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Abstract In the process of in situ leaching of uranium, the

microstructure controls and influences the flow distribu-

tion, percolation characteristics, and reaction mechanism of

lixivium in the pores of reservoir rocks and directly affects

the leaching of useful components. In this study, the pore

throat, pore size distribution, and mineral composition of

low-permeability uranium-bearing sandstone were quanti-

tatively analyzed by high pressure mercury injection,

nuclear magnetic resonance, X-ray diffraction, and wave-

length-dispersive X-ray fluorescence. The distribution

characteristics of pores and minerals in the samples were

qualitatively analyzed using energy-dispersive scanning

electron microscopy and multi-resolution CT images.

Image registration with the landmarks algorithm provided

by FEI Avizo was used to accurately match the CT images

with different resolutions. The multi-scale and multi-min-

eral digital core model of low-permeability uranium-bear-

ing sandstone is reconstructed through pore segmentation

and mineral segmentation of fusion core scanning images.

The results show that the pore structure of low-perme-

ability uranium-bearing sandstone is complex and has

multi-scale and multi-crossing characteristics. The inter-

granular pores determine the main seepage channel in the

pore space, and the secondary pores have poor connectivity

with other pores. Pyrite and coffinite are isolated from the

connected pores and surrounded by a large number of clay

minerals and ankerite cements, which increases the diffi-

culty of uranium leaching. Clays and a large amount of

ankerite cement are filled in the primary and secondary

pores and pore throats of the low-permeability uranium-

bearing sandstone, which significantly reduces the porosity

of the movable fluid and results in low overall permeability

of the cores. The multi-scale and multi-mineral digital core

proposed in this study provides a basis for characterizing

macroscopic and microscopic pore-throat structures and

mineral distributions of low-permeability uranium-bearing

sandstone and can better understand the seepage

characteristics.
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1 Introduction

The in situ leaching process of sandstone uranium ore

can be regarded as the flow process of lixivium in the

connected pores of reservoir rocks. The uranium stored in

the rock minerals is dissolved into the lixivium under the

action of a chemical solution and then migrates out from

the surface of the rock pores with the leachate [1, 2]. The

mineral components in uranium-bearing sandstones pro-

vide the material basis for pore formation and evolution

and directly control the quality of reservoirs [3, 4]. The

microstructure of uranium ore rocks and the connectivity of
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pores have an important impact on lixivium transport.

Microscopic study of the mineral and pore distribution

characteristics of uranium-bearing sandstone is of great

significance. A large number of successful studies of

microstructure of reservoir rocks have been performed

worldwide. The research methods can be summarized into

three categories: experimental data analysis technology,

image analysis technology, and digital core technology [5].

The experimental data analysis techniques for the

microscopic pore structure of reservoir rock mainly include

high pressure mercury injection (HPMI), constant-speed

mercury injection (CRMI), nuclear magnetic resonance

(NMR), gas adsorption, and neutron small angle scattering

(SANS) experiments. The throat size of a certain level of

rock and the distribution of the pore throat volume con-

trolled by the corresponding throat can be obtained through

the HPMI experiment, which is the main method to mea-

sure the capillary pressure of rocks. However, due to the

limitation of mercury injection pressure, it cannot fully

reflect the reservoir pore space [6, 7]. NMR transforms the

T2 spectrum of nuclear magnetic resonance into the dis-

tribution curve of pore radius, which can be used to eval-

uate the pore structure of cores and characterize the pore

size distribution at multi-scales, but it cannot obtain the

seepage capacity of reservoir rocks [8, 9]. X-ray diffraction

(XRD) and X-ray fluorescence (XRF) tests are conven-

tional quantitative analysis methods for minerals in geo-

logical research [10, 11]. However, these methods cannot

analyze the morphology characteristics of minerals and

only quantitatively analyze their content.

Image analysis techniques collect images of core sec-

tions through high-resolution instruments and facilitate

qualitative analysis of the mineral morphology, and pore

and throat size distribution and connectivity in rocks. The

image analysis techniques of reservoir rock microstructure

include cast thin sections, scanning electron microscopy

(SEM), micro/nano-CT scanning, and focused ion beam

SEM (FIB-SEM). As a low-cost two-dimensional (2D)

imaging technology with high resolution that can detect

nanopores, SEM is widely used in the analysis of micro-

scopic pore structure and mineral characteristics of reser-

voir rocks [12, 13]. The SEM images combined with

energy spectrometer, elemental scanning analyzer, and

cathode luminescence measurements can identify mineral

types and generate mineral distribution diagrams. By

means of energy-dispersive scanning electron microscopy

(EDS–SEM), the morphological characteristics, pore types,

genesis, output, and occurrence of various minerals on the

microscopic scale can be studied [14–16]. Compared with

the cast thin sections and SEM, micro/nano-CT scanning

has the advantages of nondestructive measurement, intu-

itive measurement results, and accurate description of

spatial characteristics of microstructure, which is widely

used in the construction of various rock digital cores and

pore network models [17–19]. FIB-SEM can observe the

distribution and connectivity of nanopores of unconven-

tional tight rocks such as natural gas shale and fine sand-

stone more clearly. However, it is not widely used owing to

the high cost of sample preparation and limited scope of

observation [20, 21].

Digital core technologies obtain the microstructure

characteristics of rocks without destroying the real cores by

using various microimaging techniques. On this basis,

various algorithms are used to construct three-dimensional

(3D) digital core models of rocks [22, 23]. The combina-

tion of the reconstructed digital core and multi-field cou-

pling finite element technologies is used widely for fluid

seepage simulation of rock–fluid systems, which can real-

ize data visualization at the pore level and deepen the

understanding of various flow mechanisms [24–29]. Digital

petrophysics experiments can not only be verified by lab-

oratory experiments, but can also explain petrophysics and

chemistry experiments from a microscopic perspective,

which can replace laboratory experiments when appropri-

ate samples cannot be obtained [30–32]. Numerical simu-

lation of petrophysics based on digital core technologies

has become an important means of petrophysics research.

However, the core size is small and the representative

volume cannot be obtained when the resolution of the

micro-CT scan is high. In addition, micro-CT scanning has

the disadvantage of not characterizing the mineral com-

position information, which is very important for physic-

ochemical seepage simulation of reservoir rocks [33].

Therefore, it is necessary to describe the core structure

using several methods.

Image fusion refers to the process in which images of

the same scene obtained by different instruments or the

same scene obtained by the same instrument at different

times are de-noised, time registered, spatially registered, or

resampled by some mathematical algorithm to obtain a

higher quality synthetic image [34, 35]. It can overcome

the existence of single sensor image in geometry, spectrum,

and spatial resolution limitations and differences. Multi-

resolution image fusion for reservoir microstructure anal-

ysis is currently a hot research topic [18]. For example,

Markussen et al. [36] analyzed the pore distribution and the

connectivity between pore and throat by using dry/wet

difference mapping CT scan method and discussed the

influence of carbonate cementation on porosity and pore-

throat characteristics. According to the registration of 2D-

to-3D images, the nanoscale data in 2D slices can be

directly related to the microscale features in 3D images

[37, 38]. Combining micro-CT with SEM images can

improve information on microporosity and microstructure

of analyzed samples, and the mineral information in CT

image can be recognized to allow the visualization of
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spatial distribution of different mineral phases based on

automated mineralogy mapping by SEM–EDS [14]. Liu

et al. [39] established multi-mineral digital core of tight

sandstone by using SEM–EDS combined with CT images

and analyzed different pore types and their connectivity in

tight sandstone by using expansion algorithm. Based on the

superposition method, Lin et al. [40] reconstructed the

double pore 3D digital cores of carbonate rocks by using

micro-CT combined with SEM images and analyzed its

seepage characteristics by lattice Boltzmann method.

The low permeability of uranium ores is one of the key

factors restricting the successful production of in situ

leaching of sandstone-type uranium deposits. Low-perme-

ability uranium-bearing sandstone forms different pore

types under geological and sedimentary processes, and the

pore structure is complex [41, 42]. At the same time, its

internal mineral composition changes greatly, while dif-

ferent mineral compositions and structures have different

physicochemical properties, which have an important

influence on the seepage of lixivium [43]. At present,

studies on in situ leaching solute transport in uranium ore

are rarely carried out from a microperspective [44]. In this

study, the microstructure characteristics of low-perme-

ability uranium-bearing sandstone were studied using

comprehensive testing methods. The low-permeability

uranium-bearing sandstone cores were scanned by med-

ium- and high-resolution micro-CT, and the core surface

was tested by EDS–SEM. The feature-based image regis-

tration method is used to accurately match CT images with

different resolutions in the Avizo software. The low-per-

meability uranium-bearing digital core model was estab-

lished after pore segmentation and mineral segmentation

on fusion CT images by K-means clustering segmentation

and the watershed segmentation method combined with

EDS–SEM images. It is expected to provide a deep

understanding of the microstructural characteristics of low-

permeability uranium-bearing sandstone and provide a

model basis for the subsequent study of the influence of

pore structure and mineral distribution on the seepage

characteristics of lixivium.

2 Samples and experimental methods

2.1 Sample source and collection

The Monchgur uranium deposit is from the interlayer

oxidation zone of the Middle–lower Jurassic Shuixigou

group zone sandstone-type rolled uranium deposit located

in the southern margin of the Yili Basin, Xinjiang, China.

The hydraulic conductivity of the entire ore-bearing aquifer

is less than 0.5 m/d, which belongs to the low-permeability

ore body type. The uranium deposit has a special structure

and hydrodynamic conditions. At the same time, the sand

bodies of the Sangonghe Formation are the best developed

in the southern margin of the Yili Basin with good litho-

facies and lithologic conditions, which is conducive to the

infiltration of oxidation fluid and the formation of uranium

ore bodies [2]. Therefore, two representative sandstone

samples from the upper member of the Sangonghe For-

mation are selected in this study. The selected samples

belong to gray medium sandstone, which is mainly

Fig. 1 (Color online) Geological Sketch map of Monchgur region

[45]. (1) Quaternary loose deposits; (2) Middle–lower Jurassic

Shuixigou group gray conglomerate, sandstone and siltstone; (3)

Middle–upper Triassic Xiaoqungou group gray and variegated

glutenite and mudstone; (4) carboniferous moderate-acidic volcanic

rocks; (5) regional fault; (6) overfault; (7) thrust fault; (8) predicted

fault; (9) strike-slip fault; (10) boundary of the basin; (11) River
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composed of medium-grained sand chips with loose

structure. After oxidation and hydrolysis, it is in the shape

of ‘‘bean curd residue’’ (Figs. 1–3; Table 1).

Fig. 3 (Color online) Medium-coarse uranium-bearing sandstone

rock samples. a S1, 65 mm 9 43 mm 9 32 mm; b S7, 59–39 mm

Table 1 Sample information of

low-permeability uranium-

bearing sandstone

Sample number Well number Sampling depth (m) Porositya (%) Lithology

S1 J5 429.3 16.39 Grayish white medium sandstone

S7 J9 425.9 12.38 Grayish white medium sandstone

aPorosity was measured by the MIP method

Fig. 2 (Color online) Sedimentary microfacies of the Lower Jurassic Sangonghe Formation [2]
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2.2 Experimental methods

2.2.1 HPMI testing

HPMI is one of the most commonly used experimental

techniques to measure pore throat size distribution and

effective porosity. Based on the mercury injection method,

the lower limit of fluid flow, throat, and its connected pore

volume can be quantitatively evaluated, which is helpful

for understanding the law of fluid seepage [46]. An Auto-

pore IV 9500 pore analyzer was used in this HPMI

experiment. The test pressure ranges from 0.1 Psia to

33,000 Psia, and the measured pore throat diameter ranges

from 360 lm to 5 nm.

The pore throats are assumed to be connected capillary

tubes of different diameters, and the permeability of the

pore throat of radius rj is [47, 48]

kj ¼
/j

8
r2j ; ð1Þ

where kj represents the permeability of the pore throat with

radius rj and [j is the ratio of the volume of the pore throat

with radius rj to the total pore volume.

The core permeability contribution rate corresponding to

a certain radius of the pore throat is characterized by

kj
k
¼ /jr

2
j =

XN

i

/ir
2
i : ð2Þ

2.2.2 NMR testing

NMR experiments transform the T2 spectrum of nuclear

magnetic resonance into the distribution curve of the pore

radius, which can be used to evaluate the pore structure of

cores and characterize the pore size distribution at multiple

scales [46]. NMR experiments were carried out on the

MacroMR12-150H-I core nondestructive and microcosmic

testing imaging and analysis system.

2.2.3 XRD testing

XRD can obtain information on the mineral composi-

tion, crystal structure, or morphology, through the

diffraction patterns of samples, so as to quickly and

accurately identify the minerals of ore rocks. A represen-

tative portion of the samples (approximately 10 g) was

crushed and ground into powder (particle size\ 0.2 mm),

and the main minerals in the sample were analyzed using a

Bruker D8 Advance X-ray diffractometer. The Jade6.0

software was used to analyze the phases of the XRD pat-

terns. After peak division, background value deduction,

and smoothing treatment, combined with the geological

background of the study area, the phase compositions were

retrieved using standard PDF reference cards.

2.2.4 WD-XRF testing

Wavelength-dispersive X-ray fluorescence spectrometer

is a type of spectrometer that uses crystal spectrum. It is

widely used in the determination of various elements and

oxides in geological studies. The WD-XRF spectrometer

Axios MAX was used for the quantitative analysis of

mineral elements in solid disk samples with a diameter of

38 mm and a thickness of 10 mm.

2.2.5 SEM–EDS experiment

SEM–EDS can automatically identify the mineralogy of

each image pixel according to the detected element spectrum

with the known chemical compositions and generate a min-

eral distribution map [31, 39]. The surfaces of the samples

were gently polished with 1000, 2000, and 4000 grade pol-

ishing paper and then polished to 0.5 lm in a silicon solution.

The samples were ultrasonically cleaned in water to remove

any silica-like material during polishing and drying. In order

to improve the conductivity of the samples under an electron

beam, several nanometers of amorphous carbonwas sputtered

on the surface of the samples.

SEM–EDS experiments were carried out on an FEI

SciosTM system, which is equipped with secondary and

backscatter electron detectors and silicon drift detectors of

the Oxford instrument for EDS. By adjusting the scanning

voltage, it was found that the contrast of the SEM images

was good at 10 kV, so 10 kV was selected to scan the end

face of the sandstone sample in this study. The spot size of

the scanning electron microscope image was 10 nm and the

working distance was 6.8 mm. EDS mapping images of the

same surface were also obtained using AZtec software.

2.2.6 Multi-resolution CT scans

Micro-CT scans are based on the different X-ray

absorption coefficients of different density components in

the rock, and the computer image reconstruction is used to

make the material information of different densities on the

designated layer displayed in high-resolution digital ima-

ges. The low-permeability uranium-bearing sandstone used

in this study is easily damaged when sampling with a drill

bit because of its low mechanical strength, so the rock

sample is embedded in epoxy resin to ensure the strength.

Then, samples of 15 mm 9 15 mm 9 20 mm and

1.5–1 mm microplugs were drilled by bits of different

sizes. Micro-CT scans were performed on the nanoVoxel-

2000 X-ray CT scanner system produced by Sanying Pre-

cision Instrument Co., Ltd. (Tianjin, China), which has a
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maximum resolution of 0.5 lm. The basic sample size used

for the entire study was rectangular samples of 15 mm 9

15 mm 9 20 mm. First, the basic samples were scanned

by micro-CT with medium resolution (12.58 lm) to

observe the overall structure and internal porosity.

According to the medium-resolution CT scan results, the

volume of interest (VOI) was then selected for further

imaging. The locations of the subsamples (1.5–1 mm) were

marked and extracted from the basic cores and scanned at a

higher resolution (1 lm) to study the finer pore structure.

Table 2 shows the settings of the scanning parameters of

the micro-CT equipment at different resolutions.

3 Results

3.1 Mineral characteristics of low-permeability

uranium-bearing sandstone

3.1.1 Mineral composition and chemical constituents

XRD combined with XRF analysis can improve the

accuracy of mineral composition identification. XRD

analysis of the samples (Fig. 4) shows that the main min-

erals in the samples are quartz, ankerite, feldspar, and

calcite, followed by clay minerals such as kaolin, illite, and

chlorite, and a small amount of metal minerals (owing to

the small content, it is not shown in the figure), such as

pyrite, rutile, and sphalerite. Clay minerals mainly include

kaolinite, illite, and chlorite. Kaolinite is the most

developed, followed by chlorite and illite, which reflects

the dissolution of feldspar during diagenesis and

mineralization.

The results of petrochemistry analysis of low-perme-

ability uranium-bearing sandstone are shown in Table 3.

The K2O ? Na2O content of the ore-bearing rock samples

ranges from 2.88% to 3.30%, and the K2O/Na2O value is

greater than 1, which indicates that the feldspar clasts in the

sandstone are mainly K-feldspar.
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Fig. 4 XRD analysis of low-

permeability uranium-bearing

sandstone. a Histogram of

minerals relative contents;

b histogram of clay minerals

relative contents

Table 3 XRF analysis of low-permeability uranium-bearing

sandstone

Compound Content (%) Compound Content (%)

S1 S2 S1 S2

SiO2 45.047 53.865 Cl 0.041 0.039

CaO 25.178 19.387 U 0.036 0.031

Al2O3 18.623 16.495 Mo 0.019 0.008

Fe2O3 6.875 4.110 Tb4O7 0.025 0.030

K2O 3.290 2.759 Cr2O3 0.022 0.032

MnO 0.552 0.714 Na2O 0.0141 0.019

MgO 0.531 0.881 SrO 0.013 0.016

SO3 0.248 0.619 Rb2O 0.013 0.014

TiO2 0.239 0.398 ZrO2 0.013 0.017

P2O5 0.214 0.491 ZnO 0.011 0.013

CeO2 0.046 0.057 Y2O3 0.003 0.004

Table 2 Setting of scanning parameters of micro-CT

Sample Dimension (mm) Resolution (lm) Voltage (kV) Electric current (uA) Exposure time (s)

Model 15 mm 9 15 mm 9 20 mm 12.58 150 150 0.65

Reference 1.5–1 mm 1 80 60 0.7
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3.1.2 Mineral distribution characteristics

The mineral and pore distribution images of the polished

faces were obtained using EDS–SEM analysis. EDS map-

ping analysis showed the distribution of Si, Al, Ca, Mg, O,

C, K, and S (Fig. 5). It can be seen that the main inter-

granular pores in the rock sample are mainly filled with

clays (Al ? Si ? Mg), while quartz (Si ? O), dolomite

(Ca ? Mg ? C), K-feldspar (Si ? Al ? K), and other

particles that constitute the rock sample skeleton are cov-

ered with many clays. According to the mineralogical

composition and mass fraction in Fig. 5, it can be seen that

the relative content of ankerite and dolomite is high, while

the relative content of calcite is low, which indicates that

there is significant dissolution and metasomatism in the

diagenesis of low-permeability uranium-bearing sandstone

reservoir [41].

Fig. 5 (Color online) EDS spectrum and map captured from low-permeability uranium-bearing sandstone
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3.1.3 Occurrence state of uranium

Under the SEM, uranium minerals are mostly bright

white, and the particles are small and scattered in the rock

minerals. In addition, coffinite often coexists with pyrite

and disperses in sandstone cements in clumps (Fig. 6a).

The BSE image shows that the irregular pyrite grains are

mainly distributed around clastic quartz and rock debris,

while star point pyrite is mainly distributed in cement and

clay minerals (Fig. 6a). Due to the strong adsorption of

clay minerals, coffinite is absorbed by clay minerals and

then precipitated around the clay membrane or in clay

minerals (Fig. 6b). Coffinite also exists on the surface of

pyrite and in intergranular pores (Fig. 6c). Moreover, some

intact coffinite occurs in the middle of clastic grains such as

feldspar, which should be carried from the provenance area

(Fig. 6d).

3.2 Pore structure characteristics of low-

permeability uranium-bearing sandstone

3.2.1 Pore structure types

The pore types and genesis of low-permeability ura-

nium-bearing sandstone were analyzed by micro-CT

scanning and SEM. It can be seen that there are four main

pore types in the cores of low-permeability uranium-bear-

ing sandstone, which include intergranular pores, intra-

granular dissolution pores, intercrystalline micropores, and

micro fractures, as shown in Fig. 7. Among them, inter-

granular pores mainly include intergranular pores of

detrital minerals and intergranular dissolution pores. The

number of intergranular pores of clastic minerals is small,

but the spatial scale is relatively large, and most of them

are in the shape of narrow triangles or multilateral shapes

with smooth straight edges (Fig. 7a). The intergranular

pores of clastic minerals were altered by diagenesis, such

as mechanical compaction or cemented filling of clay

minerals, resulting in a large number of micro–nanoscale

intergranular dissolution pores (Fig. 7b). The dissolution

pores are mainly secondary pores produced by carbonate

particles, feldspar particles, and interstitials (kaolinite,

chlorite) formed by dissolution. Dissolution pores within

the grains are widely developed and have irregular pore

surfaces with diameters ranging from a few nanometers to

a few microns (Fig. 7c, d, e). Intergranular micropores are

mostly formed by authigenic minerals and clay minerals in

rocks (Fig. 7f, g) with small pore diameters. Micro frac-

tures mainly exist in carbonate minerals and are formed by

dissolution as well as brittle mineral fracture and clay

mineral shrinkage (Fig. 7h, i) with a width of less than ten

nanometers and up to several hundred microns. The exis-

tence of micro fractures enhances the connectivity of

reservoir pores, increases the permeability, and plays an

important role in the drainage of the solution. In summary,

it can be seen that in the samples, even the same mineral

may contain multiple pore types. The pore structure of low-

Fig. 6 (Color online) BSE

images of uranium in low-

permeability uranium-bearing

sandstone. a Coffinite and pyrite

in carbonate cements;

b coffinite precipitate in residual

intergranular pores of clay

minerals and sandstone

interstitial materials; c coffinite

adsorption on pyrite surface;

d coffinite occurs in the

interstitial materials of quartz

and feldspar. Qtz quartz; Cly
clay mineral; CC carbonate

cement; Fsp feldspar; Cal
calcite; Py pyrite; Cof coffinite;
Org organic
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permeability uranium-bearing sandstone is complex and

has multi-scale characteristics.

3.2.2 Pore throat size distribution analysis by MIP

The MICP data show that the pore throat sizes of low-

permeability uranium-bearing sandstone vary from mil-

limeter to micrometer. According to the diameter, the term

‘‘micropore throat’’ is applied to pore throat sizes less than

1 lm, ‘‘mesopore throat’’ is the term applied to pore throat

sizes less than 10 lm, and ‘‘macro pore throat’’ is the term

applied to pore throat sizes greater than 10 lm [49, 50].

Based on the statistics of the influence of different pore-

throat sizes on the permeability of the samples, it was

found that the contribution of permeability of the samples

mainly comes from the large throat (99.51%), and it can be

inferred that the large pore throat has good connectivity

(Fig. 8).

Fig. 7 (Color online) Representation of the typical pore types in low-

permeability uranium-bearing sandstone: a intergranular pore of

clastic minerals, CT; b intergranular dissolution pores between quartz

and kaolinite, BSE; c intragranular pores formed by dolomite

dissolution, BSE; d intragranular dissolution pores formed by feldspar

dissolution, BSE; e intragranular dissolution pores formed by

kaolinite dissolution, BSE; f intercrystalline pores in kaolinite,

SEM; g intercrystalline pores in pyrite, BSE; h micro fractures

formed by brittle mineral fracture, BSE; i microfractures formed by

shrinkage of clay minerals, BSE
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3.2.3 Pore size distribution analysis by NMR

The NMR test results of the samples were converted into

pore diameter distributions, as shown in Fig. 9. The pore

diameter of the samples is in the range of 50–300 lm.

Although the seepage ability of micropores is small, the

pore volumes of the nanopores and micropores are larger.

The micropores are not easily wetted and permeated by the

lixivium, which limits the free flow and permeability of the

lixivium in its interior. Moreover, the influence of clay

minerals on porosity and pore flow capacity cannot be

ignored when clay minerals disperse into fine particles

along with the flow of lixivium and block micropores.

3.3 Construction and evaluation of low-

permeability uranium-bearing sandstone digital

core

In this study, the CT data were analyzed using the 3D

visualization software Avizo 9.0.3. First, the contrast of the

CT images is adjusted and the signal-to-noise ratio is

boosted by a non-local means filter, so as to optimize the

images into a mode that is more suitable for identification

and analysis. According to the X-ray attenuation charac-

teristics of different minerals, the mineral phases whose

gray values differ greatly can be directly identified from the

tomographic images [12, 14]. For example, the high den-

sity pyrite is bright white in the CT image. The clay

minerals, quartz, and feldspar can be identified because of

the large difference in gray values. It can be seen that the
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Fig. 8 (Color online) MICP pore throat size distribution: a S1; b S2
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medium-resolution CT scan is helpful for obtaining a basic

understanding of the internal structure of rocks over a large

range (Fig. 10a). For example, there is a large amount of

carbonate cements and clay minerals that may have a great

influence on the total porosity and permeability in low-

permeability uranium-bearing sandstone. High-resolution

CT images can identify micropores and obtain better image

quality (Fig. 10b). At the same time, the correlation

between quartz particles, feldspar, and clay minerals is

significant in the high-resolution images, which is con-

ducive to separating minerals from the skeleton. In order to

establish a digital core model that can accurately reflect the

pore structure characteristics of reservoir rocks, two types

of resolution CT images can be registered in space to find

the corresponding position of the subsample image in the

plunger sample image and form multi-scale core scanning

images.

3.3.1 Image registration

Image registration is a necessary preliminary procedure

for multi-image fusion. The feature-based image registra-

tion method uses the feature points of the image to achieve

image registration. Firstly, the interested image features are

detected by the feature extraction operator. Secondly, the

feature matching algorithm is used to select the feature

pairs with matching relationships in the corresponding

feature set of two images. Then, the transformation model

between images is calculated by using the coordinate

relationship between pairs feature parameters to achieve

image registration [51]. The main goal of spatial registra-

tion of different resolution 3D CT images is to align and

overlap the two-image data into the same coordinate

system.

In this study, registration with the landmarks algorithm

provided by FEI Avizo was used to register CT images of

low-permeability uranium-bearing sandstone with different

resolutions. In registration, typically a low-resolution CT

image data set is taken as the reference, and the model of

high-resolution CT image data sets is transformed, moved,

and possibly rescaled, until both data sets match. Accord-

ing to the location of the pre-marked subsample, the con-

verter of the Transform Editor was used to translate, rotate,

and scale the reference image, so that the model image was

roughly aligned with the reference image. Landmark sets

were then artificially selected and created to calculate the

transformation equation matching the landmark sets. Using

the Tcl command in Avizo console, the numerical values of

the registration transformation can be retrieved. Owing to

the distortion of the image in the process of sampling, the

simple rigid body transform algorithm cannot satisfy the

registration of the images. Therefore, the Bookstein image

distortion algorithm was used to register the images fine.

The points in the transformed group (model) were forced to

fit to the reference points, and all image points in between

were shifted by using the correlation of the surrounding

points to achieve the best image registration [14, 52]. After

verification and confirmation of overlapping known fea-

tures, the registration is successful, and features (texture,

crack, void) with the same coordinates are found on the

final registered image (Fig. 11c, d).

3.3.2 Pore segmentation

After fusion, CT images have both high- and low-res-

olution image data. For medium-resolution CT images,

owing to the serious marginal fuzzy effect of pores and

skeletons, they cannot be simply divided by the binary

method [53]. The K-means method is a purely stochastic

technique that estimates Gmin and Gmax based only on the

gray-level distribution of the 3D microtomography images

[24, 54]. Using the two threshold levels Gmin and Gmax

estimated by the K-means algorithm, the gray level of the

CT image can be divided into three segments: pores,

Fig. 10 (Color online) CT scan

results of low-permeability

uranium-bearing sandstone

cores at different resolutions.

a 2D slice from medium

resolution CT scan voxel size:

12.58 lm. b 2D slice from high

resolution CT scan, voxel size:

1 lm. Qtz quartz; Cly clay

mineral; Fsp feldspar; Dol
dolomite; Ank ankerite; Kaol
kaolinite
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skeleton, and unresolved pores. The linear function of the

porosity and probability distribution function of the

grayscale of CT images with different resolutions are

shown in Fig. 12. By calculating the Gmin and Gmax of the

high-resolution voxel corresponding to the low-resolution

voxel, and changing the gray value of Gmin of the low-

resolution CT image, although the pores and skeletons

cannot be completely accurately divided, the overlapped

gray levels in the low-resolution CT image can be better

segmented and the pore characteristics of diameter greater

than 1 lm in the high-resolution CT image can be fused

[16]. Indeed, the contribution of the macro throat

([ 10 lm) to the permeability of the sample in this test is

dominant, and that of the micro throat (\ 1 lm) can almost

be ignored, so the digital core pore model established after

integrating the pores of the high-resolution CT image

meets the reliability of the next permeability simulation

analysis.

Finally, the three-dimensional digital core pore model of

the plunger sample is obtained, as shown in Fig. 13. It can

be seen from Fig. 8b that the pore connectivity in the

medium-resolution CT image has been significantly

improved after the fusion of the pores identified by the high

resolution.

3.3.3 Skeleton segmentation

Owing to the blurring of edges caused by noise and

volume effects in the process of image acquisition and

reconstruction, the commonly used simple threshold seg-

mentation method often produces inaccurate or even wrong

segmentation results, especially in the phase transition

region where more than two phases are segmented.

Watershed segmentation can effectively solve these prob-

lems in many cases. The principle and operation of

watershed segmentation are introduced in detail in [36, 45],

which will not be repeated here. However, watershed

segmentation is prone to undersegmentation or overseg-

mentation, and the segmentation results usually have some

errors with the measured values.

BSE images have the advantages: high resolution, clear

microscopic component morphology, and those can be

combined with energy spectrum analysis (EDS) to identify

Fig. 13 (Color online) Pore segmentation results of low-resolution

image: a medium-resolution CT image; b the segmentation result of

medium-resolution CT images combined with high-resolution CT

segmentation threshold, black represents the pores obtained from

conventional binary segmentation, and green represents the pores

after fusing the segmentation threshold Gmin of high-resolution CT

image

Fig. 11 (Color online) 3D-to-3D image registration: a registration

surface of medium-resolution CT; b registration surface of high-

resolution CT, yellow curves indicate possible points for landmarks

(A, A0 and B, B0); c 2D registration of cross sections between core and

sub-sample, red curve indicates the landmarks of the core and sub-

sample, b, d 3D registration between sub-sample and core
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minerals. At the same time, the gray value of the SEM

image pixels is related to the density of rock samples, so it

can be used to verify the distribution of gray values of

different mineral components in CT images [38, 55, 56]. In

this study, SEM images, EDS spectra, and maps were used

to calibrate the threshold segmentation of different com-

ponents of the CT image. The SEM image obtained in this

study is an eight-bit grayscale image. The histogram tool in

ImageJ software was used to quantitatively count the gray

range of each component in the sample, and the average

value was obtained. The segmentation thresholds of pyrite

and coffinite, feldspar, dolomite, quartz, dolomite, clay

minerals, and pores are 242–255, 173–241, 172–146,

105–145, 104–85, 54–85, and 0–53, respectively.

Because the gray value in CT images depends on the

density of each mineral phase, it is difficult to distinguish

between two minerals with similar densities, such as calcite

and dolomite. In this study, the CT images were divided

into seven phases, namely pore space, clay minerals, cal-

cite/dolomite, quartz, ankerite, feldspar, pyrite, and coffi-

nite for further analysis and volume performance

simulation. Comparing the sample EDS spectrum and map

with the segmentation threshold of watershed segmenta-

tion, reasonable segmentation thresholds of minerals are

obtained. Multi-mineral SEM images after watershed

segmentation are shown in Fig. 14b. Compared with the

EDS image (Fig. 14a), it can be seen that good segmen-

tation results can be obtained by using this method. The

mineral skeleton of high-resolution CT images is also

divided by watershed segmentation. The threshold value of

each mineral in the CT image was determined by com-

paring the gray value and segmentation threshold of the

BSE image. The multi-mineral images of CT after water-

shed segmentation are shown in Fig. 14d.

3.3.4 Digital core evaluation

A variety of morphological algorithms in Avizo Fire are

applied to quantitatively characterize the micropore char-

acteristics and mineral content proportion of low-perme-

ability uranium-bearing sandstone. The fast watershed

algorithm was used to mark the pores, and each pore was

quantitatively analyzed. According to the volume of

marked pores, the porosity of the digital core could be

obtained [25, 57–59]:

/ ¼
P

Vp

Vv

; ð3Þ

where Vp is the single pore volume, pix3, and Vv is the total

volume, pix3.

Fig. 14 (Color online) 2-D image of a EDS image; b segmented micro BSE image; c CT image; d segmented CT image. Qtz quartz; Cly clay

mineral; Cal calcite; Dol dolomite; Fsp feldspar; Py pyrite; Cof coffinite
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On the basis of the 3D digital core pore model, isolated

pores can be removed by using four connected region

labeling algorithms, and connected pores can be obtained

[60]. The porosity of open pores and close pores can be

calculated according to formula (3). It can be seen that the

CT images combined with the two resolutions can identify

more pores, which is helpful to build an accurate digital

core (Table 4).

According to the principle of equivalence, the equiva-

lent pore diameter of each marked pore can be obtained

[25]:

deq ¼
ffiffiffiffiffiffiffiffi
3Vp

2p
3

r
; ð4Þ

where deq is the equivalent pore diameter, pix.

The histogram of the equivalent pore diameter distri-

bution is shown in Fig. 15. Due to the limitation of CT

resolution, pore sizes with a diameter of less than 1 lm
were not counted, but the distribution of pore size with a

diameter of more than 1 lm is in good agreement with the

results of the NMR test (Fig. 9).
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Fig. 15 Equivalent diameter of pore size distributions based on micro-CT images: a S1; b S2

Table 5 Mineral composition and relative content ratio of core samples

Sample Methods Quartz Ankerite Feldspars Calcite Dolomite Clays Metallic minerals

Kaolinite Illite Chlorite

S1 XRD 46.5 38.9 3.9 0.8 1.2 5.4 0.1 0.5 0.7

Digital core 51.4 30.17 3.6 7.1 6.8 1.1

S2 XRD 48.4 37.5 5.2 1.2 1.3 3.6 1.5 0.1 1.1

Digital core 45.9 36.7 4.6 5.4 6.8 0.6

Table 4 Porosity of low-permeability uranium-bearing sandstone

Sample Porosity (%)

Low resolution CT Total High resolution CT Total Fusion CT Total HPMI

Open pore Close pore Open pore Close pore Open pore Close pore

S1 6.82 1.21 8.03 8.26 4.23 12.49 9.12 5.06 14.72 16.39

S2 5.45 1.03 6.48 5.82 3.51 9.33 6.48 4.59 11.07 12.38
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Similar to the porosity, according to the volume of the

marked minerals, the proportion of mineral components of

the digital core can be obtained. The proportions of the six

mineral phases are listed in Table 5. It can be seen that the

digital core mineral volume fraction is consistent with the

results of the XRD measurement, and the structural infor-

mation of different components of the core is

reconstructed.

4 Discussion

The multi-scale and multi-component digital core

overcomes the difficulty of balancing the resolution and

core size of the single-scale digital core model and can

not only represent the microscopic pore structure of the

core, but also describe the macroscopic heterogeneity of

the rock sample [53]. The 3D spatial distribution of

pores, clay minerals, ankerite cements, pyrite, and cof-

finite is extracted from the established digital core of

low-permeability uranium-bearing sandstone, as shown

in Fig. 16c, d, e, f. It can be seen from Fig. 16c that the

pore distribution in the samples has microscopic

heterogeneity characteristics. The primary pores in the

area with flaky or banded distribution and relatively rich

are mainly related to the residual intergranular pores or

large intergranular dissolution pores, and the secondary

pores in the area with isolated distribution that are rel-

atively dispersed are mainly related to the intergranular

dissolution pores. Combined with the 3D connected pore

distribution in Fig. 16g, it can be seen that the inter-

granular pore forms the main seepage channel in the

pore space of the low-permeability uranium-bearing

sandstone, and the secondary pore has poor connectivity

with other pores [61, 62]. That is to say, intergranular

pores mainly provide flow pores and seepage capacity,

which is consistent with the conclusion that the contri-

bution of permeability in the samples is mainly from the

large throat obtained by the mercury injection

experiment.

By comparing Fig. 16j, k, l of the 3D distribution ima-

ges of the connected pores and pyrite and coffinite, clay

minerals, pyrite, coffinite and pyrite, and coffinite and iron

dolomite, it can be seen that pyrite and coffinite are isolated

from the connected pores and surrounded by a large

number of clay minerals and ankerite cements, which

increases the difficulty of uranium leaching.

Based on the 3D connected digital core model, the pore

network model extracted by the maximum sphere algo-

rithm can provide the 3D topological and geometric char-

acteristics of the pore space [63, 64]. The connectivity of

the model can be determined by counting the coordination

number, which refers to the number of contacts a pore has

with its neighbors [36]. The pore network model and its

coordination number distribution of low-permeability ura-

nium-bearing sandstone under different conditions are

shown in Figs. 17 and 18.

The content, diagenetic variation, and occurrence of

clay minerals are important factors affecting the porosity

and permeability of sandstone. From the 3D distribution of

pores and clays in Fig. 16h, it can be seen that the clays are

filled in the primary and secondary pores and pore throats

of the samples. When the clay minerals were removed, the

coordination number of pores in the pore network model

increased, and the connectivity of pores improved

(Fig. 18).

Combined with Figs. 16i, 17c, and 18, it is found that

the connectivity of the internal pores of the low-perme-

ability uranium-bearing sandstone is strongly affected by a

large amount of ankerite cement, and the pore connectivity

was significantly improved after the removal of ankerite

cements. It can be seen that the low overall permeability of

the core is related to the dense ankerite cements filled in a

large number of internal pores.

In conclusion, it is known that the high relative content

of clay minerals and ankerite cement in low-permeability

uranium-bearing sandstone is an important factor affecting

the permeability and leaching effect of ore and rock. The

corresponding lixivium can be designed and prepared to

accelerate the dissolution of clay minerals and dolomite,

and more specific leaching tests can be carried out to

deepen the leaching mechanism. After being verified by a

condition test or an extended test, the research results can

be applied to in situ leaching of low-permeability uranium

mines.
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Fig. 16 (Color online) 3D visualization of a gray image of the

sample; b digital core of low-permeability uranium-bearing sand-

stone; c pore distribution; d clays distribution; e ankerite cements

distribution; f pyrite and coffinite distribution; g connected pore

distribution; h pore and clays distribution; i pore and ankerite cements

distribution; j connected pore and pyrite and coffinite distribution;

k clays and pyrite and coffinite distribution; l ankerite cements and

pyrite and coffinite distribution. Qtz quartz; Cly clay mineral; Cal
calcite; Dol dolomite; Fsp feldspar; Py pyrite; Cof coffinite
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5 Conclusion

To better understand the effect of pore structure and

mineral distribution on the seepage characteristics of

low-permeability uranium-bearing sandstone, multi-

scale and multi-component low-permeability uranium-

bearing sandstone digital core is reconstructed by fus-

ing different scale CT image information and EDS–

SEM images in this paper. The pore distribution of the

reconstructed digital core is in good agreement with the

NMR results, and the mineral volume fraction of the

digital core is in high agreement with the XRD results,

which can truly reduce the structural information of

different components of the core.

The porosity of low-permeability uranium-bearing

sandstone was quantitatively and qualitatively analyzed by

MICP, NMR, and SEM. The results show that there are

four main pore types in the cores of low-permeability

uranium-bearing sandstone, which include intergranular

pores, intragranular dissolution pores, intercrystalline

micropores and micro fractures, and even the same mineral

in the sample may contain multiple pore types. The pore

structure of low-permeability uranium-bearing sandstone is

complex and has multi-scale characteristics.

Connectivity analysis of the 3D digital core shows that

the intergranular pores determine the main seepage channel

in the pore space of low-permeability uranium-bearing

sandstone, and the secondary pores have poor connectivity

with other pores. This is consistent with the conclusion that

the contribution of permeability in the low-permeability

uranium sandstone sample is mainly from the macro throat

obtained by mercury injection experiment.

Pyrite and coffinite in low-permeability uranium-bear-

ing sandstone are isolated from the connected pores and

surrounded by a large number of clay minerals and ankerite

cements, which increases the difficulty of uranium leach-

ing. Moreover, the high content of clays and ankerite

cements is filled in the primary and secondary pores and

pore throats of the samples, which significantly reduces the

porosity of the movable fluid in tight sandstone, resulting in

the low overall permeability of the core.

The multi-scale and multi-mineral digital core proposed

in this study provides a basis for characterizing the

macroscopic and microscopic pore and pore-throat struc-

ture and mineral distribution of low-permeability uranium-

bearing sandstone. In the numerical simulation, the pore

structure can be extracted for seepage simulation, and one

or several mineral components can be selectively extracted

for physical property simulation. It is an important research

direction to simulate the scaled-up physical properties of

reservoir rocks using a multi-scale digital core model.

Fig. 17 (Color online) 3D visualization of pore-throat network model: a pore-throat network model of connected pore; b pore-throat network

model of pore without clays; c pore-throat network model of pore without ankerite cements
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