
Sichuan Basin [35–37].
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3.3.2. Low-Pressure N2 Physisorption

The low-pressure N2 physisorption isotherms of isolated OM and bulk shale samples are
illustrated in Figure 4. Type IV isotherms can be identified [55]. These isotherms represent both
mesopores and macropores in isolated OM and bulk shales. Isotherms of samples J4-3, J4-4 and
J4-5 (TOC > 2.5 wt%) show adsorption at a low relative pressure, indicating the existence of
micropores [13,40,58]. These characteristics are consistent with the low-pressure CO2 adsorption
data. OM samples have more N2 adsorption volume than related bulk shale samples, indicating that
OM is more porous than other fractions of the studied shale samples.
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The pore structure parameters obtained from N2 adsorption isotherms are presented in Table 3.
The average Brunauer-Emmett-Teller (BET) surface area of the isolated OM in this study was
79.16 m2/g (70.22–86.23 m2/g), which is nearly three times larger than that of the bulk shale, 28.86 m2/g
(27.21–32.34 m2/g). The Barrett-Joyner-Halenda (BJH) pore volume of isolated OM varied from 35.43
to 40.80 cm3/g, with a mean value of 37.64 cm3/g. This was about three times greater than that of the
bulk shale samples, which ranged from 8.2 to 14.27 cm3/g, with a mean value of 10.92 cm3/g. The
pore volumes of the OM samples were normalized to bulk shale weight, and the normalized BJH pore
volumes of OM ranged from 0.53–1.46 cm3/100g shale (Table 3).

Table 3. Pore structure parameters of isolated OM and shale from low-pressure N2 adsorption data.

Sample
ID

Bulk Shales Isolated OM

BET Surface
Area (m2/g)

BJH Pore
volume

(cm3/100 g)

Average
Pore Size

(nm)

BET Surface
Area (m2/g)

BJH Pore
Volume

(cm3/100 g)

BJH Pore Volume
(cm3/100 g shale)

Average
Pore Size

(nm)

J4-1 27.21 8.2 9.16 86.23 35.43 0.53 17.78

J4-2 28.20 12.29 11.44 83.28 40.80 0.86 19.72

J4-3 29.33 10.35 9.59 80.21 38.13 1.03 19.75

J4-4 27.24 9.48 11.48 75.87 39.17 1.25 22.02

J4-5 32.34 11.27 14.15 70.22 34.67 1.46 21.72

The PSDs calculated using low-pressure N2 adsorption data of isolated OM and bulk shales are
shown in Figure 5. The PSDs calculated from the desorption branch of isotherms created fake peaks
at around 4 nm, due to the tensile strength effect [58]. Therefore, the adsorption branches were used
to calculate PSD. The PSD spectra of the OM and bulk shale samples showed similar trends with an
obvious unimodal nature of the curves within the pore size of about 3–5nm. This result is consistent
with other results of Longmaxi shale from the Sichuan Basin [33–37,52–54].
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4. Discussion

4.1. Comparison of PSDs between Isolated OM and Bulk Shales

The PSDs of isolated OM and bulk shale samples were compared to understand the different
impacts of OM and inorganic minerals on pore characteristics in shale. The pore volumes of the
OM samples were normalized to bulk shale weight by multiplying the TOC values of the bulk shale
(Figure 6). The curves of dV/dlog(D) represented the derivative of the y-axis value, which was
amplified for larger pores to better illustrate the characteristics [3]. The dV/dlog(D) spectra of both
isolated OM and bulk shale showed multimodal characteristics in the pore sizes of 0.3–0.8 nm, 3–5 nm
and 70–100 nm (Figure 6).

The PSDs of the isolated OM samples showed similar shapes and trends (Figure 6a–e), indicating
that OM pores may have similar shapes and pore widths. The homogeneities of OM type and thermal
maturity in the W-L shale samples in this work evidence the similar PSD curves of the isolated OM. In
addition, the similar shapes of the PSD curves may also support the application of OM isolation from
bulk shale for the characterization of OM pores [39,40,45].

The PSD curves of the bulk shale samples present slightly different trends according to diverse
TOC contents. When the TOC content increased, the pore volumes of the bulk shale samples
all increased (Figure 6). The divergences of the PSD curves between the isolated OM and their
corresponding bulk shale samples may provide information for the different effects of OM and
minerals on pore development in the W-L gas shales [40]. The smaller the divergence, the greater the
proportion of OM pore to bulk shale. The larger the divergence, the greater the proportion of inorganic
mineral host pore to bulk shale. As can be seen in Figure 6, with the TOC content of the bulk shale
increasing, the divergences of the PSD curves of the isolated OM samples and their bulk shale samples
gradually decreased (Figure 6). These results suggest that inorganic minerals host abundant pores and
that mineral compositions may contribute mainly to the macropores in gas shale.
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4.2. Contributions of OM Pore Volumes

The pore volumes of micropore (<2 nm), mesopore (2–50 nm) and macropore (>50 nm) calculated
from LPGA data are shown in Table 4 and Figure 7. The pore volumes of the OM samples are much
larger than those in the corresponding shale samples. The micropore volumes were calculated based
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on CO2 adsorption data. Mesopore and macropore volumes were obtained from N2 adsorption data.
For the bulk shale samples, the micropore, mesopore, and macropore volumes varied in the ranges of
0.32–1.12, 3.7–5.38 and 4.5–7.71 cm3/100 g, respectively. For the OM samples, the pore volumes of the
micropores varied from 12.6 to 13.6 cm3/100 g. The pore volumes of the mesopores and macropores
were in the ranges 11.11–19.05 and 19.6–22.23 cm3/100 g, respectively (Figure 7). The gas (CO2 and
N2) volumes, pore volumes, surface areas, PSD lines and porosities of the organic matter samples were
all larger than those of the shale samples, which indicates that organic matter (OM) is more porous
than other fractions of the studied shale samples. The results are consistent with the previous study
of the Longmaxi shale by Tian et al. (2013), who proposed that OM had more micropores and fine
mesopores than clay minerals in Longmaxi shale [23].

Table 4. Pore volumes of isolated OM and shale obtained from low pressure gas (CO2 and N2)
adsorption (LPGA) data.

Sample
ID

Bulk Shales (cm3/100 g) Isolated OM (cm3/100 g)

Micropores Mesopores Macropores Total Micropores Mesopores Macropores Total

J4-1 0.32 3.70 4.50 8.52 13.04 15.83 19.60 48.43

J4-2 0.46 4.58 7.71 12.75 12.80 16.57 24.23 53.60

J4-3 0.51 4.14 6.21 10.86 13.62 16.17 21.96 51.73

J4-4 0.95 3.98 5.50 10.43 12.61 19.05 20.12 51.77

J4-5 1.12 5.38 5.89 12.39 13.21 11.11 23.56 47.87

Energies 2019, 12, x FOR PEER REVIEW 10 of 15 

 

from N2 adsorption data. For the bulk shale samples, the micropore, mesopore, and macropore 
volumes varied in the ranges of 0.32–1.12, 3.7–5.38 and 4.5–7.71 cm3/100 g, respectively. For the OM 
samples, the pore volumes of the micropores varied from 12.6 to 13.6 cm3/100 g. The pore volumes 
of the mesopores and macropores were in the ranges 11.11–19.05 and 19.6–22.23 cm3/100 g, 
respectively (Figure 7). The gas (CO2 and N2) volumes, pore volumes, surface areas, PSD lines and 
porosities of the organic matter samples were all larger than those of the shale samples, which 
indicates that organic matter (OM) is more porous than other fractions of the studied shale samples. 
The results are consistent with the previous study of the Longmaxi shale by Tian et al. (2013), who 
proposed that OM had more micropores and fine mesopores than clay minerals in Longmaxi shale 
[23].  

Table 4. Pore volumes of isolated OM and shale obtained from low pressure gas (CO2 and N2) 
adsorption (LPGA) data. 

Sample ID 
Bulk Shales (cm3/100 g) Isolated OM (cm3/100 g) 

Micropores Mesopores Macropores Total Micropores Mesopores Macropores Total 
J4-1 0.32 3.70 4.50 8.52 13.04 15.83 19.60 48.43 
J4-2 0.46 4.58 7.71 12.75 12.80 16.57 24.23 53.60 
J4-3 0.51 4.14 6.21 10.86 13.62 16.17 21.96 51.73 
J4-4 0.95 3.98 5.50 10.43 12.61 19.05 20.12 51.77 
J4-5 1.12 5.38 5.89 12.39 13.21 11.11 23.56 47.87 

(a) (b)
 

Figure 7. Comparison pore proportions in (a) bulk shales and(b) isolated OM samples.  

OM porosity is primarily controlled by organic richness and thermal maturity [13,16,59–61]. 
Previous studies reported that there were positive correlations between porosity and TOC content, 
suggesting that the TOC content is the primary control of the organic porosity 
[15,16,19,23,33,34,36–38]. When equivalent vitrinite reflectance values are in the range of 2.0–2.5%, 
the OM pores in shale commonly have large diameters, up to tens of hundreds of nanometers in 
FE-SEM images [16,49,59–62]. The eq. Ro values of the W-L shale samples in this work were in the 
range 2.35–2.60%, during the generation of shale gas, shale porosity significantly increased, which 
was supported by the FE-SEM images showing large OM pores in the samples (Figure 1a–b). In 
addition, the PSD spectra of the isolated OM samples showed the obvious unimodal nature of the 
curves within a pore size of about 0.3–0.8, 3–5 and 70–100 nm (Figure 6). The positive correlations 
were slight in many gas shales, which was probably due to the minor amount of OM in the shale 
samples [35–37]. 

The pore structure in gas shales may also be controlled by inorganic minerals. Numerous 
studies have proposed the importance of clay minerals for shale porosity [13,17,33,63] and pore 
structure [31–33]. In this study, the framework of clay flakes exerts an important influence on the 
formation of pores in clay minerals (Figure 1e–f). These pores are mostly developed in the pressure 
shadow of hard grains with compaction resistance [61]. Quartz can form rigid frameworks to 
prevent pores from collapsing so that the primary porosity is well preserved [2]. Highly-mature 
shale is commonly buried deep. Therefore, OM pores may be lost during compaction due to the soft 
and ductile nature of the OM [2,16,17]. FE-SEM images showed that the OM pores surrounded by 
rigid framework minerals were more easily preserved (Figure 1d–i). IntraP pores within calcite grain 

Figure 7. Comparison pore proportions in (a) bulk shales and(b) isolated OM samples.

OM porosity is primarily controlled by organic richness and thermal maturity [13,16,59–61].
Previous studies reported that there were positive correlations between porosity and TOC content,
suggesting that the TOC content is the primary control of the organic porosity [15,16,19,23,33,34,36–38].
When equivalent vitrinite reflectance values are in the range of 2.0–2.5%, the OM pores in shale
commonly have large diameters, up to tens of hundreds of nanometers in FE-SEM images [16,49,59–62].
The eq. Ro values of the W-L shale samples in this work were in the range 2.35–2.60%, during the
generation of shale gas, shale porosity significantly increased, which was supported by the FE-SEM
images showing large OM pores in the samples (Figure 1a–b). In addition, the PSD spectra of the
isolated OM samples showed the obvious unimodal nature of the curves within a pore size of about
0.3–0.8, 3–5 and 70–100 nm (Figure 6). The positive correlations were slight in many gas shales, which
was probably due to the minor amount of OM in the shale samples [35–37].

The pore structure in gas shales may also be controlled by inorganic minerals. Numerous
studies have proposed the importance of clay minerals for shale porosity [13,17,33,63] and pore
structure [31–33]. In this study, the framework of clay flakes exerts an important influence on the
formation of pores in clay minerals (Figure 1e–f). These pores are mostly developed in the pressure
shadow of hard grains with compaction resistance [61]. Quartz can form rigid frameworks to prevent
pores from collapsing so that the primary porosity is well preserved [2]. Highly-mature shale is
commonly buried deep. Therefore, OM pores may be lost during compaction due to the soft and ductile
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nature of the OM [2,16,17]. FE-SEM images showed that the OM pores surrounded by rigid framework
minerals were more easily preserved (Figure 1d–i). IntraP pores within calcite grain suggested that
dissolution of carbonate minerals is a vital mechanism for the development of intraparticle pores in
shale [2]. The pores related to mineral compositions resulted in more complicated and heterogeneous
pore size characteristics of bulk shales [2,64].

The contributions of OM and inorganic composition to the total pore volumes were calculated by
converting all pore volume per OM weight to per shale weight (cm3/100 g OM to cm3/100 g shale).
The results are shown in Table 5 and Figure 8. The contributions of OM to the micropore volume
ranged from 49.5% to 72.0%, with an average of 58.42%. The contributions of OM to mesopore volume
were between 6.4% and 18.5%, and averaged 10.34%. The contributions of OM to macropore volume
were in the range 6.5–16.8%, with an average of 10.72%. In total, OM pores accounted for 8.5–19.2% of
the total volume of the W-L shale (Figure 8 a–c).

Table 5. Contributions of OM and inorganic minerals to the total pore volume of the W-L shales.

Sample
ID

Contributions to the Total Volume of Shales

OM Inorganic Compositions

Micropores
(%)

Mesopores
(%)

Macropores
(%)

Total
(%)

Micropores
(%)

Mesopores
(%)

Macropores
(%)

Total
(%)

J4-1 60.9 6.4 6.5 8.5 39.1 93.6 93.5 91.5

J4-2 58.4 7.6 6.6 8.8 41.6 92.4 93.4 91.2

J4-3 72.0 10.5 9.5 12.9 28.0 89.5 90.5 87.1

J4-4 51.3 18.5 14.2 19.2 48.7 81.5 85.8 80.8

J4-5 49.5 8.7 16.8 16.2 50.5 91.3 83.2 83.8

Energies 2019, 12, x FOR PEER REVIEW 11 of 15 

 

suggested that dissolution of carbonate minerals is a vital mechanism for the development of 
intraparticle pores in shale [2]. The pores related to mineral compositions resulted in more 
complicated and heterogeneous pore size characteristics of bulk shales [2,64].  

The contributions of OM and inorganic composition to the total pore volumes were calculated 
by converting all pore volume per OM weight to per shale weight (cm3/100 g OM to cm3/100 g 
shale). The results are shown in Table 5 and Figure 8. The contributions of OM to the micropore 
volume ranged from 49.5% to 72.0%, with an average of 58.42%. The contributions of OM to 
mesopore volume were between 6.4% and 18.5%, and averaged 10.34%. The contributions of OM to 
macropore volume were in the range 6.5–16.8%, with an average of 10.72%. In total, OM pores 
accounted for 8.5–19.2% of the total volume of the W-L shale (Figure 8 a–c).  

The contributions of OM pores to the total pore volumes (Figure 8d) were lower than those of 
the inorganic composition. This result is consistent with a previous study of the contribution of OM 
porosity to Longmaxi shale (31.3–62.6%) [23], but inconsistent with the corresponding contribution 
value of Barnett shale (95.2%). Tian et al. (2013) [23] calculated the contribution of OM pores in 
Longmaxi shale using the correlation of the TOC content versus porosity. In their calculation they 
assumed that the contribution of inorganic mineral host pores was constant. Loucks et al. (2012) [2] 
estimated the contribution of OM pores to the total pore volume of Barnett shale using FE-SEM 
images. However, SEM is not appropriate for pores smaller than 5 nm [17]. In addition, the spatial 
limitation and biased selection of the observed areas may not be able to catch representative images, 
resulting in the relatively high contribution of OM pores (95.2%). Therefore, this paper may provide 
more accurate results and new evidences of the contributions of OM and mineral compositions to 
the total pore volume of W-L shale. 

Table 5. Contributions of OM and inorganic minerals to the total pore volume of the W-L shales. 

Sam
ple 
ID 

Contributions to the Total Volume of Shales 
OM Inorganic Compositions 

Micropores 
(%) 

Mesopores 
(%) 

Macropores 
(%) 

Total 
(%) 

Micropores 
(%) 

Mesopores 
(%) 

Macropores 
(%) 

Total 
(%) 

J4-1 60.9 6.4 6.5 8.5 39.1 93.6 93.5 91.5 
J4-2 58.4 7.6 6.6 8.8 41.6 92.4 93.4 91.2 
J4-3 72.0 10.5 9.5 12.9 28.0 89.5 90.5 87.1 
J4-4 51.3 18.5 14.2 19.2 48.7 81.5 85.8 80.8 
J4-5 49.5 8.7 16.8 16.2 50.5 91.3 83.2 83.8 

(a) (b)

(c) (d)

 
Figure 8. Contributions of OM and inorganic compositions to (a) micropore volume, (b) mesopore 
volume, (c) macropore volume and (d) and total pore volume of W-L shale samples. 
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volume, (c) macropore volume and (d) and total pore volume of W-L shale samples.

The contributions of OM pores to the total pore volumes (Figure 8d) were lower than those of
the inorganic composition. This result is consistent with a previous study of the contribution of OM
porosity to Longmaxi shale (31.3–62.6%) [23], but inconsistent with the corresponding contribution
value of Barnett shale (95.2%). Tian et al. (2013) [23] calculated the contribution of OM pores in
Longmaxi shale using the correlation of the TOC content versus porosity. In their calculation they
assumed that the contribution of inorganic mineral host pores was constant. Loucks et al. (2012) [2]
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estimated the contribution of OM pores to the total pore volume of Barnett shale using FE-SEM images.
However, SEM is not appropriate for pores smaller than 5 nm [17]. In addition, the spatial limitation
and biased selection of the observed areas may not be able to catch representative images, resulting in
the relatively high contribution of OM pores (95.2%). Therefore, this paper may provide more accurate
results and new evidences of the contributions of OM and mineral compositions to the total pore
volume of W-L shale.

5. Conclusions

The contributions of OM to the total pore volume of W-L shale from the Fuling gas field, Sichuan
Basin were investigated through FE-SEM observation, OM isolation, and LPGA (CO2 and N2) analysis.
Based on our results, the following conclusions can be drawn.

(1) Abundant OM pores and inorganic pores with various pore shapes and widths can be observed
in FE-SEM images in the W-L shales.

(2) The LPGA adsorption volume, pore volume, and pore surface area of the OM samples were
all larger than those of the bulk shale samples, indicating that OM is more porous than inorganic
compositions in W-L shale.

(3) The average contribution of organic matter to the volume of micropore, mesopore and
macropore were 58.42%, 10.34% and 10.72%, respectively. The contributions of OM to the total
pore volume were lower than those of the inorganic compositions, probably due to the small weight
ratio of OM in shale samples (1.5 wt%–4.2 wt%).

(4) OM has more micropores than inorganic compositions, which makes their PSD more
complicated.
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