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Porosity andpermeability of two typical sedimentary rocks in coal bearing strata of underground coalmines inChina, i.e.,mudrocks
and fine-grained sandstones, were comprehensively investigated by multiple experimental methods. Measured porosity averages of
the helium gas porosity (𝜑𝑔), MIP porosity (𝜑MIP), water porosity (𝜑𝑤), and NMR porosity (𝜑NMR) of the twelve investigated rock
samples range from 1.78 to 16.50% and the measured gas permeabilities (𝐾𝑔) range from 0.0003 to 2.4133mD. Meanwhile, pore
types, pore morphologies, and pore size distributions (PSD) were determined by focused ion beam scanning electron microscopy
(FIB-SEM), mercury intrusion porosimetry (MIP), and low-field nuclear magnetic resonance (NMR). FIB-SEM image analyses
showed that the mineral matrix pores including interparticle (interP) and intraparticle (intraP) pores with varied morphologies
are the dominant pore types of the investigated rock samples while very few organic matter (OM) pores were observed. Results of
the MIP and the full water-saturated NMR measurements showed that the PSD curves of the mudrock samples mostly present a
unimodal pattern and nanopores with pore diameter less than 0.1 𝜇m are their predominant pore type, while the PSD curves of the
fine-grained sandstone samples are featured by a bimodal distribution. Furthermore, comparison of the full water-saturated and
irreducible-water-saturated NMR measurements indicated that pores in the mudrocks are solely adsorption pores (normally pore
size < 0.1 𝜇m) whereas apart from a fraction of adsorption pores, a large part of the pores in the sandstone sample with relatively
high porosity are seepage pores (normally pore size > 0.1 𝜇m). Moreover, the PSD curves of NMR quantitatively converted from
the NMR 𝑇2 spectra by 𝑇2𝑃𝑐 and weighted arithmetic mean (WAM) methods are in good agreement with the PSD curves of MIP.
Finally, the applicability of three classic permeability estimation models based on MIP and NMR data to the investigated rock
samples was evaluated.

1. Introduction

In China, coal reservoirs of most coalfields are rich in gas
which frequently induces serious gas explosion disasters dur-
ing coal mining practices. Among many controlling parame-
ters, permeability is the key factor governing the fluid trans-
port in geological media and thus has the most important
impact on the migration and recovery process of coalbed
methane [1–4]. Moreover, pore structure characteristics, for
example, pore types, pore morphology, pore size distribution

(PSD), and porosity, are closely related to the permeability
of reservoir rocks [5–7]. Therefore, investigation on the pore
microstructural characteristics and permeability of typical
coal reservoir rocks is of great significance to ensure the safe
and efficient exploitation of coal and coalbed methane.

So far, researchers have conducted investigations con-
cerning the geophysical characteristics of sandstone [8–12]
and carbonate reservoirs [13–15]. Increasing efforts have also
been devoted to the study of the pore structure and per-
meability of low permeable and fine-grained sedimentary
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reservoirs such as shale and tight sandstone [16, 17]. However,
in addition to its great importance in tight oil and gas
exploration, the importance of the studies on pore structure
and permeability of mudrocks and fine-grained sandstones
for the exploitation of coal and coalbed methane resources
cannot be ignored [18].

At present, there are a series of experimental methods
such as scanning electron microscopy (SEM) [19–31], mer-
cury intrusion porosimetry (MIP) [5, 32–36], and low-field
nuclearmagnetic resonance (NMR) [35–40] which have been
widely applied for qualitative and quantitative determination
of pore structure characteristics of different types of reservoir
rocks. Among them, high resolution SEM-based imaging
techniques, for example, field emission SEM (FE-SEM) [19,
20, 22–25], broad ion beam SEM (BIB-SEM) [21, 27, 29], and
focused ion beam SEM (FIB-SEM) [26–31, 41], are commonly
used in the field of visualized characterization of nanoscale
pore systems of tight reservoir rocks such as gas shales
and fine-grained sandstones due to their high resolution
imaging advantages. For example, nanoscale pore structure
characteristics of the organic-rich Wufeng-Longmaxi shale
and the Lower CambrianNiutitang shale were investigated by
Yang et al. [19] and Sun et al. [24] using FE-SEM.Meanwhile,
pore types and lithologic compositions within the mudrocks
(mudstones and shales) were analyzed by Loucks et al.
[25] based on a series of SEM images obtained from two
types of FE-SEMs. Klaver et al. [21] studied the pore space
morphology in two early mature samples of Posidonia shale
using BIB-SEM. The 2D and 3D nanopore characteristics of
the Longmaxi gas shales were investigated based on FIB-SEM
devices by Jiao et al. [30] and Zhou et al. [31].

Unlike SEM techniques, MIP and NMR are both indirect
approaches of pore structure characterization which can
provide quantitative and more comprehensive pore informa-
tion including pore distribution, porosity, and permeability.
Specifically,MIP is awell-established technique based on cap-
illary pressure measurement and it has been widely adopted
for pore structure characterization of various kinds of porous
media [32, 33]. MIP has many advantages such as wide
measurable pore-throat sizes (normally between 3 nm and
∼500 𝜇m), easy-operating, and time-saving.Therefore, many
researchers have conducted a lot of researches on the
pore structure characteristics of different types of reservoir
rocks based on MIP method [5, 6, 32–36, 41, 42]. For exam-
ple, Zhang et al. [5] studied pore structure characteristics
and permeability of seven types of deep sedimentary rocks
(i.e., mudstone, sandy mudstone, siltstone, fine sandstone,
medium sandstones, coarse sandstone, and conglomerate)
based onMIPmeasurement data. Yang et al. [41] investigated
the characteristics of pore systems in organic-rich Wufeng
and Longmaxi shales by using a few of complementary
methods includingMIP. Lai andWang [42] analyzed the pore
fractal characteristics of the tight gas sandstones using high-
pressure mercury intrusion techniques.

On the other hand, NMR is also a very powerful and
distinctive pore characterization approach. It features as a
fast, convenient, and nondestructive tool for characterizing
complex porous media, particularly the petroleum reservoir
rocks such as carbonate and sandstone [37, 38, 43]. Besides

pore distribution information, NMR can also distinguish
adsorption pores and seepage pores based on 𝑇2 distribu-
tions at both the full water-saturated and irreducible-water-
saturated conditions. Therefore, its practical application in
the geophysical field has been getting more and more atten-
tion from petrophysicists and petroleum engineers [40, 44].
Recently, there are also some researches which applied NMR
to the investigation of the pore structure and pore related
parameters of coals [35, 38].

Except the above-mentioned pore structure determina-
tion methods, there are still many other sophisticated tech-
niques, for example, the transmission electron microscopy
(TEM) [4], X-ray computed tomography (CT) [45–49], nitro-
gen gas adsorption [19, 24, 50], and small angle neutron scat-
tering (SANS) [51–53], but they will not be discussed in this
work. It is worth mentioning that multiple complementary
methods are more and more often combinedly employed
by researchers in order to acquire a multiscale and more
comprehensive in-depth information of the pore structure of
various types of reservoir rocks [19, 27, 28].

The present work is aimed at investigating the nanoscale
pore structure characteristics as well as porosity and perme-
ability of the mudrock and fine-grained sandstone which are
the most typical rock types in coal reservoirs of China by
using combined methods of FIB-SEM, MIP, and NMR. Ten
mudrock samples and two fine-grained sandstone samples
were collected from the coal bearing strata of two under-
ground coal mines in China. Major pore types and pore
morphologies were visually recognized based on the FIB-
SEM images. Pore distribution characteristics were analyzed
based on the acquired MIP and NMR data. Adsorption and
seepage pores were further differentiated based on NMR
measurements. Meanwhile, two kinds of calibrationmethods
were put forward to quantitatively calibrate NMR 𝑇2 spectra
and the calibrated NMR PSD curves were compared with
those determined by MIP. Furthermore, the applicability of
three representative permeability estimation models on the
basis of MIP andNMRmeasurement data to our investigated
rock samples was evaluated.

2. Experimental Methods

2.1. Rock Samples. Rock blocks of shale, mudstone, and fine-
grained sandstone were collected from the coal reservoirs of
two underground coal mines in China including the Ning-
tiaota (NT) Coal Mine located in Yulin of Shanxi province
and the Jiahe (JH) Coal Mine located in Xuzhou of Jiangsu
province.The coal bearing strata of theNT and JH coalmines
where all the investigated rock samples were collected belong
to Middle Jurassic and Upper Carboniferous, respectively.
The rock blocks were processed into uniform size of Φ 25
× 35mm cylindrical cores in the laboratory. A total of 12
selected rock core samples were dried in a vacuum drying
oven for about 4 hours at 105∘C until their weights had little
changes. Dried samples were then stored in desiccators
until being used at subsequent permeability tests and pore
structure measurements. Table 1 lists the basic petrographic
characteristics of all the rock samples investigated in this
study.
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Table 1: Petrographic characteristics of the rock samples investigated in this study.

Sample
number Lithology Macroscopic image∗ Petrographic characteristics

JH-Y Shale Brown laminar shale

JH-S Sandstone
Caesious sandstone with good
gradation and fine psephicity of

grains

NT-Y1

Shale

Dark grey laminated silty shale

NT-Y2 Grey laminated silty shale

NT-Y3 Brown laminated silty shale

NT-M1

Mudstone

Gray massive mudstone

NT-M2 Gray massive mudstone

NT-M3 Yellow-gray massive mudstone

NT-M4 Gray massive mudstone

NT-M5 Dark gray massive mudstone

NT-M6 Gray massive mudstone

NT-S Sandstone
Grey white fine-grained

sandstone with good gradation of
detrital grains

∗Scale bar for the macroscopic images:
1 cm

.

2.2. Geochemical Characterizations. Before all the tests, min-
eralogical compositions of the bulk rock samples and their
clay fractions (<2 𝜇m) were determined by X-ray diffraction
(XRD) measurements using a German Bruker D8 Discover
X-ray diffractometer and semiquantified by Jade� 6.0 soft-
ware according to the Chinese Oil andGas Industry Standard

SY/T 5163-2010. Small fragments of the rock samples were
crushed into powdered samples of less than 300mesh and
glass slides of the powdered samples (1-2 g) were prepared
for X-ray diffraction analysis under the following working
conditions: voltage of 40 kV, current of 30mA, and scanning
angle ranging from 2∘ to 70∘ at a step of 0.02∘. Before
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the XRD analyses of the clay minerals in the samples, the
clay fractions were separated using the pretreatment method
of sedimentation and decantation. Then, the percentage
contents of various clay minerals in the sample were deduced
semiquantitatively.

Meanwhile, the total organic carbon (TOC) contentswere
measured using a LECO CS-230 Carbon/Sulfur Determina-
tor according to the Chinese Oil and Gas Industry Standard
GB/T 19145-2003. Small chips of the rock samples were
crushed into powdered samples (∼10 g) of less than 100mesh
and carbonate constituents were removed through treatment
in hydrochloric acid of 1.5mol/L under temperature of
60–80∘C for more than 2 hours. The treated samples were
thenwashed to neutral by distilled water and dried in an oven
at temperature of 60–80∘C before TOC contents were finally
analyzed.

2.3. Density, Porosity, and Permeability Measurements. The
density of all the dry rock core samples was determined
according to their dry weights and bulk volume. Meanwhile,
the helium porosity, water porosity, and gas permeability
were measured, respectively, using the routine core analysis
methods described by the PRC National Standard GB/T
29172-2012. The helium porosities (𝜑𝑔) of all the investigated
rock core samples were determined by helium porosimetry
using a helium porosimeter based on Boyle’s Law. The water
porosities (𝜑𝑤) of all the investigated rock core samples
were measured through water saturation method. The gas
permeability (𝐾𝑔) of all the rock core sampleswas determined
using a gas permeability testing apparatus by flowing high
purity nitrogen through the core samples. The apparatus was
constituted by a series of components including gas cylinder,
core holding unit, pressure gauge, filter, voltage regulator,
galvanostat, and gas flow meter.

2.4. Focused Ion Beam Scanning Electron Microscopy (FIB-
SEM). In order to observe the nanoscale microstructural
pore features, that is, types, morphology, and distribution of
nanopores, the nanoscalemicroscopic images of four selected
samples (JH-Y, JH-S, NT-M2, and NT-Y3 in Table 1), which
are the representative samples of JH Coal Mine and NT
Coal Mine, were obtained using a FEI Nova NanoLab 200
FIB/SEM.TheNovaNanoLab combines ultra-high resolution
field emission scanning electron microscopy (SEM) and pre-
cise focused ion beam (FIB) etch and deposition. Resolution
at 5 kV (TLD-SE) is 2.0 nm. Before FIB-SEM imaging, one
chosen surface of each selected rock sample (10mm in width,
5mm in height, and 15mm in length) was polished by argon
ion to create a smooth surface using a Hitachi Ion Milling
System IM4000. The polished surface was coated with gold
to form a conductive surface of 10 nm thickness. Finally,
the argon ion polished rock samples were digitally imaged
under through-the-lens detector (TLD) mode for detecting
secondary electrons and backscattered electrons.

2.5. Mercury Intrusion Porosimetry (MIP). Pore structure
characteristics such as pore size distribution and some
other parameters including porosity, total pore volume/area,

median pore diameter, average pore diameter, bulk density,
and apparent density were all determined by MIP experi-
ments using an AutoPore IV 9500 Porosimeter (Micromet-
rics, USA) according to the Chinese Oil and Gas Industry
Standard SY/T 5346-2010. MIP tests were performed on the
twelve prepared dry rock core samples (Φ 25 × 35mm).
During each MIP test, both low pressure and high-pressure
analyses were performed. The lowest and highest pressures
applied were approximately 0.5 and 60,000 psia which cor-
respond to the largest and smallest pore-throat diameters of
365 𝜇m and 3 nm, respectively.

2.6. Low-Field Nuclear Magnetic Resonance Measurements
(NMR). The NMR measurements were successively con-
ducted on all the rock core samples at the full water-saturated
(𝑆𝑤) and irreducible-water-saturated (𝑆ir) condition using
a RecCore-04 NMR sample analyzer manufactured by the
China National Petroleum Corporation according to the
Chinese Oil and Gas Industry Standard SY/T 6490-2014.
The apparatus has a constant magnetic field strength of 1200
gauss and a resonance frequency of 3.84MHz. All the NMR
measurements were performed under room temperature of
∼25∘C and the test parameters were set as follows: echo
spacing for 0.5ms, waiting time for 3 s, number of echo for
1024, and number of scan for 64. Based on 𝑇2 distribution
curves both at 𝑆𝑤 and 𝑆ir, features of pore size distributions
and different pore types such as adsorption pores (normally
pore size < 0.1 𝜇m) and seepage pores (normally pore size >
0.1 𝜇m) were able to be recognized [38].

3. Results

3.1. TOC andMineralogical Compositions. TheTOC contents
as well as the mineralogical compositions including clay
minerals of all the investigated rock samples are listed in
Table 2. It is shown that the TOCvalues distribute in a relative
wide range from 0.03 (JH-S) to 10.81% (JH-Y). Among all
the samples, sandstone samples JH-S and NT-S have the
lowest TOC values which are 0.03 and 0.06%, respectively.
Meanwhile, the TOC average values for sandstone, mudstone
and shale sample groups are calculated as 0.05, 1.04, and
5.55%. As we know, TOC value is a reflection of the richness
of the organic matter contained in a sample. Thus, the results
indicate that the investigated shale and mudstone samples
generally contain much more organic matters than the fine-
grained sandstone samples. The fact that the organic matter
is richer in the shale and mudstone samples than in the sand-
stone samples is closely associated with their distinct genesis.
According to Rimmer et al. [54] and Zhao et al. [55], both the
influx of terrigenous clastic and the redox environment play
important roles in the enrichment of organic matter during
diagenesis process. Because of the abundant clastic influx
and the partial oxidation environment, the content of organic
matter in sandstone is normally lower than in the mudrocks.

From Table 2, it is also found that the mineral com-
ponents contained in all the shale, mudstone, and fine-
grained sandstone samples mainly include clay minerals,
quartz, plagioclase, and potassium feldspar and most shale
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Table 2: Total organic carbon (TOC) contents and mineralogical compositions of the investigated rock samples.

Sample number TOC (%) Minerals (%) Clay minerals (%)
Clay minerals Quartz K-feldspar Plagioclase Pyrite Siderite Kaolinite Chlorite Illite 𝐼/𝑆 %𝑆

JH-Y 10.81 26 52 5 13 4 60 10 7 23 25
JH-S 0.03 30 43 8 19 77 9 4 10 30
NT-Y1 5.18 34 24 3 6 33 55 23 11 11 25
NT-Y2 2.92 43 41 4 12 49 20 9 22 25
NT-Y3 3.29 25 16 1 2 56 46 23 13 18 25
NT-M1 1.73 55 35 3 7 34 26 14 26 20
NT-M2 0.84 49 35 4 12 44 25 12 19 25
NT-M3 0.62 42 39 4 12 3 45 26 10 19 25
NT-M4 0.73 50 38 3 9 39 25 13 23 25
NT-M5 1.08 47 37 4 12 45 23 13 19 25
NT-M6 1.21 44 41 3 12 44 25 12 19 25
NT-S 0.06 12 54 11 17 6 89 6 3 2 25
Note. 𝐼/𝑆 represents regular illite/smectite mixed layer;%𝑆 represents the percent content of smectite in regular 𝐼/𝑆.

Table 3: Density, permeability, and porosities of the investigated rock samples.

Sample
number

Density
(g/cm3)

Permeability
(𝐾𝑔) (mD)

He porosity
(𝜑𝑔) (%)

MIP porosity
(𝜑MIP) (%)

Water
porosity
(𝜑𝑤) (%)

NMR
porosity

(𝜑NMR) (%)

Statistical parameters of porosity

Average
(𝜑Avg) (%)

Standard
deviation
(SD) (%)

Relative
SD (%)

JH-Y 2.53 0.0003 1.40 1.86 1.70 2.15 1.78 0.31 17.52
JH-S 2.57 0.0046 3.70 2.92 3.31 3.50 3.36 0.33 9.88
NT-Y1 2.64 0.0006 6.30 6.16 5.89 6.13 6.12 0.17 2.78
NT-Y2 2.36 0.0015 8.20 8.38 9.16 9.53 8.82 0.63 7.16
NT-Y3 2.51 0.0028 13.40 7.58 12.67 12.84 11.62 2.71 23.33
NT-M1 2.44 0.0018 4.70 7.05 9.15 9.40 7.57 2.19 28.88
NT-M2 2.46 0.0048 5.80 8.06 10.70 10.71 8.82 2.37 26.85
NT-M3 2.40 0.0008 6.40 10.26 11.18 11.73 9.89 2.41 24.32
NT-M4 2.40 0.0017 7.70 7.30 10.01 10.45 8.87 1.60 18.01
NT-M5 2.40 0.0012 8.30 8.05 10.25 10.67 9.32 1.33 14.31
NT-M6 2.37 0.0026 10.20 8.68 10.21 10.90 10.00 0.94 9.38
NT-S 2.17 2.4133 17.50 15.26 16.59 16.63 16.50 0.92 5.60

samples also contain some siderite. In addition, clay minerals
mainly include kaolinite, chlorite, illite, and illite/smectite
mixed layers, and kaolinite is the dominant clay mineral
component for all the samples. Furthermore, for the two
samples collected from the Jiahe Coal Mine (JH-Y and JH-
S), their mineral compositions are very similar. Specifically,
their average contents of clay minerals and quartz are 28
and 48%, respectively. For the other ten samples collected
from the Ningtiaota Coal Mine, it is found that sandstone
has the lowest clay mineral content (12%) but the highest
quartz content (54%) whereas mudstone has the highest
clay mineral content (48%) and shale is in-between (34%).
Also, it is worth noting that the colors of the samples vary
due to the differences in their mineral compositions as well
as their organic matter contents. For example, the samples
which contain siderite such as JH-Y, NT-Y1, NT-Y3, and NT-
M3 show different shades of brown. Meanwhile, the samples
with relatively high TOC such as JH-Y are much darker

in color than the other samples. Generally, the variations
of geochemical compositions including OM and different
minerals among the three different types of rocks, that is,
the shale, mudstone, and fine-grained sandstone, can be
attributed to their different geological diagenesis. During the
diagenetic process, there are many controlling factors such
as the terrigenous clastic supply and the redox environment
which govern the differentiated abundance of various kinds
of organic and inorganic compositions in different types of
rocks.

3.2. Permeability and Porosities. Table 3 lists the measured
density and gas permeability (𝐾𝑔) of all the investigated
samples through the laboratory experiments. It is shown
that all the samples have extremely low permeability values
ranging from 0.0003 to 0.0048mD except one sandstone
sample NT-S with relatively high value of 2.4133mD. Table 3
also lists the porosities of each sample determined by the
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Figure 1: Distributions of the porosities determined by four differ-
ent methods.

four different methods including helium gas porosity (𝜑𝑔),
MIP porosity (𝜑MIP), water porosity (𝜑𝑤), and NMR porosity
(𝜑NMR). Distributions of the four measured porosities for all
the samples are presented and compared in Figure 1. The NT
samples have larger porosity than the JH samples. For JH
samples, the porosities of the sandstone sample are larger
than those of the mudrock sample which is also the case
for the NT samples. Among all the samples, JH-Y has the
lowest porosity while NT-S has the highest porosity and these
two samples represent two distinct lithofacies, that is, a shale
and a sandstone, respectively. Moreover, it is also found from
Figure 1 that there are evident distinctions among the four
different porosities of each sample. For a deeper analysis of
the differences among the four porosities, their arithmetic
average (𝜑Avg), standard deviation (SD), and relative standard
deviation (RSD) were calculated and listed in Table 3. It is
found that the values of RSD range from 2.78% (NT-Y1)
to 28.88% (NT-M1) which further indicates that marked
discrepancies exist among the four porosity measurements.
Meanwhile, one-to-one comparison analyses of the different
groups of porosities suggest that NMR porosity generally
agrees well with water porosity. The major reason for this
discrepancies between 𝜑𝑔, 𝜑MIP, and 𝜑NMR may primarily
owe to the possible high heterogeneity among the parallel
samples which were used separately for the different porosity
measurements. However, because 𝜑𝑤 and 𝜑NMR measure-
ments were performed on the same parallel sample, there is
a good agreement between the two porosities. Furthermore,
correlation analyses between the four different porosities and
the measured permeability (𝐾𝑔) for the mudrock sample
group collected from the NT coal mine suggested that the
water porosity (𝜑𝑤) and NMR porosity (𝜑NMR) are much
more positively correlated with the permeability𝐾𝑔 than the
He porosity (𝜑𝑔) and MIP porosity (𝜑MIP).

3.3. Types and Morphologies of Pores (FIB-SEM). Nanoscale
microscopic FIB-SEM images of the four selected rock

samples as shown in Figures 2–5 were acquired by the
FIB-SEM measurements and analyzed comprehensively to
disclose the predominant types and morphologies of pores
existing in the investigated samples. Generally, it is found that
the development of the pore systems in the selected samples
is all relatively poor especially in tight samples like JH-Y and
JH-S. Based on pore classification proposed by Loucks et al.
[25], pore systems of mudrock are classified into matrix pore
system and natural fracture. Matrix pore system is composed
of two major types of pores: mineral matrix pores (pores
associated with the mineral matrix) and OM pores (pores
associated with organic matter (OM)) while mineral matrix
pores (pores between or within mineral particles) mainly
consist of two different types of pores, that is, interparticle
(interP) pores and intraparticle (intraP) pores. Therefore,
according to the pore system classifications of mudrocks and
sandstones introduced by Loucks and Pittman [23, 25, 56],
the pore systems of the four selected samples were analyzed
and classified. In general, mineral matrix pores associated
with nonclay minerals (such as quartz, feldspar, and siderite)
and clay minerals (such as kaolinite, chlorite, and illite) were
all observed in the samples. Different forms of the interP and
intraP pores found in the selected samples can be observed
in Figures 2–5. Through careful observation, it can be seen
that the geometric appearance of the recordedmineralmatrix
pores is very diversified and appears as varied shapes such
as circular pores, irregular polygonal pores, narrow micro-
cracks, and other forms. Overall, the pore systems of the
samples are dominated bymineralmatrix pores and only very
few OM pores were observed.

3.4. Pore Structure Characteristics Determined by MIP

3.4.1. Pore Structure Parameters. Pore structure characteris-
tics such as pore amount and pore size can be quantitatively
described using a set of parameters measured by MIP exper-
iments. Pore structure parameters including porosity, total
pore volume, total pore area, median pore diameter, average
pore diameter, bulk density, and apparent density of all the
investigated samples obtained fromMIP are listed in Table 4.
Results have shown that the total pore volumes of the samples
vary from 0.007 (JH-Y) to 0.069mL/g (NT-S) and their
porosities are all below 16%.Through comparison of theMIP
parameters among the different lithologic groups (Figure 6),
it is found that, for JH samples, the porosity, total pore
volume, and median pore diameter of the sandstone sample
JH-S are all higher than the shale sample JH-Y. Meanwhile,
for NT samples, there are also remarkable differences in
those three parameters existing between themudrock and the
sandstone lithofacies.

3.4.2. Pore Size Distributions (PSD). The PSD curves (pore-
throat diameter versus dV/dlogD pore volume) of shale,
mudstone and sandstone samples were plotted in Figure 7
based on the MIP experimental data. It is indicated that
the PSD curves of the shale and mudstone samples are all
characterized by a single-peak distribution, and the pore size
range is mostly distributed between 0.003–0.1 𝜇m. According
to the pore size classification scheme of mudrocks proposed
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Figure 2: The FIB-SEM images of sample JH-Y (𝜑Avg = 1.78%; 𝐾𝑔 = 0.0003mD).

Table 4: Parameters of pore-system structure measured by MIP.

Sample
number

Porosity
(%)

Total pore
volume (mL/g)

Total pore area
(m2/g)

Median pore
diameter (nm)

Average pore
diameter (nm)

Bulk density
(g/mL)

Apparent (skeletal)
density (g/mL)

JH-Y 1.86 0.007 0.83 6.90 35.50 2.52 2.57
JH-S 2.92 0.012 1.61 8.60 28.60 2.53 2.61
NT-Y1 6.16 0.023 5.65 11.40 16.10 2.71 2.89
NT-Y2 8.38 0.036 6.68 14.00 21.30 2.36 2.58
NT-Y3 7.58 0.032 12.17 6.70 10.30 2.41 2.61
NT-M1 7.05 0.029 11.62 6.70 10.00 2.42 2.61
NT-M2 8.06 0.033 10.12 9.85 13.20 2.44 2.65
NT-M3 10.26 0.043 11.10 11.90 15.60 2.37 2.64
NT-M4 7.30 0.030 10.36 8.10 11.60 2.43 2.62
NT-M5 8.05 0.034 9.75 10.30 13.70 2.40 2.61
NT-M6 8.68 0.036 11.27 9.30 12.80 2.41 2.64
NT-S 15.26 0.069 1.20 64.00 230.40 2.21 2.61
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Figure 3: The FIB-SEM images of sample JH-S (𝜑Avg = 3.36%; 𝐾𝑔 = 0.0046mD).

by Loucks, et al. [25], the dominant pores in our investigated
mudrock samples are mostly nanopores (1 nm ≤ 𝑑 < 1 𝜇m)
concentrated near the pore size of 0.01𝜇m. Furthermore, it is
observed that the PSD curves of the two sandstone samples
JH-S and NT-S have double peaks. For sample JH-S, the two
peaks are distributed in the ranges of 0.003–0.05 𝜇m and
0.05–0.5 𝜇mwhich all belong to the nanopore class, while for
sample of NT-S the two peaks are distributed in the ranges
of 0.01–1 𝜇m and 1–10 𝜇m which belong to the nanopore and
micropore classes, respectively.

3.5. Pore Structure Characteristics Determined by
NMRMeasurements

3.5.1. NMR T2 Spectra. Transverse relaxation time (𝑇2)
distribution curves (also called 𝑇2 spectra) of all the full

water-saturated and irreducible-water-saturated samples
were plotted based on the NMR test data (see Appendix A).
According to the basic principle of the NMR measurement
[44], it is known that there is a positive correlation
between 𝑇2 and pore size, that is, shorter relaxation time
corresponding to smaller pore size and longer relaxation
time corresponding to larger pore size. Consequently, the
measured 𝑇2 distribution is a reflection of the PSD of the
rock sample. 𝑇2 spectra of the full water-saturated shale,
mudstone, and fine-grained sandstone samples which can
reflect the full spectrum pore size distribution pattern of
each rock type are presented in Figure 8. It can be observed
that, for both the shale and mudstone samples, their NMR
𝑇2 spectra are characterized by a unimodal pattern with one
major peak distributed in the range of 0.1 to 10ms, whereas
for the sandstone sample NT-S, it is a bimodal distribution
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Figure 4: The FIB-SEM images of sample NT-M2 (𝜑Avg = 8.82%; 𝐾𝑔 = 0.0048mD).

with a major peak distributed in the range of 5 to 1000ms
and a minor peak in the range of 0.5 to 5ms. Overall, the
PSD features of the investigated mudrock and fine-grained
sandstone samples found by NMR agree well with those
observed by MIP as described in the previous section.

3.5.2. Adsorption and Seepage Pores. Quantitatively parti-
tioning of adsorption pore and seepage pore is of great
importance for reservoir quality assessment. By definition,
adsorption pores refer to those pores in which water cannot
be drained out through centrifuging while seepage pores
represent those pores in which water can flow freely and can
be centrifuged easily under certain pressures. Usually, pore
size of adsorption pores is smaller than 0.1𝜇m while pore
size of seepage pores is bigger than 0.1 𝜇m [38]. In adsorption

pores the water is strongly confined to the pore walls due
to the effects of electrostatic forces and capillary forces. The
quantitative division of distribution characteristics of the
adsorption pores of the investigated samples are reflected by
the 𝑇2 distribution curves of the irreducible-water-saturated
samples (red solid line in Figure 11). It can be seen from
Figure 11 that there is little difference between the adsorption
pore distribution and the full spectrum pore distribution
(black solid line in Figure 11) for all the ten investigated
mudrock samples and one very tight sandstone sample JH-
S which has an extremely low NMR porosity of 3.50%.
However, a significant difference is observed between the
distribution curves of adsorption pore and full spectrumpore
for the sandstone sample NT-S which has a relatively high
NMR porosity of 16.63%. The 𝑇2 spectra of the adsorption
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Figure 7: Pore size distribution curves of the investigated samples obtained from the MIP measurements.

pore of NT-S are remarkably narrower than that of the full
spectrum pore.

Furthermore, based on𝑇2 distribution curves under both𝑆𝑤 and 𝑆ir depicted in Figure 11, adsorption and seepage pores
can be distinguished by a𝑇2 cutoff (𝑇2𝑐) [38, 44].𝑇2𝑐 is a char-
acteristic relaxation time which can divide adsorption pores
and seepage pores. The pores with relaxation time shorter
than 𝑇2𝑐 (𝑇2 < 𝑇2𝑐) correspond to adsorption pores whereas
the pores with relaxation time longer than 𝑇2𝑐 (𝑇2 > 𝑇2𝑐)
correspond to seepage pores. Parameters related to the divi-
sion of adsorption pore and seepage pore, including 𝑇2 cutoff
(𝑇2𝑐), free-fluid volume index (FFI), and bound fluid volume
index (BVI), were calculated based on NMR measurements
both at 𝑆𝑤 and 𝑆ir conditions according to the calculation
methods described in previous works [38, 44]. As listed in
Table 5, the 𝑇2𝑐 values of all the investigated rock samples
range from 1.55 to 20.03ms. Except for one fine-grained
sandstone sample NT-S which has a relatively high value of
20.03ms, all other samples are less than 5ms with a median

value of 2.68ms. By comparison, these values are found
to be significantly lower than those of other conventional
reservoir rocks such as sandstones (standard𝑇2𝑐 = 33ms) and
carbonates (standard 𝑇2𝑐 = 92ms) [43, 57]. It is already well
understood that different types of rocks have varied𝑇2𝑐 values
originated from their differences inmany aspects such as pore
types, pore structures, and mineral compositions which also
have close and complex interconnections among them [43].
In this study, such a difference in 𝑇2𝑐 values between our
investigated mudrock and fine-grained sandstone samples
and other conventional reservoir rock types may primarily
attributed to their different lithologies and high contents
of clay minerals in our investigated samples. According to
the findings of Straley et al. [57], clay-bound water can be
estimated from the 𝑇2 distributions using a 𝑇2 cutoff of 3ms
(𝑇2𝑐 = 3ms) in sandstones which coincide with our results.

In addition, it is found that, for the mudrock samples in
this study, their values of FFI are relatively low and range
from 7.93 to 13.61% whereas their BVI values are high and
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Figure 8: 𝑇2 spectra of the NMR measurements under the full water-saturated (𝑆𝑤) condition for the investigated samples.

Table 5: Pore-structure parameters measured by NMR.

Sample number 𝑇2𝑐 (ms) FFI (%) BVI (%) FFI/BVI
JH-Y 1.55 13.61 86.39 0.16
JH-S 2.68 13.12 86.88 0.15
NT-Y1 2.68 8.81 91.19 0.10
NT-Y2 4.64 13.13 86.87 0.15
NT-Y3 1.55 13.29 86.71 0.15
NT-M1 2.68 7.93 92.07 0.09
NT-M2 2.68 10.56 89.44 0.12
NT-M3 3.22 8.34 91.66 0.09
NT-M4 2.68 8.65 91.35 0.09
NT-M5 2.23 12.44 87.56 0.14
NT-M6 2.68 11.59 88.41 0.13
NT-S 20.03 68.41 31.59 2.17
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range from 86.39 to 92.07%. Consequently their values of
FFI/BVI were all lower than 0.16. This is just the contrary for
the sandstone sample NT-S which has a high FFI of 68.41%
and correspondingly a high FFI/BVI of 2.17. It is thus inferred
that adsorption pore is the only dominant pore type for all
the mudrock samples and one tight sandstone sample JH-S
investigated in this study, whereas for sandstone sample NT-
S with relatively high porosity, seepage pore is the prominent
pore type. In addition, correlation analyses showed that there
is a positive correlation relationship between clay content
and BVI whereas there is a negative correlation between
clay content and FFI for our investigated samples. It further
indicates that clay is a very important factor that determines
the movability of the fluid in the pores of our samples due to
its strong bonding effect on water.

4. Discussion

4.1. Comparison of PSD Curves Determined by MIP and NMR

4.1.1. Calibration Methods. NMR 𝑇2 spectra can be quantita-
tively transformed intoNMRPSD curves by comparing them
to MIP PSD curves as described in many earlier works [35,
44, 58]. Based on NMR principles, the transverse relaxation
time (𝑇2) is a function of the surface to volume ratio of pores
(𝑆/𝑉) which can be expressed by (1) [44, 58], in which 𝜌2
is a constant representing the transverse relaxation strength
[38] (or the transverse surface relaxivity [58]). If the pore is
assumed to be a cylinder with a radius of 𝑟, (1) can be
transformed into (2) from which (3) then can be derived.
Because each type of rock corresponds to a constant 𝜌2, NMR
PSD curves can be reconstructed according to (3) as long as
the 𝜌2 value is obtained.

1
𝑇2 = 𝜌2

𝑆
𝑉 (1)

1
𝑇2 = 𝜌2

𝑆
𝑉 = 𝜌2
2
𝑟 (2)

𝑟 = 2𝜌2𝑇2. (3)

Next, the determination of 𝜌2 is summarized into the
following two methods based on theoretical models and
calibration ideas employed in the previousworks ofKleinberg
and Yao et al. [38, 58]:

(1) Product of 𝑇2 and 𝑃𝑐 method (𝑇2𝑃𝑐 method): the 𝜌2
of the model of cylindrical tubes (see (2)) which is
the base of the MIP and NMR measurements can be
calculated using (4). The derivation of (4) is based
on (2) and the Washburn equation (see (5)) which
relates mercury injection pressures (𝑃𝑐) with radii of
pores (𝑟) [59]. Because the contact angle (𝜃) between
mercury and pore surface is 140∘ and the surface
tension of mercury (𝜎) is 7.03 × 10−3 psi⋅cm, (4) can
be simplified to (6). Therefore, as long as the value of
𝑇2𝑃𝑐 is determined, 𝜌2 can finally be calculated by

𝜌2 = (−𝜎 cos 𝜃)𝑇2𝑃 (4)

𝑟 = (−2𝜎 cos 𝜃)𝑃𝑐 (5)

𝜌2 = 𝜎 cos 𝜃𝑇2𝑃𝑐 =
53.85
𝑇2𝑃𝑐 . (6)

(2) Weighted Arithmetic Mean method (WAMmethod):
(2) can also be used to derive (7). Based on the PSD
data of MIP, 𝑟wam (the weighted arithmetic mean of
𝑟) can be calculated. Meanwhile, 𝑇2wam (the weighted
arithmeticmeanof𝑇2) can also be calculated based on
the NMR 𝑇2 distribution data. The transverse surface
relaxivity 𝜌2 can finally be calculated by substituting
𝑟wam and 𝑇2wam values into (8).

𝜌2 = 𝑟2𝑇2 (7)

𝜌2 = 𝑟wam2𝑇2wam . (8)

4.1.2. CalibrationResults. Thevalues of𝜌2 for our investigated
samples were calculated, respectively, using the 𝑇2𝑃𝑐 and
WAMmethods and the results are listed in Table 6. The ratio
of 𝜌2∗ from the 𝑇2𝑃𝑐 method to 𝜌2∗∗ from the WAMmethod
(𝜌2∗/𝜌2∗∗) indicates that the transverse surface relaxivity
values determined by the 𝑇2𝑃𝑐 and WAMmethods generally
agree well with each other except for one sample NT-Y1.
The exception of NT-Y1 may primarily owe to the high
heterogeneity commonly existing in the natural rocks. Based
on the calculated 𝜌2 values, NMR 𝑇2 spectra were able to be
reconstructed and transformed into NMR PSD curves. NMR
PSD curves calibrated with the 𝑇2𝑃𝑐 and WAM methods
were further compared with those of MIP to verify the
calibration results (see Appendix B). Comparisons of NMR
PSD curves of three representative shale, mudstone, and
fine-grained sandstone samples calibrated by the 𝑇2𝑃𝑐 (green
line) and WAM (blue line) methods with MIP PSD curves
(red line) are presented in Figure 9. It is observed that the
main peaks of the PSD curves of NMR and MIP for the
three types of rock samples coincide very well. Overall,
good agreements between NMR and MIP PSD curves have
been achieved with the help of the two calibration meth-
ods.

4.2. Permeability Estimation Based on NMR Measurements.
Based on NMR measurements, a few kinds of permeability
estimation models have been proposed and further devel-
oped by a lot of previous researchers in the past few decades
[38, 40, 43, 44, 57]. Among them, the mean 𝑇2 model (also
called the SDR model) which is based on the Schlumberger-
Doll-Research (SDR) equation [43, 60] and the free-fluid
model (also called the Timur-Coates model) which is based
on the Timur-Coates (TC) equation [40, 44] are commonly
used to estimate permeability of conventional reservoir rocks
such as sandstone and carbonate [57, 58]. In the following,
the applicabilities of the two typical models for permeability
estimation from NMR data to mudrock samples are dis-
cussed.
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Table 6: Parameters derived from the methodsof 𝑇2𝑃𝑐 and WAM.

Sample number 𝑇2𝑃𝑐 method WAMmethod 𝜌2∗/𝜌2∗∗𝜌2∗ (𝜇m/s) 𝑇2𝑃𝑐 (s⋅psi) 𝜌2∗∗ (𝜇m/s) 𝑟wam (nm) 𝑇2wam (ms)
JH-Y 8.98 6.00 7.82 10.30 0.66 1.15
JH-S 4.49 12.00 4.39 99.10 11.29 1.02
NT-Y1 7.69 7.00 4.58 221.31 24.17 1.68
NT-Y2 6.73 8.00 6.61 26.96 2.04 1.02
NT-Y3 5.39 10.00 4.45 8.10 0.91 1.21
NT-M1 4.14 13.00 4.58 11.05 1.21 0.90
NT-M2 4.14 13.00 4.22 12.12 1.43 0.98
NT-M3 5.39 10.00 5.64 17.04 1.51 0.96
NT-M4 4.49 12.00 4.42 11.95 1.35 1.02
NT-M5 5.39 10.00 5.68 14.85 1.31 0.95
NT-M6 4.49 12.00 4.40 13.00 1.48 1.02
NT-S 8.98 6.00 10.46 2512.62 120.15 0.86
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Figure 9: Comparisons of NMR PSD curves of typical shale, mudstone, and fine-grained sandstone samples calibrated by the 𝑇2𝑃𝑐 (green
line) and weighted arithmetic mean (WAM) (blue line) methods with MIP PSD curves (red line).

4.2.1. The Mean T2 Model (SDR). Themean 𝑇2 model (or the
SDR model) was usually described by the following equation
[38, 44]:

𝐾SDR = 𝐶𝑚𝜑NMR
4 × 𝑇22gm, (9)

where 𝐾SDR (mD) is the estimated NMR permeability by
the mean 𝑇2 model; 𝑇2gm (ms) is the geometric mean of the
𝑇2 distribution at saturated water condition (𝑆𝑤 = 100%);
𝜑NMR is the NMR porosity; 𝐶𝑚 is a constant related to the
characteristic rock or formation type. The model is based on
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Table 7: Calculated MIP permeability (𝐾MIP) and other related parameters in (11).

Sample number 𝐾MIP (mD) 𝑃𝑡 (psia) 𝐿 𝑐 (𝜇m) 𝐿max (𝜇m) 𝑆(𝐿max) 𝑉𝐿max (mL/g) 𝑉tot (mL/g)
JH-Y 2.539E − 06 34989.660 0.005 0.004 0.986 0.007 0.007
JH-S 4.732E − 03 796.640 0.227 0.183 0.530 0.006 0.012
NT-Y1 3.708E − 05 14766.470 0.012 0.009 0.868 0.020 0.023
NT-Y2 1.161E − 04 10568.400 0.017 0.014 0.820 0.029 0.036
NT-Y3 3.672E − 05 16367.530 0.011 0.009 0.635 0.020 0.032
NT-M1 4.870E − 05 16365.930 0.011 0.009 0.622 0.018 0.029
NT-M2 4.201E − 05 14761.620 0.012 0.009 0.827 0.025 0.030
NT-M3 6.231E − 05 14762.690 0.012 0.009 0.882 0.038 0.043
NT-M4 3.629E − 05 14766.570 0.012 0.009 0.717 0.022 0.030
NT-M5 4.521E − 05 14766.020 0.012 0.009 0.809 0.027 0.034
NT-M6 4.564E − 05 14762.650 0.012 0.009 0.764 0.028 0.036
NT-S 2.126E + 00 61.520 2.940 2.213 0.336 0.023 0.069

the geometric mean of the 𝑇2 (𝑇2gm) and is free from the
influence of the irreducible-water model. But it is sensitive
to the nature of the fluid in the pores [43].

In fact, the SDR model expressed in (9) was based on
a linear correlation relationship between permeability 𝐾SDR
and 𝜑4𝑇22gm. Therefore, the validation of the applicability of
SDRmodel to our investigated mudrock samples can be vali-
dated through the correlation analysis between the measured
𝐾𝑔 and 𝜑4𝑇22gm. However, the results have shown that they
were two uncorrelated variables and thus it is suggested that
the SDR model is not appropriate for the low permeability
mudrock samples investigated in this study.

4.2.2. The Free-Fluid Model (Timur-Coates). The simplified
free-fluid model (or the Timur-Coates model) was expressed
as follows [40, 44]:

𝐾TC = (𝜑NMR
𝐶𝑐 )

4

× ( FFI
BVI
)2 , (10)

where𝐾TC (mD) is the calculated permeability by the Timur-
Coates model; 𝜑NMR is the NMR porosity; 𝐶𝑐 is a constant
related to the rock type; FFI (%) is the free-fluid index; BVI
(%) is the bound fluid index. As discussed in Section 3.5.2, the
FFI and BVI are defined by the 𝑇2 cutoff. In previous studies,
different values were assigned to the empirical coefficient
𝐶𝑐 based on particular properties of certain kinds of rock
or formation. For example, an experiential value of 6.2 is
commonly given for sandstone formation [44]. However,
as far as we know no empirical 𝐶𝑐 has yet been endowed
for mudrocks. And the applicability of this model remains
unknown.

Similar to the SDR model, the Timur-Coates model was
established on a linear relationship between 𝜑NMR√FFI/BVI
and 4√𝐾TC. In the same way, the applicability of the Timur-
Coates model to our investigated mudrock samples can
also be validated by analyzing the correlation relationship
between the two variable groups. But it is regrettable to
find that there is still no valid linear relationship between
them. Therefore it is demonstrated that the Timur-Coates

model, like the SDRmodel, is not suitable for the investigated
mudrock samples.

Finally, based on the above analyses, it can be concluded
that the applicability of the two typical NMR permeability
models proposed by the previous researchers, namely, the
SDR and Timur-Coates models, is both very poor for the
investigated mudrock samples.

4.3. Permeability Estimation Based on MIP Measurements

4.3.1. The Katz and Thompson (KT) Model. Permeability cal-
culation based on mercury injection pressure data is also an
alternative method for direct determination of permeability
through experiments. The following equation introduced by
Katz andThompson [1, 5, 6, 61] can be employed to calculate
the permeabilities of our investigated mudrock and fine-
grained sandstone samples using MIP data:

𝐾MIP = 189 (𝐿max)2 (𝐿max
𝐿𝑐 )𝜑MIP𝑆(𝐿max), (11)

where 𝐾MIP (darcy, D) is the calculated MIP permeability;
𝐿max (𝜇m) is the pore-throat diameter at which hydraulic
conductance is the maximum; 𝐿𝑐 (𝜇m) is the characteristic
length which is the pore-throat diameter corresponding to
the threshold pressure 𝑃𝑡 (psia); 𝜑MIP is the MIP porosity;
𝑆(𝐿max) represents the fraction of connected pore space at
pore width of 𝐿max which is calculated as (𝑉𝐿max)/(𝑉tot) (the
ratio of the cumulative pore volume at pore width of 𝐿max
(𝑉𝐿max) to the total pore volume (𝑉tot)). The detailed steps
of determining each parameter in (11) can refer to the work
of Gao and Hu [6]. The calculated MIP permeability (𝐾MIP)
and other related parameters in (11) for all the investigated
samples are listed in Table 7.

4.3.2. Comparison between𝐾MIP and𝐾𝑔. The calculatedMIP
permeability (𝐾MIP) by the Katz and Thompson (KT) model
was compared with the measured gas permeability (𝐾𝑔)
in Figure 10. It is noted that, for the shale and mudstone
samples, measured permeability 𝐾𝑔 is higher than the MIP
permeability 𝐾MIP about two orders of magnitude, while for
the two sandstone samples, JH-S and NT-S, the degree of
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Figure 10: Comparison between the calculated MIP permeability (𝐾MIP) and the measured gas permeability (𝐾𝑔).
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Figure 11: 𝑇2 spectra of the NMR measurements under the full water-saturated (𝑆𝑤) condition (black line) and irreducible-water-saturated
(𝑆ir) condition (red line).
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Figure 12: NMR PSD curves calibrated by the 𝑇2𝑃𝑐 (green line) and WAM (blue line) methods compared with MIP PSD curves (red line).

agreement between them is very good. It is thus inferred that
the KTmodel is more suitable for the permeability prediction
of sandstones rather than mudrocks.

5. Conclusions

In this study, multiple experimental approaches including
FIB-SEM,MIP, andNMRhave been used to obtain a compre-
hensive understanding of the pore structure characteristics of
the mudrock and fine-grained sandstone samples collected
from the coal bearing formations of two underground coal
mines in China.Meanwhile, pore size distributionsmeasured
by MIP and NMR are compared and three classic permeabil-
ity models based on measurements of MIP (the KT model)

andNMR (the SDR andTimur-Coatesmodels) are evaluated.
Major results are as follows:

(1) FIB-SEM analyses indicate that the pore systems of
the investigated samples are all relatively underde-
veloped which correspond well with their relatively
low porosities. Pore types of the selected mudrock
and fine-grained sandstone samples observed by FIB-
SEM are mainly dominated by the mineral matrix
pores with varied morphologies and very few organic
matter pores were found.

(2) PSDcurves of themudrock samplesmeasured byMIP
basically present unimodal patterns and nanopores
with diameter less than 0.1𝜇m (𝑑 < 0.1 𝜇m) are the



18 Geofluids

only predominant pore type for themudrocks, where-
as PSD curves of the fine-grained sandstone samples
are featured by bimodal distributions.Meanwhile, the
PSD patterns investigated by theNMRmeasurements
generally agree well with those observed by MIP.

(3) Adsorption and seepage pores are distinguished
based on 𝑇2 distribution curves under both 𝑆𝑤 and 𝑆ir
and it is found that, for all the mudrock samples and
one tight sandstone sample JH-S with low porosity of
3.36%, adsorption pore is their only dominant pore
type, whereas for the sandstone sample NT-S with
relatively high porosity of 16.50%, seepage pore is the
prominent pore type.

(4) PSD curves obtained by quantitatively calibrating the
NMR 𝑇2 spectra at 𝑆𝑤 using the 𝑇2𝑃𝑐 and WAM
methods, respectively, generally agree well with the
PSD curves determined by MIP. Thus, it is suggested
that both the 𝑇2𝑃𝑐 and WAM methods are valid and
can achieve good results for the scaling of NMR 𝑇2
spectra of the investigated mudrock and fine-grained
sandstone samples.

(5) The applicabilities of the two typical NMR permeabil-
ity models, that is, the SDR and Timur-Coates mod-
els, are all very poor and cannot be used to estimate
the permeabilities of the investigated mudrock sam-
ples on the basis of NMR data. Meanwhile, suitability
evaluation of the Katz and Thompson (KT) model
for permeability estimation from MIP data indicated
that the KT model is not suitable for the permeability
prediction of the investigatedmudrock samples either
but it can achieve good result of permeability estima-
tion for the fine-grained sandstone samples. Thus, it
is inferred that the classic permeability models which
have been well feasible for conventional reservoir
rocks such as sandstones may not be applicable to
tight shale andmudstones which havemore abundant
clay contents as well as extremely fine and compli-
cated pore structures.

Appendix

A. NMR 𝑇2 Spectra for All the Full
Water-Saturated and
Irreducible-Water-Saturated Samples

See Figure 11.

B. Comparison of the Calibrated NMR
PSD Curves with MIP PSD Curves for
All the Investigated Samples

See Figure 12.
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XRD: X-ray diffraction
TOC: Total organic carbon
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FIB-SEM: Focused ion beam scanning electron

microscopy
MIP: Mercury intrusion porosimetry
NMR: Nuclear magnetic resonance
PSD: Pore size distribution
WAM: Weighted arithmetic mean.
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