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Understanding the pore size distribution (PSD) of tight sandstone and the effect of clay minerals on the PSD is important for
reservoir evaluation. Due to the complex shape of clay minerals, the multiscale pore size of tight sandstone, and the limitation of
different experimental methods, it is hard to characterize the full PSD of tight sandstone, especially the point of connection
(POC) of different derived PSD curves. In this paper, a more comprehensive technique integrated different precision methods of
N2/CO2 low-pressure adsorption isotherms (N2/CO2-LPAI), mercury injection capillary pressure (MICP), nuclear magnetic
resonance (NMR), and synchrotron X-ray computed tomography (XCT) to investigate the full PSD for three typical tight
sandstones in China. Two different forms of PSD data presentations, differential pore volume versus diameter (dV/dR) and the
log differential pore volume versus diameter (dV/dlogR), were firstly used to determine the POC. The full integrated PSD curves
and scanning electron microscopy (SEM) images were carried out on the different clay-rich tight sandstones. The results show
that the pores are classified into three types: intercrystalline pores (less than 0.01 μm), clay-related pores and residual
intergranular pores (0.01 μm to 10μm), and microfractures and dissolution pores (greater than 10μm). The percentage of
intercrystalline pores has a small relation on the porosity and connectivity, while there is a strong correlation among
microfractures, dissolution pores, porosity, and especially connectivity. The microfractures and dissolution pores are the
main connection channels, so a little change of the main connection channels will have a great effect on the permeability
of the tight sandstones.

1. Introduction

Technological advances and energy demands have made
tight sandstone reservoirs worth to be exploited [1, 2]. Tight
reservoirs are characterized by low porosity and permeability
and strong heterogeneity, especially considering the exten-
sive development of nanometer-scale pore throats or the
wide-ranging PSD [3–8]. Previous studies reveal that the
PSD and pore-throat structure have a more direct effect on
the storage and transport performance of tight sandstone
reservoirs than porosity and permeability [9, 10]. Different
PSD and pore throat structures have different percolation
mechanisms, which control the form, transportation, gather-
ing, and recovery of tight gas and oil [11]. Therefore, research
on the pore structure characteristics in tight sandstone reser-
voirs is necessary [12–15].

To characterize the complex pore structure and PSD of
tight sandstone, three types of techniques are widely used
[16, 17]: (1) methods involving penetration fluids, including
MICP and N2/CO2-LPAI [18–21]; (2) nondestructive
physical techniques, including NMR [22, 23]; and (3) and
microscopic imaging, such as SEM [24, 25] or XCT [26].
Although these methods are widely used, they have many
limitations. In the PSD curves derived by MICP, the size of
these pores is controlled by the corresponding throats, and
the minimum pore size relies on the maximum pressure of
the mercury injection apparatus. To reach the nanopores in
tight sandstone, a high injection pressure is necessary, but if
the pressure is too high, the core may incur microfractures,
which will affect the accuracy of the data. Therefore, MICP
is accurate only for pore throats larger than 15 nanometers
in tight sandstone [27–31]. For N2-LPAI, at relative pressure

Hindawi
Geofluids
Volume 2020, Article ID 5208129, 20 pages
https://doi.org/10.1155/2020/5208129

https://orcid.org/0000-0002-6792-5177
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/5208129


greater than 0.45, capillary condensation in mesopores and
macropores occurs according to the Kelvin equation, and
the PSD can be calculated by the Barrett-Joyner-Halenda
(BJH) method [32–36]. However, this method cannot
describe micropores and narrow mesopores due to the corre-
lation between the aperture of these pores and relative pres-
sure is poor. [37, 38]; furthermore, the physical phenomena
(like the tensile strength effect, adsorbate phase transitions,
and monolayer formation) will affect the accuracy in micro-
pores (<2nm) and some mesopores (2 nm to 10nm) calcu-
lated by the BJH method, so the assessment of the BJH
method for pore size calculations in tight sandstone is inade-
quate [39].

Due to the relatively high boiling point (273.1K) and
high saturation vapor pressure (3.5MPa) of CO2, it is easy
for its molecules to enter the pores narrower than 2 nanome-
ters [40, 41]. In the density functional theory (DFT)
approach, adsorption isotherms in model pores are calcu-
lated by the intermolecular potentials of the fluid–fluid and
solid–fluid interactions. According to the DFT, there are
two main improved methods: the nonlocal density functional
theory (NLDFT) and the local density functional theory
(LDFT). The NLDFT method is more accurate to describe
the thermodynamic state of fluids in the micropores, and it
was recommended by the International Organization for
Standards (ISO) [42]. Unlike other methods, which can only
calculate the micropores (Horvath-Kawazoe method) [43] or
mesopores (BJH method) [32], NLDFT can describe micro-
and mesopores simultaneously. However, the accuracy of
the NLDFT method depends on the effect of the fluid mole-
cules in the pores, for example, the size of the fluid molecule
can affect the minimum pores calculated by NLDFT, and the
interaction parameters between fluid and solid, and many
researchers have improved the NLDFT theory and used the
method to accurately analyze the PSD of nanopores [44–47].

NMR can be applied to the study of conventional reser-
voirs and unconventional resources (such as coal, shale,
and tight sandstone), using the relaxation time of fluid in
porous materials to characterize the PSD [23, 48–53]. How-
ever, the probe liquid has a great impact on the relaxation
time for the NMR due to the fluid properties and whether
the probe liquid can enter the pore space [54]. In addition,
the conversion of the NMR relaxation time into pore size
depends on a conversion coefficient called surface relaxivity,
which relates to the relaxing strength of the pore surface (i.e.,
the mineral surface of grains), and is usually determined with
the help of other experimental methods, especially the MICP
[55, 56]. Nondestructive synchrotron small-angle X-ray
scattering (XCT) provided a three-dimensional visualization
method to investigate the nanopores andmicropores [57, 58].
With a 3D reconstruction from XCT images, porosity can be
calculated by counting voxels, and the PSD and connectivity
can be represented by a cylinder network and stick-and-ball
network [59–62]. Theoretically speaking, XCT can describe
any pores, but this technology is limited by a small field of
view (FOV), and the image area is inversely proportional to
image resolution, which means that high resolution can only
describe small-scale pores, whereas low resolution can only
describe large-scale pores.

Due to the wide range of pore sizes in tight sandstone res-
ervoirs, from nanometers to micrometers, none of the above
methods can characterize the entire PSD in tight sandstone
alone [63]. The integration of multiple methods is an effec-
tive way to solve this problem [64, 65]. Previous researchers
only integrated a few methods, which is insufficient for the
full PSD of tight sandstone [21, 30, 64]. This study used mul-
tiple methods (including N2-LPAI, MICP, NMR, XCT, and
NLDFT) to get the PSD curves of core samples from three
sedimentary basins. A new integrated method was firstly
used to determine the more accurate POCs between different
derived PSD curves. And then, the full PSDs are classified
into three types: intercrystalline pores, clay-related pores
and residual intergranular pores, and microfractures and dis-
solution pores, and we investigate the pore types in different
clay-rich tight sandstones and the relationship between the
pore type and porosity and permeability.

2. Materials and Experiment Methods

2.1. Samples. Seven tight sandstones were collected from
three different reservoirs: sample 904 and 905 were drilled
from the borehole in the Bashijiqike formation of the Kuqa
depression in the Tarim Basin; samples 118, 119, and 120
were drilled from the outcrop in the Xujiahe formation which
was in West Sichuan depression; and samples 4 and 264 were
drilled from the borehole in the 8th member of the Upper
Paleozoic Shihezi formation of the Sulige gas field in the
Ordos basin. And a geological map with all samples position
is shown in Figure 1. The Bashijiqike formation is the main
gas reservoir in the Kuqa depression, which is found in a
typical deep-seated, anticlinal structural trap [66]. The
Bashijiqike formation is mainly composed of brown fine-
grained fibrous illite-rich quartz sandstone [67]. The main
sedimentary facies of the Xujiahe formation in the West
Sichuan depression is the delta front. The formation is
mainly composed of green lithic quartz sandstone and con-
tains abundant chlorite. Due to the ubiquity, distribution,
and morphology of the chlorite, the porosity of this forma-
tion is abnormally high [68]. The 8th member of the Upper
Paleozoic Shihezi formation is the main gas reservoir of the
Shihezi formation, and this formation is dominated by lithic
quartz sandstone with a large quantity of kaolinite. The inter-
crystalline pores and the dissolved intergranular pores are the
main factors to improve the porosity and permeability in this
formation [69].

2.2. Experimental Methods

2.2.1. Sample Preparation. Each sample was represented by a
regular cylinder (approximately 5 cm long and 2.5 cm in
diameter), drilled from a homogeneous section perpendicu-
lar to the bedding. All samples were dried at 100°C for 12 h
in a vacuum oven; then, they were subjected to nitrogen
permeability and porosity measurements using a CMS-300
automatic permeability measuring instrument (Core Labora-
tories: The Reservoir Optimization Company) (Table 1). The
rang of porosity for this apparatus is from 0.01% to 40% and
the permeability is from 0.00005mD to 15D; meanwhile, this

2 Geofluids



Linhe
Baotou

Dongsheng
Hangjinqi

Yimeng uplift

YijinghuoluoqiEtuokeqi

Yanchi
Jingbian

Yulin

Yishan slope

Fuxian

Hejin

800 km

China

Huangling

Qingyang

Zhenyuan

Longxian
Weibei fault belt

Yan′an

0 120 km0 16 km

N

Mianzhu

Mianyang

Shifang

Dujiangyan
Deyang

Beijing
Western Sichuan

depression

Chengdu depression

Pixian County

Chengdu

Structural unit boundary
Study area

Study area

Kapshayan river

Kuqa river

Baicheng
Kuqa

Aksu

Beijing

Kelasu structural zone
Avate river

0 25 km

Fron
t o

f L
on

gm
en

 M
ou

ntai
n

Zitong depression

Yinc
hu

an
W

es
t r

im
 th

ru
st 

be
lt

Ti
an

hu
an

 d
ep

re
ss

io
n

W
es

t S
ha

nx
i f

ol
d 

be
lt

West Sichuan
depression

Kuqa depression

Sulige gas
field

Secondary tectonic unit boundary
Tertiary tectonic unit boundary
Basin boundary
Outcrop

Fault
Study area
Core well

Basin boundary
Fault

River

Tectonic unit

Core well

Figure 1: Location of the study area and the core wells in three different reservoirs.

Table 1: Petrophysical parameters and mineral compositions of the seven tight sandstones.

Sample 4 264 904 905 118 119 120

Depth (m) 2796.37 3014.56 7870 7902.29 \ \ \

Porosity (%) 6.93 6.31 4.47 5.68 16.51 16.69 16.58

Permeability (mD) 0.019 0.035 0.001 0.008 0.175 0.166 0.201

Content of mineral component from XRD

Quartz (%) 82.3 77.83 63.27 70.72 55.97 48.28 49.64

K-feldspar (%) 0.34 0 5.65 2.35 0.86 1.4 6.57

Anorthoclase (%) 7.94 0 16.23 9.56 26.44 31.15 29.05

Calcite (%) 0 5.21 0 0 0 0 0

Dolomite (%) 0.69 0 3.8 14.73 2.79 3.55 1.54

Siderite (%) 0 1.49 0 0 0 0 0

Pyrite (%) 0 0 2.05 0.07 0 0 0

Content of clay from XRD

Illite (%) 0 0 3.62 1.69 0 0 0

Chlorite (%) 0 0 0 0 12.65 10.56 11.08

Kaolinite (%) 5.25 12.64 0 0 0 0 0
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instrument is especially suitable for testing low-permeability
samples like tight sandstones which does not comply with
Darcy’s law.

2.2.2. NMR Test. These samples were then saturated with the
NaCl solution at 40MPa pressure for 24 h to avoid clay
swelling; then, NMR measurements were taken using a
MacoMR12-150H-I (Suzhou Niumag Analytical Instrument
Co., Ltd.), with a resonant frequency of 11.825MHz using a
standard Carr-Purcell-Meiboom-Gill pulse sequence with
an echo number of 18,000 over a wait time of 3000ms and
cumulative sampling frequency of 64.

2.2.3. MICP Test. Approximately 2 cm long parts were cut
from the seven samples for the MICP measurement. The
MICP experiment was carried out with an AutoPore IV
9505 porosimeter (Micromeritics Instrument Ltd.) in the
Daqing Oilfield Laboratory in China. Before the analysis,
tight sandstones were dried at 100°C for at least 12 h in a
vacuum oven again to avoid the effect of residual water when
cutting the cores. The MICP maximum intrusion pressure
was 100MPa, corresponding to a pore throat radius of
approximately 7 nm.

2.2.4. N2-LPAI Test. The remaining parts were cut into two
parts (2 cm and 1 cm long); the 2 cm parts were broken into
pieces (60–80 mesh) and degassed in the vacuum oven for
14 h at 220°C to remove any adsorbed water and gas. Then,
these broken pieces were used for N2-LPAI with a NOVA
2000e apparatus (Quantachrome Instruments) at the South-
west Petroleum University of China.

2.2.5. CO2-LPAI Test. The broken pieces (60–80 mesh) were
degassed in the vacuum oven for 10 h at 110°C to remove
any adsorbed water and gas. And then, degassed samples
were subjected to CO2 adsorption measurement with a con-
stant temperature of 0°C and a relative pressure between 0
and 0.35, and 40 adsorption points are selected during the
measurement. The experiment is measured by a 3H-
2000PS1 apparatus (BeiShiDe Instrument) in Dalian Ekeyan
Company of China.

2.2.6. X-Ray Diffraction Test. These pieces after the CO2-
LPAI test were cut for X-ray diffraction (XRD) to determine
the mineral composition of the samples and the clay miner-
alogy (Table 1). These pieces were soaked with deionized
water for 24h to extract the clay minerals, and these extracted
clay minerals were prepared on glass slides and XRD test.
The type of minerals was identified from the position of
peaks and its intensities by using the professional software
X’Pert High Score Plus. And all steps followed the Chinese
oil and gas industry standards SY/T 5163-2010 [70].

2.2.7. XCT Test. Cylinders (diameter of 6mm) were drilled
from the 1 cm long parts for the XCT test. The XCT was
performed with a MICROXCT-400 X-ray microscope (Carl
Zeiss Optics Co., Ltd.) in Southwest Petroleum University
of China. The highest spatial resolution of this apparatus is
1μm/pixel, and the maximum power of the X-ray source is
10W and the maximum allowable voltage is 140 kV.

2.2.8. SEM Test. The remaining parts after the XCT testing
were used to measure the SEM by FEI Quanta 650 FEG appa-
ratus (FEI Company, USA). This apparatus has two different
modes. Under a highly vacuumed environment, the highest
resolution of this apparatus is 1 nm/pixel, and under a low
vacuumed environment, the resolution of the apparatus is
1.4 nm/pixel. In this study, we focus on analyzing the SEM
images of the sample surface that has been polished with
argon ion beams and the fresh section of the same sample.

3. Results

3.1. Petrophysical Characteristics of the Samples. The poros-
ity, permeability, and mineral component contents of the
seven samples are presented in Table 1.

To analyze the important characteristic main clay min-
eral in different samples, only the content of the main clay
mineral determined by XRD is shown the Table 1. There is
no obvious relationship among permeability, porosity, and
the content of clay minerals. We cannot ascribe the pore
structure of tight sandstones to the content of clay minerals
only, and we should pay more attention to the shape and
types of clay minerals.

Looking at the SEM images in Figure 2 and the clay
content in Table 1, all the samples can be classified into
three types: illite-rich samples, kaolinite-rich samples, and
chlorite-rich samples. Due to the effect of the clay minerals,
the main pore types of different samples can be divided into
five types: intercrystalline pores, dissolution pores, micro-
fractures, clay-relate pores, and residual intergranular pores.
The pores in the kaolinite-rich samples are mainly intercrys-
talline pores and dissolution pores, the pores in the illite-rich
samples are mainly clay-related pores, and the pores in the
chlorite-rich samples are mainly clay-related pores, micro-
fractures, and residual intergranular pores.

The kaolinite mineral with well-defined crystal habit and
morphology is called autochthonous kaolinite. There are two
types of autochthonous kaolinite: one of the autochthonous
kaolinites is formed from the feldspar dissolved by the acidic
water, and this kind of autochthonous kaolinite is distributed
on the feldspar surface; and the other autochthonous kaolin-
ite is precipitated from pore fluids, and this kind of autoch-
thonous kaolinite has a well-defined crystal structure and
the form of this kaolinite aggregation appears wormlike and
as booklets. The kaolinite from the Shihezi formation has a
booklet morphology (Figures 2(b) and 2(d)), which belongs
to the second kaolinite type, and it is regionally distributed
(Figures 2(a) and 2(c)), and the pore types in this kind of
samples contain intercrystalline pores, dissolution pores,
and some intergranular pores.

Generally, the hydrolysis of the potassium feldspar and
the conversion of montmorillonite can get the illite. The illite
from the Bashijiqike formation is fibrous (Figures 2(f) and
2(h)) and is accumulated in the cleavages and weak ruptures
of the potash feldspar (Figures 2(e) and 2(g)). This kind of
samples is pretty tight and has poor porosity, and the main
pore types are the intercrystalline pores and clay-related
pores. SEM images from the Xujiahe formation indicate that
the chlorite of this formation typically occurs as extensive
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Figure 2: Continued.
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grain coating (Figures 2(k) and 2(m)). The chlorite grew per-
pendicularly to the grain surface (Figures 2(j)–2(n)), and
some of them will fill in the pore space (Figure 2(i)); mean-
while, the shape of chlorite is uniform when the pore fluids
are alkaline. The pore types in this kind of samples contain
clay-related pores and residual intergranular pores.

3.2. N2/CO2-LPAI, MICP, NMR, and XCT Experiment Result.
The N2 adsorption-desorption isotherms of samples were
obtained at 77.3K, and the relative pressure range is approx-
imately 0.1-0.95. The PSD was calculated from the adsorp-
tion data at relative pressures greater than 0.45, when
condensation appeared in the capillaries, using the BJH
method [32, 33, 36]. All of the N2 adsorption-desorption iso-
therms are type H3 based on the IUPAC [71]. The classifica-
tion of the N2 adsorption-desorption isotherm type is related

to an integrated pore shape. The hysteresis loops of N2
adsorption-desorption isotherms are shown in Figure 3.

In the density functional theory approach, the local
density of the adsorbate confined in a pore is calculated by
minimizing the grand thermodynamic potential. Figure 4
shows the CO2 adsorption isotherms, which begin at approx-
imately P/P0 = 4:4 × 10−5, but without a saturation plateau
when P/P0 = 0:03.

The mercury intrusion and extrusion curves of the seven
samples obtained from the MICP test are shown in Figure 5.
During the extrusion process, the capillary pressure resists
the nonwetting mercury, leading to a hysteresis loop for each
curve, indicating that some mercury is still trapped in some
pore bodies.

The transverse relaxation time (T2) distributions of the
seven samples measured by NMR are shown in Figure 6.

(i) (j)

(k) (l)

(m) (n)

Figure 2: Typical clay and pore types identified by SEM images and backscatter images in tight sandstones. Chl: chlorite; Illi: illite; Kao:
kaolinite; InterG: intergranular; Disso: dissolution; InterC: intercrystalline; ClaR: clay-related; micrF: microfractures.
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Generally, the amplitude, shape, and width of the T2 distri-
butions can qualitatively describe the volume, connectivity,
and size of pores [72]. Samples 4, 264, 118, 119, and 120 have

the same T2 distribution width but the amplitude of samples
4 and 264 is smaller than that of samples 118, 119, and 120 in
the NMR, and samples 904 and 905 have the most narrow T2
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distribution width and the smallest amplitude. The relation-
ship between these characteristics shown in NMR and the
porosity and permeability is obvious.

XCT is a nondestructive way to visualize the inner
content of rock samples in three dimensions [73]. Two-

dimensional XCT images were created using the software
PerGeos 1.5.0 with channel 1 and a pixel size of 2:065 μm
× 2:065 μm× 2:065μm for samples 4, 264, 904, and 905,
and 4:249 μm× 4:249 μm× 4:249 μm for samples 118, 119,
and 120. Stacking all the 2D XCT images, we can reconstruct
a 3D visualization of the samples (Figure 7). Before pore
space and mineral segmentation, the destriping filter algo-
rithm is executed in order to remove the perpendicular cur-
taining irregularities arising during imaging. This algorithm
increases the quality of subsequent porosity segmentation.

The whole 3D reconstruction samples were too large to
calculate the pore structure parameters. Given the anisotropy
and for the convenience of calculation, we should determine
the representative elementary volume (REV), which is the
minimum core volume to describe the petrophysical proper-
ties of the rock samples. Generally, we use the porosity of the
core volume as a constraint boundary condition to make sure
of the REV size. After that, we put the center of the coordi-
nate in the 3D digital cores (top, center, and bottom of the
3D digital cores), and then slowly increased the length as a
cube side length until the porosity in the cube is stable, and
at this point, the side length of the cube is the REV size.
Figures 8–10 show the relationship between the size of the
cube and its porosity from directions of the top, center, and
bottom, and the REV size is 300 pixels.

3.3. PSDs of Different Methods. The N2-LPAI relies on the
characteristics of the nitrogen adsorbing on the crushed sam-
ples to measure the specific surface area and PSD of the sam-
ples. The N2 adsorption-desorption isotherms of samples
were obtained at 77.3K, and the relative pressure range is
in 0.1-0.95. The PSD was calculated from the adsorption data
in the relative pressure bigger than 0.45, when the condensa-
tion appears in the capillaries, by using the BJH method as
follows [32, 33, 36]:
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r = −2γVm/ RT ln P/Poð Þ½ � + 0:354 −5/ln P/Poð Þ½ �1/3, ð1Þ

where r is the pore radius in nm, γ is the surface tension
(8:88 × 10−3N/m), Vm is the nitrogen molar volume
(34.68 cc/mol), R is the universal gas constant (8.314 J/mol/k),
T is the absolute temperature (77 k), and P/P0 is the relative
pressure.

For the CO2-LPAI, the PSD is derived by the NLDFT
method; the local density of the adsorbate confined in a pore
is calculated by the minimization of the grand thermody-
namic potential Ω:

Ω ρ rð Þ½ � = FHS ρ rð Þ½ � + 1
2∬drdr′ρ rð Þρ r′

� �
Φattr r − r′

h i� �

−
ð
drρ rð Þ μ −U ext rð Þ½ �,

ð2Þ

where FHS½ρðrÞ� is the nonlocal free energy functional of hard
spheres. The second term in the right-hand side is the mean
field free energy due to the attractive interactions Φattr. And
UextðrÞ is the potential imposed by the pore wall. And we
assume that UextðrÞ refers mostly to the interactions of fluid
molecules with the external cylindrical layer of oxygen atoms
of the pore wall [74].

The excess adsorption per unit area of cylindrical pore
can be calculated by the density distribution ρðrÞ:

Ns P/P0ð Þ = 2
D

ð2/D
0

ρ rð Þrdr − Din
4 ρg P/P0ð Þ, ð3Þ

where ρgðP/P0Þ is the bulk gas density at the relative pres-
sure, P/P0, Din =D − σss is the ‘internal’ pore diameter, D is

the center of oxygen atoms in the pore wall, and σss is the
effective diameter of oxygen.

The entry of nonwetting mercury has a surface tension as
liquid; so, with different external pressure, it can get into the
different sizes of the pore space, and the relation of intrusion
pressure Pc with the pore throat radius rc should satisfy the
Washburn equation as follows [75]:

Pc =
2σ cos θ

rc
= 0:735

rc
, ð4Þ

where the interfacial tension σ and wetting angle θ are
assigned as 0.48 J/m2 and 140°, respectively.

NMR measurements can determine the PSD from the
relationship between the distribution curve of transverse
relaxation time and specific surface of the core [30]. The
transverse relaxation comprises the bulk relaxation, surface
relaxation, and diffusion relaxation, and the equation is as
follows:

1
T2

= 1
T2B

+ ρ2
S
V

+ D γCTEð Þ2
12 , ð5Þ

where the T2 is the transverse relaxation time in ms, D is the
diffusion coefficient, μm2/ms; C is the internal field gradients,
G/cm; TE is the echo spacing, ms; S is the superficial area of
the pore, cm2; V is the pore volume, cm3; and ρ2 is the trans-
verse surface relaxivity of the rock, μm/ms.

Among which, the surface relaxation time, related to ρ2
and S/V , is the predominant relaxation time for tight sand-
stone saturated with liquid; the diffusion relaxation and
volume relaxation can be ignored. Therefore, the transverse
relaxation time T2 can be simplified as follows:
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T2 =
rc

ρ2Fs
, ð6Þ

where Fs represents the pore shape and is equal to 1, 2, or 3
for a slit, cylindrical, or spherical pore, respectively; ρ2 is
related to the relaxing strength of minerals, μm/ms; and rc
is the pore radius, μm.

However, lots of experiments show that the distribution
of transverse relaxation time T2 is a power function with
the pore radius rc as follows [76]:

T2 =
rnc

ρ2Fs
= C ⋅ rnc , ð7Þ
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where the n is power exponent and C equal to 1/ρ2Fs. Fitting
the accumulation mercury saturation curve of MICP with the
T2 accumulation distribution curve of NMR, we can get the
constant C and power exponent n.

In the 3D digital reconstructed pore body, which was
taken from the REV, we determined the pores by the medial
axis method, then calculated the equivalent spherical radius
by the equivalent sphere method, and due to the resolution
of the XCT images, the pores in the reconstructed pore body
contain the most large connected pores and isolated pores.
The PSD curves derived by the N2/CO2-LPAI, MICP,
NMR, and XCT methods are shown in Figure 11.

For the PSD curves derived from N2-LPAI, both the
adsorption curve and desorption curve can be used to calcu-
late the pore size; but only with an H1 type hysteresis loop,
the PSD calculated by desorption curves is accurate [39].
The PSD of sample 120 derived from N2-LPAI shown in
Figure 11(a) is significantly different from other samples in
the macropore range, and it is pore volume in the macropore
range is larger than any other samples. The reason for this
phenomenon may be the defect of the BJH method, because
when the relative pressure is higher there is no capillary
condensation in macropores [77]. So, the PSD derived from
N2-LPAI is not suitable to describe the distribution of
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Figure 8: REV calculation with the coordinate from the top of the 3D reconstructions.
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macropores, but it has no effect on the result for the integra-
tion of the full PSD.

The PSD curves calculated by the NLDFT method indi-
cate that the micropore width is predominantly 0.0004μm
to 0.001μm shown in Figure 11(b). The micropore volume
of the samples is very small. The PSD curves calculated by
the NLDFT method are calculated by the adsorption curves.
And the pore volume in the micropore range for samples 904
and 905 is the smallest, and the pore volume in the micropore
range for samples 4, 264, 118, 119, and 120 is pretty larger.
And some correlation has existed between the micropore
pore volume and clay content.

The PSD curve derived by MICP shows a pore vol-
ume distribution controlled by pore throats [78]. There-
fore, the PSD curves of all seven samples, calculated by
the Washburn equation according to the MICP data (shown
in Figure 11(c)), show that the PSD curves of the samples
with nearly identical clay content have almost the same
PSD range (samples 4, 264, 118, 119, and 120). Samples 904
and 905, which have the lowest porosity and permeability,
have the smallest pore volume among all the samples. The
PSD curves of the Xujiahe formation samples (118, 119,
and 120) are almost coincident because of the similar clay
type and content.

Due to the correlation between the MICP and T2 distri-
butions, the transverse relaxation time T2 can be translated
into an equivalent radius of pores, and the signal amplitude
corresponds to the volume of the pores. The PSD curves
translated from NMR data are shown in Figure 11(d), and
the shape of NMR-derived PSD curves is similar to the MICP
distribution.

The PSD curves of tight sandstones obtained from XCT
are different from the PSD curves from other methods, such
as MICP and NMR (shown in Figure 11(e)). From the XCT,
there are a great number of small pores, but the total volume

of small pores is relatively low, whereas the large pores show
the opposite relationship. The PSD curves from XCT cannot
describe pores smaller than the image resolution.

4. Discussion

4.1. Integration of the PSD from Multiple Methods. As stated
above, every method has its limitations when describing the
PSD of tight sandstones, but a wide PSD is a major character-
istic for tight sandstones, so using only each single experi-
ment is insufficient. The integration of different techniques,
such as N2-LPAI, MICP, NMR, XCT, and NLDFT, is an
effective method to determine the full PSD of tight sand-
stones accurately and effectively.

In the N2-LPAI and NLDFT experiments, the pore sizes
range from 0.002μm to 0.2μm and 0.0004μm to 0.002μm,
respectively, and the pore size range of XCT depends on
the resolution of the instrument. The minimum pore size
for MICP relies on the maximum pressure of the mercury
injection apparatus, about several nanometers. In contrast,
the NMR experiment delivers information on pore sizes from
several nanometers and several hundred microns. Thus,
there is an overlapping range among N2-LPAI, NLDFT,
XCT, MICP, and NMR data, making it necessary to deter-
mine the POCs between these techniques.

There are three different forms of PSD data presentation:
differential pore volume versus pore diameter (dV/dR),
incremental pore volume versus diameter (dV), and the log
differential pore volume versus pore diameter (dV/dlogR)
[79]. The different forms of PSD data presentation could
affect the pore size description and eventually discrepancy
derived from the difference of the mathematical forms of
these three equations. Each form of PSD data presentation
could demonstrate various types of important pore informa-
tion. There is no difference between the value of dV in large
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Figure 11: Comparison of the PSD curves derived from N2/CO2-LPAI, MICP, NMR, and XCT of seven tight sandstones. (a) PSD curves
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pore interval and small pore interval; the value of dV/dR in a
large pore interval is much less than the volume of dV/dR in
a small pore interval; the value of the dV/dlogR is greater
than the value of dV/dR in a large pore interval, while it is

opposite in the small pore interval. So, to get a more accurate
POC between different PSD curves, the form of dV/dR PSD
data presentation could incite the existence of a small pore
range, which is more suitable to determine the POC in
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smaller pore range, while the form of dV/dlogR PSD data
presentation would embolden a large pore range, which can
be used to determine the POC in larger pore range. The dV
/dR curves and dV/dlogR curves of N2/CO2-LPAI, MICP,
NMR, and XCT are shown in Figure 12.

For the full integrated PSD of tight sandstones, choosing
the right part of PSD curves derived from different methods
between different POCs is critical. The POCs among the
N2-LPAI, NLDFT, and NMR methods determined by the d
V/dR curves could be used to get the full PSD in the small
pore range. For the POC determined between NLDFT and
NMR, for the left side of PSD, we choose the PSD of NMR
and the right side of PSD is NLDFT; if this POC is inexistent,
we choose the whole PSD of NLDFT. For the POC deter-
mined by N2-LPAI and NMR, for the left side of PSD, we
choose the PSD of N2-LPAI and the right side of PSD is
NMR. The dV/dlogR curves could be used to get the POC
in the large pore range. And the PSD of the MICP and
NMR is nearly the same, so we only choose the XCT curve

and NMR curve to determine the POC in the large pore
range. For the POC determined by NMR and XCT, for the
left side of PSD, we choose the PSD of NMR and the right
side of PSD is XCT. And a representative sample (sample
264) to determine the POCs between different PSD curves
is shown in Figure 13.

The full PSD curves of the seven tight sandstones deter-
mined by the proposed method are shown in Figure 14.
The POC of the N2-LPAI, NLDFT, MICP, and XCTmethods
with NMR can be determined from Figure 12. The porosities
from the full PSD curves are evidently greater than the indi-
vidual PSD curves from N2-LPAI, MICP, NLDFT, XCT, and
NMR. For tight sandstones, the full PSD curves exhibit mas-
sive heterogeneity, and there is an obvious correlation
between clay mineral types and full PSD curves of all the
samples. The PSD curves of samples 118, 119, and 120 are
mainly distributed in the range 0.1μm to 10μm, and these
PSD curves are relatively uniform, with similar shape and
pore size range. The PSD curves of samples 4 and 264 show
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that these samples are heterogeneous, which have many
small pores (range from 0.001μm to 0.1μm) and a large pro-
portion of large pores (range from 0.1μm to 10μm). The
PSD curves of samples 904 and 905, which have the smallest
pore size range and lowest pore volume, and most of the
pores are less than 0.1μm, which is probably the reason
why these samples have the lowest permeability and porosity.

4.2. PSD of Tight Sandstones with Different Clay Type. The
main classification of pores for tight sandstone is the IUPAC
[71], micropores (less than 2nm), mesopores (2-50 nm), and
macropores (greater than 50nm). And this classification
scheme of the pore types is based on the pore size, which is
not very suitable for tight sandstones. Firstly, the full PSD
curves of the tight sandstone are extremely heterogeneous,
and the percentage of the micropores and mesopores in
IUPAC classification for the full PSD is very small, while
the macropores is on the opposite. Recently, some
researchers have considered the pore shape and the rock
matrix to classify the pore types [80, 81]. But this kind of clas-
sification approach does not account for the relationship
between clay minerals and pore types.

In order to analyze the PSD features of different clay-rich
tight sandstone and to reveal the effect of clay mineral on the
PSD, according to the full PSD curves and the pores observed
by the SEM images in the tight sandstones, pores are classi-
fied into three types: intercrystalline pores (less than
0.01μm), clay-related pores and residual intergranular pores
(0.01μm to 10μm), and microfractures and dissolution pores
(greater than 10μm). According to the integrated full PSD
curves shown in Figure 14, the relative proportions of
different pore types in tight sandstones were calculated
(Figure 15).

The pores in pore type I are mainly the intercrystalline
pores, which is related to the clay type and the diagenesis.
The intercrystalline pores in samples 4 and 264 are mainly
generated by the kaolinite crystal, and the intercrystalline
pores in samples 904, 905, 118, 119, and 120 are mainly
formed by quartz. The pore type I ratios in kaolinite-rich
samples 4 and 264 are larger than the ratios in illite-rich sam-
ples 904 and 905, and the ratios of illite-rich samples 904 and
905 are larger than the ratios in chlorite-rich samples 118,
119, and 120. On the other hand, the connectivity and poros-
ity for these three types of samples have little relation to the
pore type I ratio.

The pores in pore type II comprise the clay-related pores
and residual intergranular pores, and this kind of pores is the
major pore volume in different clay-rich tight sandstones.
The pores of pore type II in samples 4 and 264 are mainly
residual intergranular pores. The pores of pore type II in
samples 904 and 905 mainly contain clay-related pores, and
the fibrous illite will fill the intergranular pores, which can
produce this kind of pores. The pores of pore type II in sam-
ples 118, 119, and 120 mainly contain clay-related pores and
residual intergranular pores; the form of chlorite can produce
ubiquitous clay-related pores and protect the primary pores
from damage, which can lead to abnormal porosity. The
pores of pore type II are the main pores in the tight sandstone
whatever the clay minerals are, and this kind of pores has no
obvious relation to the connectivity and porosity, too.

The pores in pore type III contain microfractures and dis-
solution pores, and this kind of pores is typically controlled
by the diagenesis. The pore volume ratios of pore type III
are different for different clay-rich tight sandstones. The pore
volume ratios in chlorite-rich samples 118, 119, and 120 are
the largest, the pore volume ratios in kaolinite-rich samples
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4 and 264 are the second, and the ratios of illite-rich samples
904 and 905 are the smallest. The pore volume ratios of pore
type III are related to the connectivity and porosity of tight
sandstone samples, and pores of pore type III are mainly dis-
tributed in the PSD curves taken from XCT. Due to the res-
olution of the XCT images, the pores of reconstructed pore
body mainly contain the microfractures, dissolution pores,
isolated pores, and a part of the residual intergranular pores,
so the size of pore taken from XCT is pretty large.

For the full PSD curves of three different kinds of tight
sandstones, the pores are dominated by the pore type II
(clay-related pores and residual intergranular pores), and
the pore volume ratio of pore type I (intercrystalline pores)
and pore type III (microfractures and dissolution pores) are
both less than 40%. For the kaolinite-rich samples and
illite-rich samples, the change of the pore volume ratio of
pore type I has little relation to the porosity and connectivity;
this indicated that the some small pores may be throats with
effect on permeability. On the contrary there is a strong cor-
relation between pore type III and porosity and connectivity,
especially the connectivity. This kind of pores are the main
connection channels, so a little change of the main connec-
tion channels will have a great effect on the permeability of
the tight sandstones (Figure 14 and Table 1).

5. Conclusions

SEM, N2-LPAI, MICP, XCT, NLDFT, and NMR analyses
were performed to reveal pore structure characteristics of
tight sandstones collected from different clay-rich samples.
A more accurate method to integrate the full PSD for tight

sandstones is proposed. Then, the full PSD curves of different
clay-rich samples are analyzed. The primary conclusions
from this study are the following:

(1) According to SEM images, the pores in the kaolinite-
rich samples are mainly intercrystalline pores and
dissolution pores, the pores in the illite-rich samples
are mainly clay-related pores, and the pores in the
chlorite-rich samples are mainly clay-related pores,
microfractures, and residual intergranular pores

(2) The form of dV/dR PSD data presentation could
incite the existence of a small pore range, which is
more suitable to determine the POC in smaller pore
range, while the form of dV/dlogR PSD data presen-
tation would embolden a large pore range, which can
be used to determine the POC in larger pore range

(3) According to the full PSD curves and the pores
observed by SEM in the tight sandstones, pores are
classified into three types: intercrystalline pores (less
than 0.01μm), clay-related pores and residual inter-
granular pores (0.01μm to 10μm), and microfrac-
tures and dissolution pores (greater than 10μm)

(4) The change of the percentage of intercrystalline pores
has little relation to the porosity and connectivity.
While there is a strong correlation between micro-
fractures, dissolution pores, porosity, and especially
the connectivity. This kind of pores are the main
connection channels, so a little change of the main
connection channels will have a great effect on the
permeability of the tight sandstones
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