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Abstract The pore structure of continuous unconven-
tional reservoirs (CURSs) in coal measures was investigated
using different technologies for 29 samples (9 coal
samples, 9 shale samples, and 11 sandstone samples)
from Qinshui Basin, China. Results show that coals have
relatively high porosities and permeabilities ranging from
4.02% to 5.19% and 0.001 to 0.042 mD, respectively.
Micropores (<2 nm) are well-developed in coals and
contribute to the majority of pore volume (PV) and specific
surface area (SSA). The porosities and permeabilities are
between 1.19%4.11%, and 0.0001-0.004 mD of sand-
stones with a predominance of macropores (> 50 nm).
However, shales are characterized by poorly petrophysical
properties with low porosity and permeability. Macropores
and mesopores (2—-50 nm) are well-developed in shales
compared with micropores. For coals, abundant organic
matters are expected to promote the development of
micropores, and clay minerals significantly control the
performance of mesopores. For shales and sandstones,
micropores are mainly observed in organic matters,
whereas clay minerals are the important contributor to
mesopores. Moreover, micropore SSA significantly deter-
mines the adsorption capacity of CURs and sandstones
have the best pore connectivity. The permeability of CURs
is positively associated with the macropore PV since
macropores serve as the main flow paths for gas seepage.
Additionally, we also proposed that effective porosity has a
significant effect on the permeability of CURs. The
findings of this study could enhance the understanding of
the multiscale pore structure of CURs and provide insights
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into the mechanisms that control gas storage, transport, and
subsequent co-production for continuous unconventional
natural gas (CUNG) in the Qinshui Basin and other coal-
bearing basins worldwide.
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1 Introduction

The worldwide boom in unconventional gas has become
increasingly important in the balance of natural gas
production. Previous studies have reported that coalbed
methane (CBM), shale gas, and tight sandstone gas (TSG)
can be developed continuously in adjacent strata in the
same coal-bearing basin and a combination of these gases
were also named continuous unconventional natural gas
(CUNG) in coal measures (Li et al., 2016, 2019a; Hou
et al., 2017). Different from an independent natural gas,
gas within different CURs migrate via a short flow path
nearby reservoirs and interact with others (Ayers, 2002;
Law and Curtis, 2002; Wang et al., 2014; Schmitt et al.,
2015; Wang et al., 2016; Monaghan, 2017; Ghomeshi
et al., 2018). With the advanced technology and increasing
demand for energy resources, the co-production of CUNG
has expanded rapidly around the world and some
pioneering efforts have been tried in the Ordos and
Qinshui basins (Li et al., 2017, 2019b; Hou et al., 2018).
The heterogeneous and complex pore structure is the
primary flow path for CUNG storage and transport (Ross
and Bustin, 2008; Loucks et al., 2009; Mishra et al., 2018).
Moreover, it is believed that pore structure significantly
affects petrophysical properties for a reservoir play, such as
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sorption behavior and permeability (Krooss et al., 2002;
Ross and Bustin, 2008; Yao and Liu, 2012; Zhang et al.,
2016; Huang et al., 2018). Based on the pore size
classification proposed by IUPAC (1994), pores can be
classified into three types: micropores (<2 nm), meso-
pores (2-50 nm), and macropores ( > 50 nm), respectively.
The pore structure of unconventional reservoirs has been
comprehensively studied using various methods, including
capture technologies such as optical microscopy and field
emission scanning electron microscopy (FE-SEM) and
fluid intrusion methods such as high-pressure mercury
intrusion porosimetry (HPMI), low-pressure gas (N,/CO,)
adsorption (N,GA, CO,GA). Image capture technologies
are suitable for qualitatively describing pore morphology
features at nano- to micron-scales, whereas these measure-
ments cannot give a quantitative evaluation for nanopores
(Bernard et al., 2012; Nie et al., 2015; Mishra et al., 2018).
Fluid intrusion methods have been widely used to
quantitatively obtain pore structure parameters, such as
pore size distribution (PSD), specific surface area (SSA),
and pore volume (PV) (Wang et al., 2014: Nie et al., 2015;
Zhao et al., 2016; Sun et al., 2017), but N,GA and CO,GA
fail to determine the pore structures of macropores with
large size (Wang et al., 2014; Hou et al., 2020c; Li et al.,
2020; Song et al., 2020; Wang et al., 2020; Yang and Liu,
2020). Theoretically, the NMR method has been proven to
be a non-destructive and quantitative method capable to
determine pores on a wide scale. Therefore, the NMR
method has been popularly applied to evaluate the pore
structure for porous media (Yao and Liu, 2012; Li et al.,
2018).

The multiscale pore system within CURs is the internal
factor directly influencing the storage and transport
behaviors of CUNG. However, full-scale determination
of the pore structure and comparative analysis among
various CURs is still a challenging work. Therefore, a
combination of different experimental technologies is
necessary for a systematic illustration of the full-scale
pore structure of CURSs. In this study, the pore structure and
its significance to the petrophysical properties of CURs in
Qinshui Basin were studied using a combination of various
experimental technologies, including optical microscopy,
FE-SEM, HMIP, N,GA, CO,GA, and NMR.

2 Materials and methods
2.1 Geological background and samples

The Qinshui Basin is an important petroliferous, intra-
cratonic basin in China where contains abundant CUNG
resources. Co-production of CUNG resources with good
potential has been proven in the Yushe-Wuxiang area
located at the central east Qinshui Basin (Hou et al., 2017).
The tectonic evolution of the study area experienced four
primary stages: 1) The rapid subsidence stage occurred in

the late Hercynian to Indosinian orogenesis. Approxi-
mately 30004000 m of the overlying strata were
deposited on top of the target coal-bearing strata;
2) During the early Yanshanian orogeny, the burial depth
of the coal-bearing strata was slightly undulatory and
suffered compression under the NW-SN toward tectonic
stress due to alternating subsidence and uplift of the
lithosphere; 3) During the period of middle and late
Yanshanian orogenesis, the area was compressed again
causing a significant uplift of the coal-bearing strata; and
4) During the Himalayan orogeny, the NNW-SSE direc-
tional tension stress made the coal-bearing strata rapidly
uplift (Hou et al., 2020a). To avoid interference from the
effect of tectonism on the pore structure of CURs, 9 shale
samples, 11 sandstone samples, and 9 coal samples under
the same tectonic evolution were collected from the
drilling well, and the surrounding coal mines in the
Yushe-Wuxiang area, Qinshui Basin. Shale and sandstone
samples were collected from the same well (well zk7-1),
and coal samples were collected from the main coal seams
of three coal mines, as shown in Fig. 1. The vitrinite
reflectance (R,) values of coal and shale samples range
from 2.15% to 2.90%, suggesting the coalification of the
source rocks in the study area mainly entered the over-
mature level.

2.2 Experimental methods and procedures

All of the samples were drilled into core plugs (2.5 cm in
diameter and 4-5 cm in length) for NMR and pressure
pulse decay permeability/porosity measurements. More-
over, the residual cuttings of the samples were used for
optical microscopy, FE-SEM, HPMI, N,GA, CO,GA, total
organic compound (TOC), X-ray diffraction (XRD), and
vitrinite reflectance (R,) measurements.

The organic-inorganic components and relevant con-
tents of the selected samples were detected by TOC and
XRD analyses using a Leco CS-230 analyzer and a
RIGAKU D/Max-3B diffractometer, respectively, at the
Experimental Research Center of East China Branch,
SINOPEC. R, value was measured using a DM4500P
polarizing microscope at the Key Laboratory of Coalbed
Methane Resources and Reservoir Formation Process
(Ministry of Education), China University of Mining and
Technology. Moreover, pore morphologies of CURs were
observed using a petrographic microscope and a Quanta
200 F equipped with an energy-dispersive spectrometer
(EDS) on surfaces prepared by Arion milling at the Jiangsu
Design Institute of Geology for Mineral Resources.

HPMI experiments were conducted on an Auto Pore IV
9500 at the Key Laboratory of Coalbed Methane
Resources and Reservoir Formation Process (Ministry of
Education), China University of Mining and Technology to
determine the pore structure of pores with the scale of 3 nm
to 100 mm. Before the experiment, the samples were
processed into bulks of about 1 ¢m? and dried for 12 h at
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Fig. 1 Sampling locations and geological setting of the Yushe-Wuxiang area, Qinshui Basin.

70°C—-80°C. During the experiment, the pressure was
increased from 0.01 to 413 MPa in the mercury intrusion
phase and then gradually decreased in the mercury ejection
phase.

The N,GA and CO,GA analyses were performed at a
Quantachrome Autosorb-1 at the Key Laboratory of
Coalbed Methane Resources and Reservoir Formation
Process (Ministry of Education), China University of
Mining and Technology to determine pore structure
characteristics of PV, SSA, and PSD for the tested samples.
The employed samples were crushed into 40—-60 mesh and
dried for 8 h at 70°C to remove the moisture and other
volatiles and then they were performed at different gas
adsorption levels in nitrogen and CO, atmospheres,
respectively.

Moreover, the NMR tests were performed on saturated
and centrifuged plug samples to obtain the 7, spectrums
using a MesoMR23-060H-I at the Experimental Research
Center of East China Branch, SINOPEC. Pressure pulse
decay permeability/porosity tests were conducted using a
CoreLab/Temco PDP-200 with an accuracy of 0.00001
mD to obtain permeability and porosity for a given
confining pressure at the Key Laboratory of Coalbed
Methane Resources and Reservoir Formation Process
(Ministry of Education), China University of Mining and
Technology. The employed samples were first processed
into lithologic columns of diameter of 2.5 cm and length of
5.0 cm, with the top and bottom surfaces polished to obtain
parallel ends. The permeability of the samples was
determined under a constant inlet pressure.

3 Results

3.1 Mineralogical components and physical properties of
CURs

The coals mainly consisted of aggregate organic matters
with high TOC ranging from 76.45% to 90.10% (avg.
86.39%) and macerals showed a clustered distribution, as
shown in Figs. 2(a) and 2(b). Inorganic minerals in the
coals were dominated by clay minerals embedded in
organic macerals (Figs. 2(i) and 2(j)). For shales, the
organic matters displayed a dispersed or granular distribu-
tion and TOC contents were between 1.25% and 3.25%
(avg. 2.27%). Clay and quartz minerals were mainly
inorganic components of shales, and their contents varied
from 39.7% to 54.9% (avg. 46.6%), and 36.4% to 56.9%
(avg. 42.9%), respectively. However, a favorable amount
of organic matter was also found in the sandstone samples
with a range of 0%—4.56% since sandstone layers in coal-
bearing strata were interbedded in coals and shales. During
deposition, organic matters in coals or shales experienced
river channel erosion, resulting mixture of organic grains
and strips with sandstones (Hou et al., 2020c). Inorganic
components of sandstones were dominated by quartz,
which ranged from 37.6% to 78.0% (avg. 52.2%). Clay,
feldspar, and carbonate minerals comprised the minor
proportions of the inorganic component in sandstones.
For coals, abundant organic pores were found in the
organic macerals (Figs. 2(a), 2(b), 2(i), and 2(j)). These
pores included cell pores (Fig. 2(a)) and blowholes
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Fig. 2 Photomicrographs showing the pore systems of the CURs. (a) Cell pores, dispersed organic pores, and microfractures of coal
sample C3; (b) blowholes and microfractures in vitrinite, C1; (c) intergranular pores and dispersed organic matter of shale sample S2;
(d) dispersed organic matter and microfractures filled by calcspar of shale sample S4; (e) intergranular pores of shale sample S2;
(f) dispersed organic matter, intergranular pores developed along the edges of rigid quartz grains and interfaces between quartz grains and
clay minerals of sandstone sample T8; (g) intergranular pores and dissolved pores of sandstone sample T6; (h) banded organic matter in
sandstone sample; (i) isolated organic pores (blowholes) of coal sample C2; (j) primary pores filled by clay mineral, intergranular pores
between organic macerals and clay minerals, and aggregated intragranular pores in clay minerals of coal sample C4; (k) aggregated
intragranular pores in clay minerals of coal sample C6; (1) organic pores of shale sample C6; (m) intragranular pores in clay minerals, and
intergranular pores between organic macerals and clay minerals of shale sample C4; (n) organic band filled by pyrite grains with abundant
intergranular pores, organic pores and intergranular pores of sandstone sample T10; (o) dissolved pores in feldspar of sandstone sample
T5; and (p) intergranular pores and intragranular pores in clay minerals of sandstone sample T9.

(Figs. 2(b) and 2(i)), where a part of the primary pores was
significantly filled by clay minerals (Fig. 2(j)), resulting in
beaded and banded intergranular pores at the interfaces
between macerals and clay minerals. Moreover, aggre-
gated intragranular pores were well developed in clay
minerals (Figs. 2(j) and 2(k)), and some microfractures
were also observed in macerals. For shales, the pore
framework consisted of inorganic minerals including clay
minerals and rigid quartz grains (Wang et al., 2014).
Abundant aggregated intragranular pores were developed
in clay minerals and intergranular pores and microfractures
were found between quartz grains (Fig. 2(m)). Moreover,

dispersed organic pores were observed in organic matter
(Figs. 2(c), 2(d), and 2(1)). Additionally, the pore frame-
work of sandstones was mainly provided by rigid quartz
grains (Lai et al., 2018). Therefore, intergranular pores and
microfractures were well developed along the edges of
rigid quartz grains (Figs. 2(f) and 2(g)) (Lai et al., 2018).
In addition, abundant aggregated intragranular pores
(Fig. 2(p)) and dispersive dissolved pores (Fig. 2(o))
were also observed in clay minerals and unstable minerals,
such as feldspar, respectively.

Generally, CURs are characterized by low porosity and
permeability (porosity < 10%, permeability < 10° pm?).
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The ranges of porosities of coals, shales, and sandstones
were 4.029%-5.19% (avg. 4.71%), 0.66%—2.65% (avg.
1.62%), and 4.02%—5.19% (avg. 4.71%), respectively.
Coals had the largest permeability, which ranged from
0.001 to 0.042 mD (avg. 0.024 mD), followed by
sandstones with a range of 0.0001-0.004 mD (avg. 0.001
mD), while the permeability of shales was the lowest at
0.0002-0.002 mD. Note that fractures/cleats with rela-
tively large scale were well-developed in coal reservoirs
and thus contributed to the relatively high porosity and
permeability. Moreover, permeability was weakly corre-
lated with total porosity, as shown in Fig. 3, indicating that

1

B Coal
® Shale

014 A Sandstone

0.015

0.0013

Permeability/mD

1E-44

1 E'S T T T T T

Porosity/%

Fig. 3 Relationship between porosity and permeability.

0.05 0.012

Front. Earth Sci. 2021, 15(4): 860-875

the pore structure played a significant role in controlling
the permeability of CURs (Xiao et al., 2018).

3.2 HMIP analyses

3.2.1 Physical properties and pore types

The mercury injection and ejection curves can be
subdivided into two types, corresponding to different
pore morphologies (Chen et al., 2012). For coals, Type |
was characterized by a rapidly increasing mercury
injection volume without saturation at a pressure of more
than 10000 psi, indicating micropores were well-devel-
oped. The hysteresis loop was broad, corresponding to
open pores and semi-closed pores, as shown in Fig. 4(a).
Type II was characterized by a significantly increasing
mercury injection volume at pressures of <10 psi
and > 10000 psi with very minor hysteresis loops,
indicating the dominance of semi-closed pores in the
pore morphology, as shown in Fig. 4(b).

For Type I of shales, the mercury injection volume
increased rapidly without any saturation at a pressure
of > 10000 psi which suggested that micropores were also
well-developed, as shown in Fig. 4(c). The hysteresis loops
are broad, corresponding to open pores and semi-closed
pores. However, a rapid increase at a pressure of < 10 psi
with broad hysteresis loops was found in Type II of shales
which implied that the pore morphologies were dominated
by open pores combining with a number of bottleneck
pores, as shown in Fig. 4(d).
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For sandstones, Type I curves exhibited significantly
increased mercury injection volume at a pressure
of < 10000 psi, and saturation was reached at pressures
over 10000 psi, suggesting micropores were poorly
developed. The hysteresis loop was broad, corresponding
to an open pore system, as shown in Fig. 4(e). The
hysteresis loop of Type Il was similar to that of Type I and
pore morphology was also dominated by open pores with
some fine bottleneck pores, as shown in Fig. 4(f). The
effective pores of CURs included two main types: open
pores and semi-closed pores (Song et al., 2017). From the
analyses above, the development of effective pores in
sandstones and shales was better than that in coals,
resulting in the relatively high pore connectivity of
sandstones and shales.

Pore structure parameters SSA, PV, and average
diameter were also determined through HPMI analyses,
as listed in Table 1. The SSAs of CURs followed the order
of coal > shale > sandstone, whereas the reverse trend was
observed in the average diameter of CURs (coal < shale <
sandstone). The SSAs of coals, shales, and sandstones
ranged from 6.47 to 23.35 m%*/g (avg. 17.19 m%*/g), 0.07 to
2.55 m*/g (avg. 0.93 m%*/g), and 0.72 to 2.09 m*/g (avg.
1.22 m?/g), respectively. The average diameters of coals,
shales, and sandstones ranged from 7.2 to 23.2 nm (avg.
10.6 nm), 10.6 to 61.8 nm (avg. 27.9 nm), and 22.7 to
80.5 nm (avg. 40.4 nm), respectively. The coals had the
highest PV at 0.0066-0.0134 mL/g (avg. 0.0113 mL/g),
followed by sandstones.

3.2.2 Characterization of PSDs

The PSDs of CURs can be also classified into two types.
For coals, Type I was characterized by a unimodal
distribution with a dominant peak of < 100 nm, as shown
in Fig. 5(a). In contrast, Type Il showed a bimodal
distribution with peaks within the size scales of < 100 nm
and > 100000 nm, as shown in Fig. 5(b). Note that the
main peak was mainly located at zones of pore sizes < 100
nm. For shales, Type I (Fig. 5(c)) and Type II (Fig. 5(d))
were characterized by the unimodal distribution and
bimodal distribution, respectively. The peaks of Type II
were at the size ranges of < 100 nm and > 100000 nm,
and the main peak was dominated by the pore size
of > 10000 nm. For sandstones, Type I had a bimodal PSD
with a major peak of < 100 nm (Fig. 5(e)), but Type 1I had
a multimodal distribution, as shown in Fig. 5(f).

3.3 N,GA results

3.3.1 Physical properties and pore types

The results of N,GA adsorption and desorption curves
were shown in Fig. 6. The N,GA sorption isotherms of the
samples were of Type IV according to the TUPAC

classification with a sharp uptake in the saturated vapor
pressure. Based on the shapes of the hysteresis loops, two
types can be identified for the tested samples (Song et al.,
2017). For coals, Type I hysteresis loop was very narrow
and can be classified as type H3 recommended by ITUPAC
(Fig. 6(a)), indicating that the pore morphologies were slit-
shaped with one side almost closed and tubular with two
sides open. Type II hysteresis loops were characterized by
small loops, representing H3 and H4 curves recommended
by the IUPAC (Fig. 6(b)). These loops correspond to
tubular pores and parallel plate pores with all sides open,
with some fine bottleneck pores. Type I hysteresis loops of
shales were similar to those of sandstones with wide loops,
representing H2, which also had the features of H1 and H3
types recommended by the [TUPAC (Figs. 6(c) and 6(f)).
These types correspond to a complicated pore system,
which mainly comprises tubular pores and parallel plate
pores with all sides open. For shales and sandstones, Type
IT loops were characterized by small hysteresis loops,
featuring the characteristics of H3 and H4 curves
recommended by the IUPAC (Figs. 6(d) and 6(e)). These
curves correspond to a pore morphology dominated by
tubular pores and parallel plate pores with all sides open,
with some fine bottleneck pores. The pore morphology of
CURs obtained by N,GA indicated that the pore
connectivity of sandstones and shales was better than
that of coals.

N,GA analyses also provided results of BET SSA, DFT
PV, and average pore diameter, respectively. Coals had
poor PVs and SSAs, with large average pore diameters.
The PVs, SSAs, and average pore diameters ranged
from 0.0007 to 0.0056 mL/g (avg. 0.0016 mL/g), 0.09 to
1.36 m*/g (avg. 0.48 m?/g), and 6.76 to 33.76 nm (avg.
16.67 nm), respectively. Shales were characterized by large
SSAs, medium PVs, and small average pore diameters
which were between 2.97 and 6.00 m?*/g (avg. 5.01 m%/g),
0.0069 and 0.0110 mL/g (avg. 0.0083 mL/g), and 4.80 and
9.72 nm (avg. 6.98 nm), respectively. However, sandstones
had large PVs, medium SSAs, and average pore diameters.
The PVs, SSAs, and average pore diameters varied from
0.0033 to 0.0131 mL/g (avg. 0.0073 mL/g), 0.80 to
4.73 m*/g (avg. 3.33 m?/g), and 6.43 to 18.10 nm (avg.
10.71 nm), respectively.

3.3.2 Characterization of PSD

The PSDs of CURs can be classified into two types
according to the N,GA analysis. For coals, Type I showed
a unimodal distribution (Fig. 7(a)), whereas Type Il had a
bimodal distribution with a major peak between 5 nm and
150 nm, as shown in Fig. 7(b). For shales, although Types I
(Fig. 7(c)) and II (Fig. 7(d)) were bimodally distributed
with a dominant peak of < 3 nm, the minor peaks of Type I
and Type Il were characterized by sharp and gentle
distributions, respectively. For sandstones, Type I showed
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a high pore volume of pores of 5-100 nm (Fig. 7(e)), and
Type II showed a bimodal distribution, with modes at
around < 3 nm and 5-100 nm, as shown in Fig. 7(f).

34 CO,GA analyses

3.4.1 Physical properties and pore types

The CO,GA adsorption isotherms of CURs were mani-
fested as Type I curves recommended by the IUPAC, as
shown in Fig. 8, indicating that micropores were well-
developed. DFT PV, SSA, and average pore diameter of
CURs samples are shown in Table 1. From the results of
CO,GA measurements, coals were characterized by high
PVs (0.122-0.171 mL/g) and SSAs (166.74-270.68 m?/g),
and small average pore diameters (0.48-0.50 nm). Shales
were characterized by medium PVs, SSAs, and average

pore diameters. Their TPVs, SSAs, and average pore
diameters, ranging from 0.0015 to 0.004 mL/g, 4.89 to
12.22 m?/g, and 0.83 to 0.91 nm, respectively. However,
sandstones had poor PVs and SSAs, but large pore
diameters. The TPVs, SSAs, and average pore diameters
were between 0.0002 and 0.0036 mL/g, 0.93 and 11.43
m?*/g, and 0.81 and 0.93 nm, respectively.

3.4.2 Characterization of PSDs

Figure 9 shows the PSDs of the micropores of CURs
determined by CO,GA results. For coals, the plot of the
derivation of PV with variation in pore diameter had two
major peaks at around 0.4-0.5 and 0.5-0.7 nm, and a
minor peak between 0.7 and 1.0 nm, as shown in Fig. 9(a).
The PSDs of shales and sandstones showed multimodal
distribution (Figs. 9(b) and 9(c)) with two peaks at around
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Fig. 8 CO,GA adsorption isotherms of (a) coals, (b) shales, (c) sandstones.
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0.4-0.5 and 0.5-0.7 nm, as well as two minor peaks at
approximately 0.3—0.4 and 0.8—1.0 nm, respectively.

3.5 NMR analyses

The results of NMR 7, spectrums of CURs were shown in
Fig. 10. T, distributions of incremental porosity and
cumulative porosity can be described by NMR analysis
(Lai et al.,, 2018; Hou et al., 2019), and relevant
parameters, such as NMR porosity, Theuorr Values, and
effective porosity, can be calculated from the NMR data
(Yao and Liu, 2012; Daigle et al., 2014). Different
reservoirs had diverse distributions in terms of the 7,
spectrums. The T, spectrums of sandstone samples showed
a continuous unimodal distribution with a wide peak at
around 0.02—-1000 ms (Fig. 10(c)), indicating that different
scale pores were developed with high pore connectivity.
For shales, the T, spectrums had a bimodal distribution
with two continuous peaks between 0.02 and 1 ms and
3.0-30 ms, respectively (Fig. 10(b)), indicating that
micropores and mesopores were well developed with
suitable pore connectivity. However, the 7, spectrums of
coals displayed a bimodal distribution with a significant
difference between the major and minor peak areas, as
shown in Fig. 10(a). Moreover, the main peak (0.04-2.0
ms) and minor peak (20—-100 ms) were separated and
distinct from each other, indicating micropores dominant
pore systems with poor pore connectivity (Liu et al., 2017).

Previous studies proposed that when the cumulative

porosity for the centrifuged status reaches its maximum
values, a horizontal projection line can be obtained from
the centrifuged cumulative curve to the saturated cumula-
tive curve, providing the 75y value, as shown in Fig. 10
(Gao and Li, 2016; Lai et al., 2018). For instance, the
T cutorr OF all the coal, shale, and sandstone samples ranged
from 0.87 to 2.65 ms (avg. 1.59 ms), 1.15-37.65 ms (avg.
8.67 ms), and 1.00-12.33 ms (avg. 3.41 ms), respectively.
The Teuofr sSeparated the total pore volume into effective
pores and closed pores (Gao and Li, 2016). Gas flow paths
connected by pores of relatively large sizes (75 > Thcutofy)
were expected to be effective pores in the NMR analysis
(Lai et al., 2018). Further, the proportions of effective
porosity in CURs can be then obtained according to the
distributions of T, ,.r values and that of coals, shales, and
sandstones ranged from 0.73% to 13.48% (avg. 6.71%),
1.90% to 13.84% (avg. 7.03%), and 4.45% to 55.54%
(avg. 18.79%), respectively.

4 Discussions

4.1 Full PSDs and microcosmic pore parameters

Previous studies suggested that the pore structure of
micropores ( <2 nm), mesopores (2—50 nm), and macro-
pores (>50 nm) determined by CO,GA, N,GA, and
HPMI, respectively, are reliable (Wang et al.,, 2014).
Further, the full PSDs of CURs can be obtained by
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Fig. 10 NMR 7, spectra including the incremental 7, distributions and 7.y Values for (a) coals, (b) shales, (c) sandstones.
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combining the results of CO,GA, N,GA, and HPMI.
Results show that although all the samples exhibited
multimodal PSDs, PSDs of different reservoirs had distinct
characteristics, as shown in Fig. 11. Generally, the
porosities and PVs of CURs were ranked as follows:
coal > sandstone > shale; whereas the SSAs were in the
order of coal > shale > sandstone, as shown in Fig. 12.

In coals, micropores were the dominant type and
account for the majority of PV and SSA, followed by
mesopores, whereas macropore was poorly developed
(Fig. 11(a) and Fig. 12). The micropore PVs of coals were
between 0.0557 and 0.0840 mL/g (avg. 0.0696 mL/g),
accounting for 82.61%-92.96% of TPV. The micropore
SSAs varied from 166.74 to 270.68 m*/g (avg. 221.66
m?/g), contributing to more than 99.49% of the total SSA

Front. Earth Sci. 2021, 15(4): 860-875

(Fig. 12). For shales, mesopores and macropores provided
the main PV, ranging from 0.0033 to 0.0055 mL/g
(avg. 0.0041 mL/g), and 0.0020-0.0081 mL/g (avg.
0.0048 mL/g), respectively. The micropore SSAs range
from 6.10 to 13.09 m?/g (avg. 8.96 m*/g), accounting for
67.10%—-84.59% (avg. 76.78%) of the total SSAs.
Different from coals and shales, pores in sandstones were
mainly dominated by macropores. The macropore PVs
varied from 0.0020 to 0.0081 mL/g (avg. 0.0048 mL/g)
which account for 44.42%—-89.22% (avg. 57.69%) of
the TPV. Mesopore PVs were between 0.0015 and
0.0056 mL/g (avg. 0.0033 mL/g). Micropores were poorly
developed in sandstones, but they account for the majority
of SSA (31.68%—74.57%).
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4.2 Relationship between organic-inorganic components
and pore structure

Significant differences were observed in the organic-
inorganic components of the CURs. Moreover, the results
of optical microscopy and FE-SEM had marked differen-
ces in pore types and pore development among different
organic-inorganic components. Therefore, correlation ana-
lyses were performed between different organic-inorganic
components and pore structure parameters of the samples,
as shown in Fig. 13. There was a weak relationship
between TOC and PV in coals, as shown in Fig. 13(a),
because coal pores were dominated by micropores, which
mainly developed in organic macerals. Coals as a typical
aggregated organic matter provide a sufficient material
base for micropore development and thus pore develop-
ment is mainly controlled by coalification level. The source
rocks of the study area were predominantly in the over-
mature stage, and all oxygen functional groups in coal
molecules had been basically shed, resulting in weak
effects of compaction and dehydration on pore develop-
ment (Song et al., 2017). Under a temperature-controlled
environment, the aromatization degree of coal molecular
structure increased significantly with the directional
arrangement of aromatic layers, forming a large number
of blowholes (Liu et al., 2017). In addition, organic
macerals are easily compressed by stress acting in coals,
resulting in significant decreases in mesopore and macro-
pore development during the rapid subsidence stage
(Xiong et al., 2017). In contrast, clay content had a strong
association with macropore PV (R* = 0.92; Fig. 13(b)) and
macropore SSA (R* = 0.55; Fig. 13(e)), indicating that
mesopores were mainly developed in clay minerals. FE-
SEM observations of intraparticle pores in clay aggregates
and interparticle pores between clay mineral layers were
helpful in verifying this conclusion.

For shales, micropore PV and micropore SSA were
positively associated with TOC (R? = 0.68; Figs. 13(g) and
13(j)), indicating that the micropores were mainly organic
micropores. The clay content showed a significant positive
correlation with mesopore PV and mesopore SSA, as
shown in Figs. 13(h) and 13(k), suggesting macropores
were mainly developed in clay minerals. In contrast, quartz
content had a weak correlation with macropore PV (R* =
0.39; Fig. 13(i)) because rigid quartz grains, as a part of the
pore framework of shales, can preserve primary inter-
granular pores developed during burial. Microfractures
also occurred along the edge of rigid quartz grains.

For sandstones, a positive correlation was found
between TOC and micropore PV (R*> = 0.77; Fig. 13(m)),
which suggests that organic matter was an important
contributor to micropores. Moreover, clay content had a
strong correlation with mesopore PV and mesopore SSA
(Figs. 13(n) and 13(q)), which suggested that clay mineral
was the main contributor to mesopores. In terms of the

positive relationship between quartz content and macro-
pore PV (R* = 0.57; Fig. 13(0)), we suggested that
intergranular pores and microfractures can be preserved
well to a high degree in sandstones with abundant rigid
quartz grains because they did not undergo significant
compaction during deep burial stages (Lai et al., 2018).

4.3 Controls of pore structure on petrophysical properties

4.3.1 Effect of pore structure on adsorption capacity

The effects of mesopores and macropores on the adsorp-
tion capabilities of CURs can be described through the
N>GA analysis. The N,GA analysis can be applied to
determine the pore structure and N, adsorption capability
of mesopores and some macropores (50-150 nm).
Similarly, the relationship between micropore and adsorp-
tion capability can be determined using CO,GA results
(Song et al., 2017). There was a positive correlation
between the N, adsorption capabilities and mesopore SSAs
of various CURs (R*>0.52) and a weak relationship
between N, adsorption capabilities and mesopore SSAs, as
shown in Figs. 14(a), 14(c) and 14(f) (Hou et al., 2020c).
CO, adsorption capabilities had a significantly positive
relationship with micropore SSAs (Figs. 14(b), 14(d),
14(e); R*>0.97), which suggested that the adsorption
capabilities are mainly controlled by micropores because
micropore SSAs dominant the total SSAs of CURs. As
stated above, clay minerals were an important contributor
to mesopores, and minor clay minerals in coals resulted in
poor mesopores and low N, adsorption capability in
coals compared with shales and sandstones as shown in
Figs. 14(a), 14(c), and 14(f). However, the CO, adsorption
capability of coals was far greater than that of shales and
sandstones (magnitudes difference) because coals con-
tained abundant organic matters with massive micropores,
which provided sufficient SSAs for gas sorption.

4.3.2 Controlling mechanism of pore structure on
permeability

As stated above, there was no clear relationship between
total porosity and permeability. However, NMR measure-
ments showed a significantly positive correlation between
coal permeability and effective porosity, as shown in
Fig. 15. Moreover, macropore PV was strongly correlated
to permeability (R? = 0.58), and the relationship gradually
weakened with micropores and mesopores (Fig. 15(a)),
suggesting that the pore connectivity of coal decreased
with a decrease of effective pores. Macropores and
microfractures connected by effective micropores and
mesopores promoted the gas seepage through CURs. For
sandstones and shales, strong relationships also existed
between effective porosity and permeability, as shown in
Figs. 15(b) and 15(c). Sandstones and shales had high pore



872 Front. Earth Sci. 2021, 15(4): 860-875
_ _ 0.20 r 0.005
020 A Micropore 0.005 = A Micropore -
i 1
= | A Macropore F 0.004 :f T 0.15 A Macropore [ 0.004 :n
o 0.15 o =
ks E/ o A Mesopore <
E A Mesopore Looos 2 S/ 0003 2
£ 0.10 M 2 g 0.10 % %E‘
=3 >
E L 0.002 = L 0.002
: 24 4 T LA ~ 2
£ 005 A A g 5005 R2=0.92 e
~ F0.001 g A~ F0.001 g
| . Ay | -
0- A X0 Al
70 80 90 100 5 10 15 20 25
(@) TOC/% (b) Clay/%
350 A Micropore 20 _ 35 A Micropore 20 _
A Mesopore < A Mesopore =
280 A A Macropore & 280 A A Macro;ﬂre &
A A F1s & F1s &
o A %A = £ A =2
20 210 1 A AA A 9?2104 M 4
£ A A rog & A A Lo g
2 140 & 2 1404 ]
w o w [}
70 2 A ros 3 70 A A 109 %
A 5 Ag R=055 8
= =
0 _A_,QS_@_A,A_ 0 0 . —A 0
75 80 85 90 95 0 10 20 30
(d) TOC/% ©) Clay/%
- 0.010 7
De A Micropore A Mesopore A Macropore A Micropore A Mesopore A Macropore
~ 0.008 A 2~ 0.008 A
T /K & A
g g A
£ 0.006 1 £ 0.006
5} © ZA, A A
2 g R2=0.65
2 0.004 1 3 0.004 ™ AA
s 2
o 2 AA
o o
A& 0.002 A 0.002
A -0
0 T T T 1 0 T T 1
0 1 2 3 4 30 60
(&) TOC/% (h) Clay/%
5] > o
A Micropore A Mesopore A Macropore L A Micropore A Mesopore A Macropore
" A A AA
R*=0.61
e A
POROk)
&
=
2 A R=043 A
i AR %
— A
0 e
(]) 40 50 60
Clay/%
0.016
A Micropore A Mesopore A Macropore
Top 0.012 A
=
&
2 0.008
=
S
>
o
3 0.004
~
2 —
0 R°=0.34
10 20 30 40 50
(m) TOC/% () Clay/%
15 . 151
A Micropore A Mesopore /A Macropore A Micropore A Mesopore A Macropore
12
T?“ 94
£
3 61
w
3 d4
1 0 1
5 60
(p) TOC/% (@) Clay/%

Fig. 13 Relationships between organic-inorganic components and pore structure of CURs: (a)—(f) coals; (g)—(1) shales; (m)—(r) sandstones.

0209 A Micropore [ 0005
a5 A Macropore L 0004 T:]n
__9]0 ' A Mesopore g
E k0003 2
2 0.101: §
=
= r 0.002
5 AAg A4 g
£ 00s{A A A g
£ Foool §
A =
A a Rt |
0 5] 10
©) Quartz/%
350 A Micropore ‘20
A Mesopore =
o
g A Macropore o
280 % p R L1s %
o0 A A N A 4
E A A F1.0 £
5 1404 g
w A o
Los &
704 A A 0.5 s
ol
0 A A & ALA 0o *
0 5 10
(D Quartz/%
0.010 7
A Micropore A Mesopore A Macropore
20,008 A
o A
£
£ 0.006 A
% AA R=039
S 0.004 A /A
: A A A
S A
£ 0.002 A
0 T A T 1
) 30 40 50 60
® Quartz/%
g A Micropore A Mesopore A Macropore
AA
12 A1
T; 5 A A A
= A
5 61 M A
17} A A
31 A
= A A A
0 AAR M A
(1) 30 40 50 60
Quartz/%
0020y A Micropore A Mesopore A Macropore
Ty 00151 A
g
5 R>=10.57
2 00101
=
g
s A
5 0005+ 'y
A :A A ,
ol A
30 50 70 90
(0) Quartz/%
155
A Micropore A Mesopore A Macropore
194 A
2| a
£ 9] A
S| & a
% 64 A
7}
A A
3 -
BYSE
0 T A T A 1
30 50 70 90
(r) Quartz/%



Xiaowei HOU et al. Pore structure complexity of coal measure gas reservoirs 873

1.6 - - 0.05
A Mesopore
Tc_m 124 A Macropore A Loos
£
5 - 0.03
2 0.8+
L
5 - 0.02
£ 041
§ ’ -0.01
0 T T T 0
0 1 2 3 4
@ N, adsorption capacity/(cm®-g ")
8 - r0.03
A Mesopore
A A P
A A Macropore
£ A A P F0.02
5) 4 AA /
A —
o A 7 R=052
g A § F0.01
28D é/K A
= A
0 T T T 0.00
4 S 6 7 8
(c) N, adsorption capacity/(cm’-g ")
10 r 0.05
A Mesopore
e 81 A Macropore A [ 004
E
=2 61 - 0.03
N
w
o
S 41 - 0.02
[=9
2
§ %4 r 0.01
0 T T T T 0
0 2 4 6 8 10
© N, adsorption capacity/(cm3- )

Macropore SSA/(m*.g ")

Macropore SSA/(m>-g ")

Macropore SSA/(m?-g ™)

300 1
A Micropore
250 %// ﬁ
o0 T
"E 200 - /4\%
é K R=097
150 4
100 T T ]
15 20 25 30
(b) CO, adsorption capacity/(cm®-g™")
16
A Micropore
12 4 A
= e
'on WA
NE | / )
= . /A R-=0.97
% A
]
& KX
4 4
0 T T ]
0.0 0.5 1.0 115
(d) CO, adsorption capacity/(cm’-g™")
12 -
A Micropore
10 1
< %
oo
£ 6
-
A 47
2 -

0 T r ; :
0 02 0.4 0.6 0.8 1.0
(® CO, adsorption capacity/(cm’-g™")
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connectivity and a large proportion of effective pores,
which enhanced the interconnectivity of macropores and
microfractures (Schmitt et al., 2015). Therefore, the
effective pores were the main contributor to the perme-
ability of CURs.

5 Conclusions

This study conducts a series of experimental measurements
for determining the complex pore structure of CURs,
theoretical analysis on the effect of pore structure on the
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petrophysical properties. Based on the findings of the
study, the conclusions are obtained as follows:

1) Coals have the largest porosity, permeability, and
adsorption capability among different CURs. The pore
system mainly consists of abundant organic pores and
microfractures within macerals. The strong adsorption
capability is expected to be in coals because of the
predominance of micropores, which provide large SSA for
gas adsorption. However, pore connectivity is poor due to
the minor proportion of the effective porosity, which
strongly determines gas transport behaviors in coals.

2) Shales are characterized by the lowest porosity and
permeability. Mesopores and macropores are well devel-
oped and account for the main PV. Micropores are also
observed in organic matters, accounting for the majority of
SSA. The effective porosity of shales accounts for 1.90%
to 13.84% of total porosity and positively correlates with
permeability.

3) Sandstones have high porosity and permeability. The
PV of sandstones is mainly provided by mesopores and
macropores. Micropores are poorly developed in sand-
stones, whereas that attributes to the majority of SSA,
resulting in weak gas adsorption capacity. Moreover, the
permeability of sandstones is also highly related to the
development of effective porosity, which determines the
pore connectivity and in a range of 4.45% to 55.54%.

The conclusions in this study are expected to promote
the understanding of the complex pore structure of CURs
and the effects of different components on the development
of multiscale pores. Furthermore, more efforts should be
focused on the controlling mechanisms of multiscale pore
systems on gas flow behavior within a continuous gas
system for long-term co-production of CUNG.
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