
Research Article
Mineral Composition and Full-Scale Pore Structure of
Qianjiadian Sandstone-Type Uranium Deposits:
Application for In Situ Leaching Mining

Qizhi Wang ,1,2 Xuanyu Liang,3,4,5 Wei Wang ,3,4,5 Qinghe Niu ,3,4,5 Jinyi Zhuo,3,4,5

Xuebin Su,6 Genmao Zhou,6 Lixin Zhao,6 Po Li,6 Wei Yuan,3,4,5 Jiangfang Chang,3,4,5

Zhongmin Ji,7 and Anye Su8

1School of Civil Engineering, Hebei University of Science and Technology, Shijiazhuang 050018, China
2Innovation Center of Disaster Prevention and Mitigation Technology for Geotechnical and Structural Systems of Hebei
Province (Preparation), Shijiazhuang 050018, China
3State Key Laboratory of Mechanical Behavior and System Safety of Traffic Engineering Structures, Shijiazhuang Tiedao University,
Shijiazhuang 050043, China
4Key Laboratory of Roads and Railway Engineering Safety Control (Shijiazhuang Tiedao University), Ministry of Education,
Shijiazhuang 050043, China
5Hebei Technology and Innovation Center on Safe and Efficient Mining of Metal Mines, Shijiazhuang 050043, China
6Department of In Situ Leaching Technology, Beijing Research Institute of Chemical Engineering and Metallurgy, Tongzhou District,
Beijing 101149, China
7School of Civil Engineering, Zhengzhou University of Technology, Zhengzhou 450044, China
8School of Military and Political Basic Education, National University of Defense Technology, Changsha 410073, China

Correspondence should be addressed to Wei Wang; wangweiuuu@163.com and Qinghe Niu; qinghniu@163.com

Received 4 June 2022; Revised 4 November 2022; Accepted 9 November 2022; Published 26 November 2022

Academic Editor: Ilaria Fuoco

Copyright © 2022 Qizhi Wang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In situ leaching (ISL) is becoming the main mining practice for sandstone-type uranium deposits in China. The key to ISL
technology is to aid the leaching solution in contacting the ore bed over a large range, which will induce a series of chemical
reactions to extract uranium; thus, it is essential to thoroughly understand the reservoir physical properties of uranium
deposits. Taking the Qianjiadian sandstone-type uranium deposits (southern Songliao Basin, China) as an example, the
mineral composition and pore structure of samples in different layers were measured using X-ray diffraction (XRD), thin
section analysis (TSA), low-temperature N2 adsorption (LTN2A), and mercury intrusion porosimetry (MIP), and their
influences on the ISL effect were analyzed. The results show that more than 65% of the minerals in the Qianjiadian uranium
deposits are felsic minerals, and the carbonate minerals, clay minerals, and augite are auxiliary minerals. The primary
intergranular pores, intergranular-dissolved pores, intragranular-dissolved pores, intercrystalline pores, and microfractures are
developed in uranium deposits with various lithologies to different degrees. The macropores (>1000 nm) and mesopores (100-
1000 nm) of medium sandstone, argillaceous sandstone, and siltstone are well developed; in contrast, the proportions of
micropores (<10 nm) and transition pores (10-100 nm) in coarse sandstone, fine sandstone, and sandy mudstone are quite
high. The heterogeneity of pores in uranium deposits of different lithologies is strong and influences the mineral composition
and its fabric mode. Coarse sandstone, fine sandstone, and sandy mudstone are favorable for ISL mining in Qianjiadian
uranium deposits because their permeability is above the required permeability threshold of ISL. The uranium deposits with
permeability below the threshold are recommended to adopt the blasting-enhanced permeability method to improve their
permeability for achieving large-scale and high-efficiency ISL mining. This study can provide guidance for the selection of
favorable ore beds for ISL mining and reservoir stimulation methods in low-permeability sandstone-type uranium deposits.
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1. Introduction

Uranium is not only an important strategic resource and
energy mineral but also a basic raw material used in the
nuclear industry. As reported by the International Atomic
Energy Agency (IAEA), 37.5% of world uranium deposits
belong to the sandstone-type and contain approximately
28% of world uranium resources [1]. Natural uranium is
widely developed around the world, including the central-
western USA (Colorado Plateau region, Wyoming, and
Texas), Central Asia (Uzbekistan and Kazakhstan), Africa
(Niger and Balkan), Australia, southeastern Russia, and
China [2]. With the development of mining technology,
the mining method of sandstone-type uranium deposits
has evolved from conventional open pit/underground min-
ing to in situ leaching (ISL) worldwide [3]. ISL mining
possesses many important operating advantages, including
minimal surface disturbance, lowered energy consumption,
fewer workers involved in the production, and safer operat-
ing conditions [4]. In China, uranium production only
accounts for about a quarter of the requirements [5], and
the import dependency on uranium resources continues to
rise under the “Dual Carbon” goals [6–8]. Accelerating the
development of natural uranium and improving the self-
sufficiency rate have become the top priority of nuclear
industry development in China, even though the available
uranium resources in China are primarily low-grade [9].

The efficiency of ISL is highly dependent on the perme-
ability of uranium deposits, as it facilitates more flow paths
for the leaching solution, increasing the contact surface area
with minerals [10–14]. It is, thus, essential to evaluate the
permeability of the sandstone-type uranium deposits before
the site selection of ISL. For the sandstone-type uranium
deposits, the pore structure is the place where solution flows
and chemical reactions occur. The pores in sandstone are
multiplex and can be divided into several categories [15],
which are controlled by the mineral components and
diagenesis [16]. Different types of pores have incongruent
shapes, connectivities, and pore size distributions, and the
heterogeneity of pores is increased [17–19]. Besides, the
gangue minerals in the uranium-bearing deposit are various,
the ISL process is thus more complex, and then a thorough
understanding of the mineral composition and pore struc-
ture characteristics is the basic premise for the efficient in
situ leaching of uranium.

Many analytical and testing methods have been adopted
to analyze the microscopic pore characteristics of porous
media and can be roughly divided into three categories: the
microscope observation method, fluid intrusion method,
and nondestructive detection method. The microscope
observation method mainly includes optical microscopy,
atomic force microscopy (AFM), and transmission electron
microscopy (TEM), which are usually used to analyze the
morphology, size, type, combination characteristics, the
roughness of pores, and micromechanical properties of
surfaces [20–22]. The fluid intrusion method is composed
of low-temperature CO2/N2 adsorption (LTCO2/N2A) and
mercury intrusion porosimetry (MIP), which are mostly
adopted to characterize the pore volume, specific surface

area, pore size distribution, and fractal characteristics
[23–27]. The nondestructive detection method mainly
involves small-angle X-ray/neutron scattering (SAXS/
SANS), low-field nuclear magnetic resonance (LFNMR)
and micro/nano-CT, which can quantitatively measure the
pore structure parameters and their three-dimensional dis-
tribution features [28–30]. Only by combining two or more
means the reservoir physical property of sandstone-type
uranium deposits can be accurately characterized.

In this paper, taking samples from Qianjiadian
sandstone-type uranium deposits, Songliao Basin, China as
an example, comprehensive analysis methods of X-ray
diffraction (XRD), thin section analysis (TSA), LTN2A, and
MIP are adopted to study the mineral composition and
full-scale pore structure of potential uranium-bearing sand-
stone, aiming to precisely evaluate the reservoir architecture
and analyze the effect of in situ leaching of uranium. This
work promotes further understanding of the reservoir struc-
ture of sandstone-type uranium deposits and provides some
help for the site selection and scheme optimization of ISL.

2. Geological Background

The Qianjiadian uranium deposit (Songliao Basin, northern
China) has the characteristics of low average grade, large
distribution area, considerable reserves, low cost of in situ
leaching, and pollution-free, which is of great industrial
value. As the only in situ leachable sandstone-type uranium
deposit in Songliao Basin [31], the CO2 + O2 in situ leaching
field test was performed in 2006, and then the industrial
production of CO2 + O2 in situ leaching started in six min-
able layers of Qianjiadian uranium deposit from 2009 [32].
The uranium ore-bearing beds in the Qianjiadian uranium
deposit are thus selected as the study object in this work.

The Songliao Basin is located in northeastern China
and covers an area of approximately 260 000 km2. It is a
Meso-Cenozoic composite sedimentary basin with a fault-
depression dual structure [33]. The Qianjiadian uranium
deposit is situated in the southwestern uplift of Songliao
Basin (Figure 1). The Qianjiadian depression is a narrow
strip in the NNE-NE direction, with a length of approxi-
mately 100 km, a width of approximately 9-10 km, and an
area of approximately 1300 km2. The Qianjiadian depression
experienced the Early Cretaceous fault depression, uplift/
denudation at the end of the Early Cretaceous, the Late
Cretaceous depression, and structural inversion.

The main exposed strata in this area are the Qingshankou
Formation (K2qn), Yaojia Formation (K2y), Nenjiang Forma-
tion (K2n), and Quaternary (Q). The Yaojia Formation is the
main ore-bearing strata in this area. The Qingshankou
Formation is a secondary ore-bearing strata (Figure 2). The
Yaojia Formation consists of red–gray fine sandstone depos-
ited in fluvial facies and a small amount of medium-coarse/
coarse sandstone, multilayer mudstones, and siltstone inter-
calation. The rock stratum is loose and mainly argillaceous
cementation, with low consolidation, good sorting, and weak
permeability. The thickness of mudstone intercalation varies
greatly, and the continuity of strike and dip is poor. The thin
mudstone is mostly gray and grayish-white, and the thick
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mudstone is mostly purplish-red. The exposed thickness of
the Yaojia Formation ranges from 181.20m to 214.20m, with
an average of 197.88m. The buried depth of the bottom of
the ore bed ranges from 311.30m to 455.00m, with an
average of 420.18m [35].

3. Methodology

3.1. Sample Collection. The ore rock cores were gathered
from the typical exploration borehole in Qianjiadian ura-
nium deposit drilled by the Beijing Research Institute of
Chemical Engineering and Metallurgy. The samples were
selected from six different ore-bearing layers. They were
first wrapped with fresh-keeping films immediately, then
delivered to the laboratory and stored in a constant tem-
perature/humidity box to prevent oxidation, and finally
numbered as CS, MS, FS, AS, SM, and SS, respectively
(Figure 3). The mineral particle average diameters of CS,
MS, FS, AS, SM, and SS are 0.56-0.88mm, 0.27-0.52mm,
0.12-0.22mm, 0.10-0.23mm, 0.13-0.20mm, and 0.06-
0.11mm; the clay mineral contents of AS and MS are

10.5% and 26.0% and far higher than other samples
(Table 1). Therefore, the samples of CS, MS, FS, AS, SM,
and SS are identified as coarse sandstone, medium sand-
stone, fine sandstone, argillaceous sandstone, sandy mud-
stone, and siltstone, respectively.

According to the sample requirements of XRD, LTN2A,
and MIP, the selected samples were ground into particle
samples with a diameter of<200μm, 0.18-0.25mm, and
2-6mm particles by a powder pulverizing machine.

3.2. Experimental Method. The mineral component identifi-
cation of the samples was conducted by an X-ray diffractom-
eter (Bruker D8 ADVANCE). Approximately 50 g samples
were ground by a fully automatic crusher, and 10 g of them
was screened by a sieve to obtain powder samples less than
300 mesh. Then, the prepared powder sample was placed
on the test instrument, and a copper X-ray tube operating
at 40 kV and 30mA was used with counts collected from 3°

to 90° in steps of 0.02° and at a speed of 3°/min to obtain
the scattering curve of the samples [37, 38]. After the test,
the mineral compositions were obtained by profile fitting
of the scattering curve.
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Figure 1: Tectonic units of the Songliao Basin (a) and spatial distribution of uranium ores in Qianjiadian uranium deposit (b) [34].
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The samples were cut and polished into thin sections
with a thickness of 0.03mm to conduct the petrographic thin
section observation and analysis by an optical microscope
(Axio Imager 2, ZEISS) under natural and polarized reflected
light. Then the pore morphology and category were identi-
fied and described by the microphotographs.

The mesopores and macropores were measured by an
AutoPore IV 9500 mercury intrusion porosimeter (Micro-
meritics) automated chemisorption apparatus. Particle sam-
ples (3 g) 3-6mm in size were prepared and dried in a
vacuum oven for 12 h at 110°C and then used to conduct
the MIP experiment. The raw MIP data of the samples were
measured in the pressure range between 0MPa and
228MPa. According to the Washburn equation based on a

cylindrical pore model, the mercury pressure (p) and the
pore radius (r) obey the following relationship [25]:

p = 2σ cos θ
r

, ð1Þ

where σ represents the surface tension of mercury (0.48N/m),
and θ represents the angle between the mercury and the solid
surface, 140°.

The transition pores and micropores were measured by a
chemisorption analyzer (Micromeritics AutoChem II 2920).
The sample was crushed and sieved into 60–80 mesh (0.18–
0.25mm) particles and dried in a vacuum oven for 12 h at
110°C. Then, the moisture-removed samples (3 g) were put

CS

SM

FS

AS

MS

SS

Figure 3: Images of the samples used in this paper.

Table 1: Analysis of mineral content and brittle index of samples.

Sample number Lithology Quartz
K-feldspar

(%)
Plagioclase

(%)
Calcite
(%)

Dolomite
(%)

Fe-dolomite
(%)

Clay minerals
(%)

Augite
(%)

CS Coarse sandstone 34.4 10.5 19.9 25.9 / 5.0 2.6 1.7

MS Middle sandstone 61.8 11.0 25.2 / / / 2.0 /

FS Fine sandstone 60.2 12.1 22.1 / / / 1.6 4.0

AS Argillaceous sandstone 49.6 11.2 15.6 4.3 8.8 / 10.5 /

SM Sandy mudstone 53.2 7.4 13.4 / / / 26.0 /

SS Siltstone 62.2 14.4 17.0 / / / 2.4 4.0
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into the instrument, and the LTN2A experiment was carried
out. The adsorption-desorption isotherms were measured at
a relative pressure (P/P0) range from 0.01 to 0.995. The
specific surface area (SSA) of the samples was obtained by
the Brunauer–Emmett–Teller (BET) theory, and the pore
volume (PV) and the pore size distribution (PSD) were
obtained by the Barrett–Joyner–Halenda (BJH) theory. The
BET and BJH models are as follows [39, 40]:

1
W P0/P − 1ð Þ = 1

WmC
+ C − 1
WmC

P0
P

� �
, ð2Þ

rm = 2γVm

RT ln P/P0ð Þ , ð3Þ

where W represents the weight of the adsorbate when its
pressure is equal to P; Wm represents the weight of gas
adsorbed at P0/P; and C represents the BET constant and
is related to the adsorption energy in the first adsorbed layer.
rm represents the pore size; γ represents the surface tension
of the adsorbate; and Vm represents the adsorbate volume.

4. Results

4.1. Mineral Composition Analysis. The XRD spectrograms
and mineral composition ternary diagram of samples are
shown in Figure 4. The mineral contents of the samples were
processed and calculated by Jade software. The results of the
mineralogical analysis of XRD are shown in Table 1. The
minerals of the Qianjiadian uranium deposit are composed
of felsic minerals (quartz, K-feldspar, and plagioclase),
carbonate minerals (calcite, dolomite, and Fe-dolomite), clay
minerals, and augite. The quartz content is the highest,
ranging from 34.4% to 62.2%, followed by the K-feldspar,
plagioclase, and clay minerals, which fall within the ranges
of 7.4%-14.4%, 13.4%-25.2% and 1.6%-26.0%, respectively.

The contents of calcite, dolomite, Fe-dolomite, and augite,
which are the auxiliary minerals of the samples [41], are
low or undetected. The essential minerals of these samples
are felsic minerals, which account for more than 65.0%. It
is worth noting that the calcite of coarse sandstone occupies
25.9% and the clay minerals of sandy mudstone occupy
26.0%, which are the minerals significantly affecting the
ISL process of uranium deposits.

4.2. Pore Morphology Characteristics. The optical observa-
tion results of thin sections show the different types of pores
developed in Qianjaidian sandstone-type uranium deposits
(Figure 5), which can be generally divided into five types:
primary intergranular pores, intergranular-dissolved pores,
intragranular-dissolved pores, intercrystalline pores, and
microfractures [42–45]. Primary intergranular pores are
residual pores between mineral grains under compaction
or cementation effects [46]; intergranular-dissolved pores
are formed in the grain edge, matrix, and cement under
the dissolution effect; intragranular-dissolved pores are
induced by the partial dissolution of feldspar and rock
debris; intercrystalline pores are the space between recrystal-
lized and cemented minerals; and microfractures are gener-
ated by geological tectonism and can cut through debris
particles and cements [47].

The primary intergranular pores are mainly developed in
the ore beds of the study area, which almost all can be seen
in the samples of this work. The primary intergranular pores
are formed during the diagenesis process, and their pore
morphology and size depend on the mineral particle size,
stacking mode, and cementation condition. Compared with
other pore types, primary intergranular pores often have
larger sizes and more irregular shapes (CS, MS, AS, SM,
and SS in Figure 6). The intergranular-dissolved pores pos-
sess a similar morphology with the primary intergranular
pores (FS and SM in Figure 6). The intragranular-dissolved
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pores are developed in the coarse sandstone and argillaceous
sandstone with small sizes and regular shapes (round or
oval), and they are basically isolated from each other and
have poor connectivity (CS and AS in Figures 6). The
intercrystalline pores are generally distributed between the
eroded particles and the rock debris particles (AS, SM, and
SS in Figures 6) [48], which usually show regular polyhe-
dral shapes [42]. The microfractures are mainly distributed
in coarse sandstone, middle sandstone, and siltstone with
strong penetration ability (CS, MS, SM, and SS in
Figures 6), which can link with more pores and improve
the pore connectivity and the seepage capacity of samples.
Therefore, the pore-fracture system is complex and diverse
and has various effects on the ISL of different ore beds.

4.3. Pore Structure Characteristics. Many pore classification
schemes have been used to characterize the pore structure
in porous media, including the International Union of Pure
and Applied Chemistry (IUPAC), the Hodot, and the FU
classification [49], which are mainly applied in the petro-
leum and natural gas extraction field; however, the classifica-
tion method for the pores of sandstone-type uranium
deposits is rare. According to the practice by Wang et al.
[50], the distribution range of pores in sandstone-type
uranium deposits is quite wide. The Hodot classification
method is adopted to conduct the following discussion,
which divided pores into four categories: micropores
(pore diameter < 10 nm), transition pores (10 nm < pore
diameter < 100 nm), mesopores (100 nm < pore diameter <
1000 nm), and macropores (pore diameter > 1000 nm).

4.3.1. Isothermal Curves Measured by LTN2A and MIP. The
adsorption-desorption isotherms of samples measured by
LTN2A are shown in Figure 5. The shapes of adsorption-
desorption curves of various samples exhibit disparate char-

acteristics. Both adsorption and desorption curves of sam-
ples are consistent when the relative pressure is lower than
0.5, while the hysteresis loops appear when the relative
pressure exceeds 0.5. According to the classification of
hysteresis loops by the IUPAC, the adsorption-desorption
hysteresis loops of samples CS and FS belong to the type
H2b; it indicates that the pores in these samples are the most
composed of ink bottle pores and slit pores [51–53], which
make the injected liquid N2 cannot be discharged smoothly;
the adsorption-desorption hysteresis loop of sample SM can
be classified as the type H3, meaning that the sample SM
contains more slit pores and plate pores with one end open;
these pores can quickly exhaust the injected liquid N2, but
there is a little residue; the adsorption-desorption hysteresis
loops of samples MS, AS, and SS can be categorized as the
type H4 [54], which demonstrates that the plate pores with
two ends open develop in these samples.

The mercury intrusion/extrusion curves of the samples
are shown in Figure 7. There exists a hysteresis loop of intru-
sion/extrusion curves for all samples, indicating that the
partially injected mercury cannot be exhausted when the
pressure is decreased. This inaccessibility means that some
of the mesopores and macropores also belong to the semi-
closed pores with weak connectivity, and thus the seepage
process in these pores is restricted and difficult. Moreover,
the pressure of the injected mercury is quite high and is
more likely to compress the pore skeleton and hinder the
extrusion of mercury [55], which is another cause for
explaining the hysteresis loop of intrusion/extrusion curves.

4.3.2. Pore Volume Distribution Measured by LTN2A and
MIP. The pore volume distribution of samples measured
by LTN2A is shown in Figure 8. The pore size distribution
also has obvious bimodal characteristics. The two peaks are
at the 1-2 nm and 2-4 nm sections, which belong to the
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micropore. The PV peak values of sandy mudstone are the
highest (0.0041 cm3/g and 0.0042 cm3/g), followed by coarse
sandstone and fine sandstone (0.0320-0.0340 cm3/g and
0.0250-0.0260 cm3/g). The PV peak values of medium sand-
stone, siltstone, and argillaceous sandstone are the smallest,
falling within the range of 0.0150-0.0160 cm3/g, 0.000084-
0.000085 cm3/g, and 0.00015-0.0016 cm3/g, respectively.
The total PVs of coarse sandstone, medium sandstone, fine
sandstone, argillaceous sandstone, sandy mudstone, and silt-
stone are 0.015652 cm3/g, 0.007149 cm3/g, 0.015901 cm3/g,
0.008956cm3/g, 0.011591cm3/g, and 0.007427cm3/g, respectively.

Except for the sandy mudstone, the overall pore size dis-
tribution of different rock samples measured by MIP shows
obvious bimodal characteristics (Figure 9), while the peak
distribution range of different lithologic samples varies.

The two peaks of coarse sandstone and fine sandstone
are between 10-50 nm and 10000-50000 nm, respectively.
The two peaks of medium sandstone, argillaceous sand-
stone, and siltstone are between 100-1000nm and 10000-
50000 nm, respectively. The pore size distribution of sandy
mudstone only has a single peak, and this peak is distrib-
uted near 300nm.

The total PVs of coarse sandstone, medium sandstone,
fine sandstone, argillaceous sandstone, sandy mudstone,
and siltstone are 0.1235 cm3/g, 0.1845 cm3/g, 0.1244 cm3/g,
0.1791 cm3/g, 0.0573 cm3/g, and 0.1836 cm3/g, respectively.
Among them, the pores in medium sandstone, argillaceous
sandstone, and siltstone are the most developed, followed
by the coarse sandstone and fine sandstone, while the pore
volume of sandy mudstone is the smallest.
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4.3.3. Specific Surface Area Distribution by LTN2A and MIP.
The SSA is also an important parameter to analyze the ISL
process because it determines the contact area of the
leaching solution and rock matrix [56]. The SSAs of pores
in samples measured by LTN2A and MIP are shown in
Figures 10 and 11. The SSA curves measured by LTN2A
show several peaks at the 1-5 nm and 20-100 nm pore size
sections, while the SSA in the 5-20 nm pore size section is
relatively stable. However, the SSA curves measured by
MIP gradually descend and tend to stabilize when the pore
diameter is larger than 100nm. The total SSAs of coarse
sandstone, middle sandstone, fine sandstone, argillaceous

sandstone, sandy mudstone, and siltstone measured by
LTN2A are 9.37m2/g, 4.14m2/g, 8.47m2/g, 4.23m2/g,
9.20m2/g, and 3.47m2/g, respectively, and those by MIP
are 6.85m2/g, 2.49m2/g, 5.89m2/g, 2.33m2/g, 2.37m2/g,
and 1.97m2/g, respectively. Apparently, the SSA of samples
measured by LTN2A is higher than that of measured by
MIP. This indicates that the small pores occupy the dom-
inant position in the SSA, the reason is that the number
of small pores is multitudinous and the shape is more
irregular [24].

5. Discussions

5.1. Proportion and Heterogeneity of Pores with Different
Sizes. It is valuable and meaningful to connect micropores
with macropores for deepening the understanding of pore
characteristics of full pore size distribution in samples [57].
Based on the research by Pan et al. [58], the data of samples
with a pore diameter of< 10 nm from LTN2A and those with
a pore diameter of> 10 nm were selected from MIP. The PV
proportions of different pore types in the samples are shown
in Figure 12. The PV proportions of macropores in coarse
sandstone, middle sandstone, fine sandstone, argillaceous
sandstone, and siltstone are 67.02%, 73.90%, 71.97%,
76.09%, and 74.67%. The PV proportions of micropores in
coarse sandstone, middle sandstone, fine sandstone, argilla-
ceous sandstone, and siltstone are 3.64%, 1.34%, 3.21%,
1.46%, and 4.12%, respectively. The PV proportions of tran-
sition pores and mesopores are in the middle. However, the
sandy mudstone shows significantly different characteristics,
which have more micropores, transition pores, mesopores,
and fewer macropores.

The heterogeneity of the pore structure also determines
the nonuniform distribution of SSA at different pore size
distributions. The SSA proportion of different pore types in
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samples is shown in Figure 13. The SSA proportions of
micropores and transition pores of coarse sandstone, fine
sandstone, and sandy mudstone are 93.10%, 97.07%, and
91.71%, while those of medium sandstone, argillaceous
sandstone, and siltstone are 87.40%, 86.14%, and 85.37%.
The contributions of micropore SSA and transition pore
SSA for the total SSA are all larger than 85%, thus the micro-
pores and transition pores dominate the SSA of samples.

As analyzed above, the pore structure is quite com-
plex in the samples. To describe the heterogeneity of
pores, the variation coefficients of PV and SSA are pro-
posed as follows [18]:

Cv =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1/nð Þ∑n

i−1 xi − �xð Þ
p

�x
,

Cs =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1/nð Þ∑n

i−1 yi − �yð Þ
p

�y
,

ð4Þ

where Cv and Cs are the variation coefficients of PV and
SSA, respectively; xi and yi are the PV and SSA of pore
type i, respectively; �x and �y are the mean PV and SSA,
respectively; and n is the number of pore types, n = 4.

The Cv of coarse sandstone, middle sandstone, fine sand-
stone, argillaceous sandstone, sandy mudstone, and siltstone
is 1.02, 1.15, 1.09, 1.71, 0.47, and 1.14, respectively, while the
Cs of coarse sandstone, middle sandstone, fine sandstone,
argillaceous sandstone, sandy mudstone, and siltstone is
1.95, 1.62, 3.00, 1.62, 2.18, and 1.58, respectively. Appar-
ently, the heterogeneity of SSA is stronger than that of PV,
indicating that the surface characteristics of various pore
types are widely different, as confirmed by the thin section
photographs. Additionally, the content of clay minerals also
influences the heterogeneity of pores. Table 1 shows that the
content of clay minerals in sandy mudstone is much larger
than that in other samples. Compared to sandstone particles,
the pores formed by clay mineral particles are numerous and
fragile. It is thus difficult for samples rich in clay minerals to
form mesopores and macropores, resulting in the fact that
the sandy mudstone possesses low Cv and high Cs.
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5.2. Permeability Characteristics in the Study Area. The per-
meability is the most direct parameter to evaluate the ISL
effect, regardless of the acid, alkali, or CO2 + O2 in situ leach-
ing [59, 60]. Because the pores are the main seepage paths of
primitive uranium deposits for leaching solution, the pore
structure is most strongly related to the seepage perfor-
mance. To characterize the relationship between the pore
structure and permeability, the Kozeny–Carman equation
is used [61]

k = φ3

f τS2r
, ð5Þ

where k is the permeability, m2; φ is the porosity; f is the
shape factor, ranging from 1.7 to 3; τ is the curvature; and
Sr is the SSA of the pore, m2/g.

The calculated permeability of the samples in this work
is shown in Table 2. The permeability values of coarse sand-
stone, middle sandstone, fine sandstone, argillaceous sand-
stone, sandy mudstone, and siltstone are 4:7 × 10−15 m2,
142:0 × 10−15 m2, 9:8 × 10−15 m2, 178:0 × 10−15 m2, 5:6 ×
10−15 m2, and 186:0 × 10−15 m2, respectively. The permeabil-
ities of middle sandstone, argillaceous sandstone, and
siltstone are approximately 14-40 times larger than those
of coarse sandstone, fine sandstone, and sandy mudstone.
The larger SSA of samples creates complex and rough
migration channels, which increases the seepage resistance
and reduces the permeability [62, 63].

Considering that the geological structures are not devel-
oped in the geological structure, the strata with different
lithologies are staggered superimposed, and the permeability
thus exhibits strong heterogeneity in the direction of vertical
formation [51, 64, 65]. ISL is a kind of fluidization mining
method for sandstone-type uranium deposits and has cer-
tain requirements for the permeability value of the ore bed.
Ji et al. [66] stated that 0.1m/d is the threshold of hydraulic
conductivity to judge whether a deposit is in the low per-
meability range. After converting the unit of hydraulic
conductivity into permeability, the permeability threshold
of the low permeability sandstone-type uranium deposit
is 118:7 × 10−15 m2. Therefore, it can be determined that
the permeabilities of medium sandstone, argillaceous sand-
stone, and siltstone are above the permeability threshold
and are appropriate for ISL, while the permeabilities of
coarse sandstone, fine sandstone, and sandy mudstone are
below the permeability threshold and the effect of ISL may
be satisfactory.

5.3. Analysis of the ISL Effect and Potential Enhanced ISL
Methods. During the ISL process, the permeability can also
be affected by the pore structure characteristics and mineral
composition. The influence of large pores on the permeabil-
ity and the uranium leaching rate is larger than that of small
pores [67]. The macropores and mesopores of medium
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sandstone, argillaceous sandstone, and siltstone are well
developed, which can provide an excellent flow and leach-
ing reaction space for the leaching solution. In contrast,
the proportions of micropores and transition pores in
coarse sandstone, fine sandstone, and sandy mudstone
are quite high. The structure of micropores and transition
pores is quite complex [68, 69], which will cause pores to
be more discontinuous. Additionally, the clay minerals of
argillaceous sandstone and sandy mudstone are abundant.
Both the water-swelling effect of clay minerals and the clay
particles stripped from the rock matrix can block the pore
throat in the ISL process, which is not conducive for the
seepage of the leaching solution. The calcite in coarse
sandstone can react with the H+ formed during the CO2
+ O2 ISL or acid ISL processes, and the generated dis-
solved pores can promote the porosity and pore connec-
tivity of uranium deposits, which is advantageous to the
ISL mining process.

The reservoir stimulation method may be a potential
option to achieve the large-scale and high-efficiency ISL of
uranium in this area. The chemical reservoir stimulation
injects the acid solution into the ore bed to dissolve the
soluble minerals and improve the permeability, which is
highly dependent on the mineral composition of the ore
bed, and the effect of enhanced ISL mining is limited [70].
Thus, physical reservoir stimulation methods have attracted
increasing attention.

Hydraulic fracturing is one of the mainstream physi-
cal reservoir stimulation methods; however, it mainly cre-
ates large-scale and single fractures [71] and is not
appropriate for enhanced ISL mining. Silva et al. [72]
proposed a method to induce fracture network propaga-
tion by the soundless cracking demolition agents
(SCDAs) for in situ leaching, while the expansion pres-
sure is within a few hundred MPa and the fracturing
range is within a few meters [73]; thus, the permeability
enhancement method by SCDA cannot meet the require-
ments of ISL. Yuan et al. [10–12, 74] proposed a
blasting-enhanced permeability method in low-
permeability sandstone-type uranium deposits. The rock
is cracked by the combined action of shock waves and
explosive gas, and the extension length of induced frac-
tures can reach more than ten meters, the blasting-
enhanced permeability method is a potential method to
realize the enhanced ISL mining. However, to conduct
enhanced ISL research, it is necessary to carry out

reformability evaluations and in situ reservoir stimulation
tests, which will be the focus of future research.

6. Conclusion

(1) Above 65% of minerals in Qianjiadian uranium
deposits are felsic minerals, and the carbonate min-
erals, clay minerals, and augite are auxiliary minerals.
The pore morphology in the samples is complex, and
the primary intergranular pores, intergranular-
dissolved pores, intragranular-dissolved pores, inter-
crystalline pores, and microfractures are developed
in uranium deposits with various lithologies to differ-
ent degrees

(2) The macropores and mesopores of medium sand-
stone, argillaceous sandstone, and siltstone are well
developed; in contrast, the proportions of micro-
pores and transition pores in coarse sandstone, fine
sandstone, and sandy mudstone are quite high.
Mesopores and macropores mainly contribute to
the PV, while micropores and transition pores dom-
inate the SSA. The variation coefficient can be used
to characterize the heterogeneity of pores, and the
heterogeneity of SSA is stronger than that of PV.
The heterogeneous structure of pores in uranium
deposits of different lithologies influences the min-
eral composition and fabric mode

(3) The permeabilities of medium sandstone, argilla-
ceous sandstone, and siltstone are approximately
14-40 times larger than those of coarse sandstone,
fine sandstone, and sandy mudstone. Coarse sand-
stone, fine sandstone, and sandy mudstone are
favorable for ISL mining in Qianjiadian uranium
deposits because their permeability is above the
required permeability threshold of ISL. The uranium
deposits with permeability below the threshold are
recommended to adopt the blasting-enhanced per-
meability method to improve their permeability
for achieving large-scale and high-efficiency ISL
mining

This study has clarified the mineral composition and
pore structure characteristics of ore beds with different
lithologies in Qianjiadian uranium deposits, which can pro-
vide guidance for the selection of favorable ore beds for ISL
mining, provide suggestions for the reservoir stimulation of
low permeability ore beds, and point out the direction for
developing ISL technology in low-permeability sandstone-
type uranium deposits.
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Table 2: The calculated permeability of the samples.

Sample ID φ (%) τ SSA (m2/g) Permeability (10-15m2)

CS 22.66 12.03 10.46 4.70

MS 31.55 8.77 3.83 142.00

FS 22.24 3.45 13.58 9.80

AS 32.02 7.16 3.88 178.00

SM 18.20 5.53 10.62 5.60

SS 30.74 6.48 3.76 186.00
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