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Abstract: As the essential component of shale, clay minerals have a vital influence on the pore
structure and the gas content of reservoirs. To investigate the compositional characteristics of
coal-measure shale and its effects on pore structure, a total of thirteen Taiyuan formation shale
samples were collected from the Qinshui Basin and were analyzed using a combination of X-ray
diffraction analysis, X-ray fluorescence spectrometry, Fourier transform infrared spectroscopy (FE-
SEM), polarized optical microscopy, and field emission scanning electron microscopy. The results
show that the principal minerals of the samples are quartz, kaolinite, and illite. Most of the kaolinite
was an original terrigenous detrital material with low crystallinity and a low degree of ordering,
whereas the illite was mainly composed of 1My resulting from diagenesis. Clay minerals developed
slits, irregularly-shaped or multisized pores during diagenesis, which can be classed into interlayered
pores, intergranular pores, and microfractures. Eight micro-morphological forms of clay minerals
were summarized based on FE-SEM observations, such as compacted, parallel, bent, tilted, mutually
supporting structures, etc., which are mainly formed by the mechanical compaction of clay minerals
with different sizes, shapes, and contact relationships. The diversity and complexity of the micro-
morphological forms of clay minerals contribute to the strong heterogeneity, low porosity and high
permeability anisotropy of shale.
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1. Introduction

As an unconventional natural gas resource, a shale gas reservoir is a special porous
medium with low porosity and low permeability. Shale gas is adsorbed on the surface of
organic matters and clay mineral particles or is stored as a free gas in micron-nanometer
pores and fractures. Pores not only provide storage space for shale gas but also have effects
on the sorption characteristics of shale. The pore structures, including their size, connec-
tivity, spatial distribution, and shape, all make significant contributions to the gas storage
capacity of shale reservoirs [1-3]. Porosity in shale reservoirs is the comprehensive result
of deposition, compaction, and chemical diagenesis (mineral transformation, cementation,
and dissolution) [4-6]. The composition of reservoirs plays a decisive role in the formation
and evolution of pore structures in the process of diagenesis [7]. Being a significant part of
shale, micron-nano pores in organic matter are well developed and provide a large number
of adsorption sites and a large amount of storage space for methane. Furthermore, organic
acid is generated during the decomposition of organic matters, which is beneficial for the
formation of secondary porosity [6,8-11]. Clay minerals are the other principal components
of pore development in shale and coal seams, having an especially significant impact on
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shale quality [12,13]. In previous studies on oil and gas exploration, clay minerals have not
only been used as a tool to predict the quality of organic source rock and determine the
hydrocarbon emplacement time, but also to investigate the diagenesis process and reservoir
quality. Additionally, clay minerals can also be used for the evaluation of hydrocarbon-
generation potential and mechanisms. Since they usually coexist with organic matter in
their source rocks, they are sensitive to the changes caused by hydrocarbon generation and
expulsion processes [5,6,14,15]. Most sedimentary rocks contain an appreciable amount of
clay minerals, which are generally a detrital material of terrigenous origin and authigenic
cement. Clay minerals are usually detrimental to reservoir quality because they can be
located on grain surfaces in the form of films, plates, and bridges and block up the primary
porosity in the process of mechanical compaction. Furthermore, clay minerals are layered
aluminosilicates, which are favorable for the development of interparticle micron-nano
pores in reservoirs, especially in shale. Previous studies have shown that clay mineral
composition and its micropore structure affect the gas sorption capacity of shales. Pores
between crystal layers of clay minerals are 1-2 nm in size, which could provide adsorption
sites for methane [6,7,16-19].

Shale gas resources are divided into three types according to their depositional envi-
ronment: marine shale, marine-terrigenous shale in coal-measure strata, and terrigenous
shale. Coal-measure shale gas refers to the natural gas generated and held by dark shale in
the coal-measure strata. Coal-measure shale deposits vertically with coal, sandstone, and
limestone. A single, continuous deposition layer is generally less than 20 m [20,21]. Coal-
measure shale is obviously different from marine shale in its sedimentary environment,
kerogen type, reservoir quality and mineral composition. As far as coal-measure shale is
concerned, it is generally rich in clay minerals and moderated quartz and commonly poor
in carbonate. Clay minerals in coal-measure shale consist mainly of kaolinite and illite [22],
whereas marine shale contains abundant illite or illite-smectite mixed layers with only a lit-
tle kaolinite. The variation in the constituents and content of clay minerals inevitably leads
to the unique microscopic pore structure of coal-measure shale. In order to elucidate the
geochemical and microstructural characteristics of clay minerals, a range of methods have
been used in the literature, such Fourier Transform Infrared (FTIR), X-ray diffraction (XRD),
X-ray florescence spectrometry (XRF), and Feld-emission scanning electron microscopy
(FE-SEM) [14,17,23]. However, due to the complexity and variety of clay minerals, their
geochemical features, geometry, and origin in coal-measure shale, especially in Taiyuan
formation shale, have not been studied in detail in previous studies. The relationship
between the microstructural characteristics of clay minerals and pore development in shale
is also rarely discussed in detail.

This study aims to investigate the micro-morphology of clay-related pores in Taiyuan
formation shale (TYS) and to discuss the creation mechanism of those pores using a series
of tests. The mineralogical and geochemical data and micromorphology information of
shale reservoirs are presented. The origins of clay minerals are determined, and clay-
related pore types are distinguished. Moreover, the effects of clay minerals on porosity and
permeability are also discussed, which will improve our understanding of pore structure
within coal-measure shale.

2. Samples and Methods

Located in the southeast region of the Shanxi Province, the Qinshui Basin is one of the
most important coal and coal-bed methane production bases in China. The tectonic history
of the Qinshui Basin is discussed in detail by previous studies [24,25]. The study area of
this paper is located in the eastern part of the Qinshui Basin, which is a key exploration
and development area for deep coalbed methane resources in China. The burial depth of
the Taiyuan formation shale in this area generally exceeds 1000 m, with a maximum depth
of up to 1700 m. Meanwhile, the average thickness of the coal-bearing strata in this area is
100 m. (Figure S1). The Taiyuan formation is deposited in an epicontinental sea carbonate
platform and delta sedimentary environment [26]. Its lithology is mainly composed of dark
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gray-to-black shale, coal seams, siltstone-to-medium-grained sandstone, and limestone,
and its deposition of dark mudstones and shales is 20-70 m in thickness with thin silt
sandstones.

To investigate the potential of coal-measure shale resources in this area and explore
the co-development mode of deep coalbed methane and shale gas, three exploration wells
were drilled in the Tunliu, Yushe, and Zuoquan counties (see Figure 1 for well locations). In
this study, a total of 13 TYS samples were collected from the 3 exploration wells at a depth
interval of 1100-1700 m based on core observations (Figure 1).
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Figure 1. Location of study area and wells.

The location of each sample is shown in Figure S1. The samples consist of mudstone,
silty mudstone, and silt-sand mudstone with colors of dark gray to gray black. The samples
dominated by a certain clay mineral (such as YS-03, rich in illite, and YS-04, rich in kaolinite)
were selected to determine the crystal structure and the origin of clay minerals. The shale
samples were analyzed by XRD, XREF, FTIR, polarized optical microscopy, and FE-SEM.

The mineralogical compositions of all shale samples were determined using a Rigaku
Ultima IV at 40 kV and 30 mA. Samples were crushed to less than 80 mesh and were
smeared on the glass side. XRD data were obtained with a step size of 2° /min from 5° to
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80° (26). The semi-quantitative compositions in mineral percentages were estimated with
the software PDXL 2.0 using the RIR method based on the ICDD PDF database.

The XRF analysis was performed on a Rigaku ZSX Primus II with a generator voltage
of 50 kV and generator current of 50 mA. The bulk shale samples were reduced into powder
with a grain size less than 200 mesh. About 4 g of shale powder was pressed into pellets
with a diameter of 30 mm and a thickness of 2 mm under 35 MPa for 45 s. The analytical
precision of XRF is within 5%. Concentrations of the major elements were recalculated to
100%.

FTIR measurements were conducted on all shale samples with a Nicolet model
6700 Fourier transform infrared spectrometer. Powder samples were grounded with KBr
and pressed into pellets under 10 MPa pressure for 2 min. In order to minimize moisture,
the pellets were dried at 110 °C for 48 h. FTIR spectroscopy for all samples was collected in
the region of 4000 cm ! to 400 cm ! at a resolution of 2 cm.

Thin sections of shale samples were studied by a Leica DM4p polarized optical mi-
croscopy following the Chinese Oil and Gas industry standard of SY/T 5368-2016 [27].
Firstly, shale samples were cut into thin sections, and then were treated by rough and fine
gridding. Finally, they were polished with cloth to obtain a smooth and glossy surface.

The microscopic morphology of minerals was identified by a Tescan MIRA 3 and a
JEOL JSM-7610F FE-SEM equipped with an oxford X-Max 20 energy-dispersive spectrom-
eter (EDS). Small chips with natural broken surfaces were selected. The surfaces of chip
samples were mechanically polished with 400 mesh and 600 mesh sandpaper to observe the
presence of minerals. Flake samples were mounted on a copper platform with conductive
adhesive and coated with gold to provide a conductive surface.

3. Results
3.1. Mineralogical Compositions

The XRD patterns of random bulk samples show that the samples have similar min-
eral associations, mainly consisting of clay minerals and quartz with a minor amount of
carbonate, pyrites, and siderites (Figure 2).

The characteristic peaks of quartz are located at 26.7° 26, which are all intense and
sharp, indicating that the samples contain quartz as the dominant phase.

Kaolinite is the major component in the TYS samples and is identified on the XRD
pattern with 12.4° 26 (12.3° to 12.6° 26), 20.2° 20 (19.9-20.4° 20), and 24.9° 20, etc. The
peaks of kaolinite for TYS samples between 002 (12.4° 26) and 004 (24.9° 26) reflections
are merged (Figure 2), and the six peaks between 20.2° and 24.9° were not identified.
This suggests that the kaolinite in TYS samples is of low crystallinity and a low degree of
ordering, consequently confirming that the kaolinite in the TYS is of a detrital terrigenous
origin [28-30].

Illite is commonly identified by the reflections at 8.83° 26 (8.75°-8.90° 26), 17.8° 20,
and 19.7° 20, etc. [31]. The reflection of TYS samples at 8.83° 20 are broad, and a portion
of the reflection intensity is found near 8° 20 (Figure 2), suggesting that illites contain
some quantity of I-M mixed layer minerals. The intensity and breadth of peaks near
34.9° 20 suggest that illites contain a considerable amount of 1My illite, which mainly
results from diagenesis and can be used to indicate the thermal evolution of the reservoirs.
The characteristic peak intensities of 2M; illite on the XRD pattern are weak, indicating
only a small number of the illites in the TYS samples are of a detrital terrigenous origin [31].

The results of the XRD semi-quantitative analysis (Table 1) show that the clay mineral
content in the samples is significantly high, ranging from 29.9% to 82.6% with an average
of 56.2%, indicating that clay minerals are the main component of TYS. Kaolinite is the
dominant component of clay minerals with an average content of 32.1%. The following
table shows the content percentage of each component in the samples, with illite having a
mean value of 21.8%, and chlorite being the least common with an average value of 2.2%.
Some samples are rich in pyrite, at up to 8.8% (HS-04).
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Figure 2. XRD spectrums of TYS samples. I—illite, K—kaolinite, Q—quartz.
Table 1. XRD results of TYS samples.
Samples Quartz Pyrite Siderite Dolomite Kaolinite Illite Chlorite

P (%) (%) (%) (%) (%) (%) (%)
TL-01 22.0 1.6 37.4 39.0 0.0
TL-02 39.0 1.6 8.8 36.7 14.0 0.0
TL-03 50.0 31.9 14.3 3.8
TL-04 60.0 4.0 19.7 15.0 13
YS-01 47.0 12 4.0 31.0 14.4 2.4
YS-02 43.4 2.0 32.6 19.4 2.6
YS-03 16.5 0.7 22.0 58.9 19
YS-04 14.2 2.7 71.4 10.1 1.6
HS-01 46.0 20.0 31.0 3.0
HS-02 45.0 3.0 7.2 23.0 18.3 3.5
HS-03 48.0 29.0 20.0 3.0
HS-04 61.3 8.8 13.9 13.5 2.5
HS-05 312 0.8 49.0 15.6 3.4

3.2. Elemental Composition

The results of the XRF analysis are given in Table 2. SiO, is the most abundant oxide
with a percentage from 42.8% to 68.1%. The second most abundant oxide is Al,O3 with a
minimum of 19.89%. Fe;O3 and K,O are comparatively abundant with a mean value of
5.93% and 2.63%, respectively, while all the other oxides (TiO,, CaO, MgO and Na,O) are
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less than 1.0%. Trace elements detected with XRF are mainly Ba, Sr, Zr, V, etc. Ba is more
than 500 ppm, and Zr, Sr, and V are over 100 ppm on average.

Table 2. XRF results of TYS samples.

Samples SiOZ Alz 03 CaO Fez 03 Kz (0] MgO Naz (0] Ti02 MnO P205 SiOZ/ IcvV Kz o/ TiOZ/

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) Al, O3 Al,03 Al, O3
TL-01 62.30 2642 0.46 4.14 3.55 1.14 1.30 0.53 0.09 0.08 2.36 0.42 0.13 0.02
TL-02 58.77  25.88 0.62 10.08 2.00 1.16 0.75 0.54 0.20 0.04 227 0.59 0.08 0.02
TL-03 68.06  25.54 0.23 191 2.07 0.80 0.68 0.68 0.00 0.02 2.66 0.25 0.08 0.03
TL-04 61.01  28.00 0.26 5.87 2.90 0.55 0.42 0.80 0.00 0.04 2.18 0.39 0.10 0.03
YS-01 60.95 24.62 1.12 5.70 2.50 1.31 1.04 0.57 0.11 0.08 248 0.50 0.10 0.02
YS-02 61.88  26.32 0.59 5.55 3.44 0.78 0.58 0.77 0.06 0.04 2.35 0.45 0.13 0.03
YS-03 61.52  25.95 0.60 5.19 341 1.22 1.31 0.56 0.17 0.08 2.37 0.48 0.13 0.02
YS-04 53.73 3752 0.29 4.79 1.56 0.57 0.53 0.89 0.09 0.04 1.43 0.23 0.04 0.02
HS-01 58.67  33.99 0.31 1.46 2.99 0.67 1.25 0.62 0.00 0.03 1.73 0.22 0.09 0.02
HS-02 56.13  26.74 0.69 10.13 343 1.10 1.06 0.51 0.16 0.06 2.10 0.64 0.13 0.02
HS-03 6691  22.58 0.46 3.48 4.12 0.90 1.02 0.43 0.04 0.06 2.96 0.46 0.18 0.02
HS-04 59.34  19.89 0.54 14.89 3.16 0.83 0.79 0.42 0.07 0.07 2.98 1.04 0.16 0.02
HS-05 62.75  26.82 0.51 4.34 2.80 1.33 0.65 0.70 0.04 0.05 2.34 0.39 0.10 0.03

The average elemental content of TYS samples is compared with the average value
of Post-Archean Australian Shales (PAAS) in Figure 52 [23,32,33]. The average content of
5i0; in the TYS samples is almost equal to those in PAAS, while the average content of
Al>O3 is much higher. The SiO, /Al;O3 content of the TYS samples varies from 0.95 to 2.98,
with a mean value of 2.20, which is considerably lower than that of PAAS. This suggests
that the TYS samples contain more clay mineral than does PAAS. The average content of
other oxides in the TYS samples, such as K;O, Na,O, CaO, MgO, etc., are all lower than
the corresponding oxides in PAAS, which is possibly attributed to the TYS samples rich in
kaolinite and poor in carbonate. The average value of Fe;O3 in the TYS samples is slightly
less than that of PAAS; however, some of the TYS samples (TL-02, HS-02, HS-04) are rich in
Fe, O3, at more than 10% of their content.

The chemical compositions and oxide ratios of clastic rocks are often used to describe
the original mineralogy of source rocks, digenetic histories, and mature stages of sediments.
The index of compositional variation (ICV) is useful to determine the original composition
of sediments, and can be calculated with the following equation [23,34,35]:

ICV = (CaO + NayO + KO + Fe;O3 + MgO + MnO + TiO,)/ AL, O3 (1)

Oxides are the weight percentage. ICV is the ratio of Al,O3 to the other oxides
(excluding silicon) in a rock or minerals. The value of ICV tends to be higher for easily
erodible minerals and lower for stable minerals. It decreases as the degree of weathering
increases. Mudstone with higher ICV values may be produced by first-cycle deposits, while
those with lower ICV values are possibly produced by recycling sediments or first-cycle
material with intense chemical weathering [20,31]. The ICV of the TYS samples varies from
0.21 to 1.04 with a mean value of 0.44, indicating that these samples are rich in clay minerals
and are possibly produced by intense chemical weathering of the first-cycle deposit.

The ratio of K;O/Al,Os3 is another index to characterize the original composition
of ancient mudrocks. Although the water solubility of K* is good, it tends to be of high
chemical stability when present in mudrocks, such as illite, a quite stable mineral to resist
weathering. Therefore, the recycling of old sediments or intense chemical weathering of
first-cycle deposit results in a high proportion of illite [23]. The K,O/Al,O3 of the TYS
samples ranges from 0 to 0.18, with an average of 0.10, which indicates that clay composition
ranges from kaolinite to illite and the source rocks are strongly weathered. Some minerals
have a tendency to be lost easily under weathering, whereas other minerals, such as Ti*
and Al", tend to be stored in weathering products and are not lost as easily. Many studies
have confirmed that the Al,O3/TiO; ratio for shales and sandstones varies insignificantly
during sedimentary processes and is almost similar to source rocks, which can be used
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as an indicator to monitor the geochemical composition of source rocks [34,36,37]. For
samples with Al,O3/TiO, ratios ranging from 0.02 to 0.03, their source rocks are felsic
igneous rocks.

3.3. FTIR

In order to identify minerals in the TYS samples, the infrared spectra of typical minerals
occurring in shale samples were collected according to XRD results (Figure S3), which
includes quartz, kaolinite, illite, and chlorite.

The FTIR spectra for all samples are similar in shape with two main adsorption regions
at 1200-4000 cm ! and 3800-3500 cm ! (Figure 3).

3632
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T T T T
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Figure 3. FTIR spectra of TYS samples: I—illite, K—kaolinite, Q—quartz.

The Si-O bonds can be recognized by the strong bands in the region of 1200 to 900 cm !
(stretching) as well as the less intense bands between 800 and 400 cm ! (bending) [23,34].
The presence of quartz in all samples can be identified by the characteristic bands around
470cm~1,695cm™1, 780 cm~1, and 1100 cm 1. The peak at 695 cm~Lis unique to crystalline
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materials, and it can be clearly observed on the FTIR spectra that the quartz in the TYS
samples has a crystalline structure.

Kaolinite can be easily identified in the FTIR spectrum by the bands of 950~1120 cm !
and 3600-300 cm~!. The kaolinite has a 1:1 layer structure that comprises a tetrahedral silica
sheet and an octahedral alumina sheet, which exhibits a triumvirate of Si-O absorbance at
950-1120 cm L. The triumvirate of peaks for the sample YS-04 is most notable, confirming
the abundant presence of kaolinite (the kaolinite content is 72%). A typical spectrum
of kaolinite displays four clearly distinctive peaks at 3620 cm ™!, 3650 cm 1, 3670 cm !,
and 3695 cm~!, owing to the unique pattern of inner surface -OH vibration [38,39]. The
structural order of kaolinite can be estimated according to the bands in the region of
3600-3700 cm~!. The two peaks for all of the TYS samples at 3696 cm ! and 3620 cm ™!
are clearly distinguished, while the other two peaks at 3670 cm ™! and 3650 cm ! are only
identified if they are distinguished by fitting peak, which shows that the kaolinite in the
TYS samples has a low ordered structure [40]. The intensity of the peaks for all samples
increases with rising kaolinite content. Additionally, the peaks for sample YS-04 also
present the maximum intensity.

The illite is composed of 2 tetrahedral silica sheets and a central octahedral sheet
with a 2:1 layer structure. It expresses a single broad absorbance peak at 900-1200 cm !
and a wide adsorption around 3700-3600 cm~!. The presence of illite can be identified
by the shoulder around 935 cm ™! and the peak at 3630 cm~! in the FTIR spectra, which
arise from the AI-OH-Al bending vibration and the stretching vibrations of the -OH
groups, respectively. The spectra of most samples show a weak shoulder at 935 cm™!,
indicating that there is not much illite present in the samples. The shoulder of sample
HS-03 at 935 cm ™! is the highest of all samples, indicating that it contains abundant illite,
which is consistent with the results of XRD. As expected, the peak for illite at 3630 cm ™! is
overlapped by the vibration of kaolinite and is likely to be identified only by peak fitting.
Attributed to OH stretching vibrations in the octahedral sheet, the weak peak located at
828 cm ™! is also evidence for the presence of illite, but it is visible only in a few illite-rich
samples (T1-01, HS-03).

Due to O-H stretches in the interlayered sheet, two broad bands around 3575 cm ™!
and 3420 cm ! are observed in the standard FTIR spectra of chlorite (Figure S2). Through
the XRD analysis, chlorite in the shale samples was found to be less than 4% and the FTIR
characters of chlorite in the spectrum of the TYS samples are too weak to be identified.

3.4. Petrography

Microscopic identification shows that the analyzed samples have a muddy structure
with a small amount of fine-grained detrital particles, and they can be classified into three
types based on their debris content [11], namely: mudstones (Figure 4a,b), silty mudstones
(Figure 4c), and silt-sand mudstones (Figure 4d). The detrital minerals in the samples
consist of quartz, feldspar, and pyrite.

Quartz and clay minerals are common in the compositions of thin sections of shale.
Quartz is colorless with a smooth surface and displays irregular or sub-round shapes,
which is the predominate mineral of detrital particles and accounts for 60-90% of the
detrital grains. Feldspar is also identified in detrital particles, but most of the feldspar
has undergone kaolinization or been altered to become a clay mineral. Some samples are
rich in pyrite (HS-04: Figure 4e,f) and appear as a framboidal aggregate or large crystal
grains with a metallic luster. The size of pyrite grain varies in a large range: some less
than 1 pm and some more than 10 pm. In contrast to detrital minerals (quartz, pyrite,
feldspar), clay mineral particles are much smaller with a size of only a few microns, and
their microstructures cannot be identified with microscopes. Organic matter is black and
disperses in mineral particles.
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3.5. FE-SEM

The results of the FE-SEM-EDS analysis (Figure S4, sample YS-01) suggest that the
major elements of coal-measure shale are Si, Al, O, C, Mg, Na, Ca, Fe, S, etc. Analyzed
samples are mainly composed of quartz and clay minerals, as well as a small amount of
organic matter and pyrite. Clay minerals are flaky, leaflike, or multilayered in shape, which
is controlled by the crystalline structure (Figure 5: TL-03, Figure 6: YS-03, Figure 7).
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Figure 4. Images of thin section for TYS sample: (a,b) mudstones (TL-01); (c) silty mudstones (HS-01);
(d) silt-sand mudstone (TL-04); and (e f) pyrite rich sample (HS-04).
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Figure 5. FE-SEM-EDS surface-scanning images of kaolinite (TL-03): (a): kaolinite in the FE-SEM
images; (b) EDS elemental distribution map of kaolinite.
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Figure 6. FE-SEM-EDS surface-scanning images of illite (YS-03): (a): illite in the FE-SEM images;
(b) EDS elemental distribution map of illite.

As Figures 5a and 7 show, kaolinite in the coal-measure shale presents a booklike or
accordion-like shape (Figure 7a: TL-02, Figure 7b: YS-02). Based on EDS analysis, kaolinite
is found to coexist with a C element (Figure 5: TL-03 and Figure S5: HS-05), indicating that
organic carbon is positive for the formation and preservation of kaolinite in coal-measure
shale. OM acid is expelled with the decomposition and hydrocarbon generation of organic
matter in the thermal process, and residual carbon is retained. Acid fluid promotes the
alteration of feldspar minerals and produces kaolinite [5]. Some kaolinite was determined
to contain K element (Figure S5), which differs from the ideal chemical composition of
kaolinite, showing that kaolinite is probably formed from the alteration of K-feldspar grains.

Illite exhibits a sheetlike assembly in the FE-SEM images with a size less than 10 um
(Figure 6: YS-03). Under the compaction of overlying strata, many illite particles are curved
or entangled, and some of them are even fractured (Figure 7c: TL-01, Figure 7d: HS-01).
The EDS results suggest that illite is mainly composed of Si, Al, and O, as well as K, Mg,
and Fe.

Chlorite displays leaflike or needle morphology (Figure 7e: TL-03, Figure 7f: HS-02)
in the FE-SEM. The leaflike chlorites often gather into a mass nest, and fine channels are
developed between the needle chlorites.

3.6. Clay-Related Pores

According to the pores’ morphological characteristics, clay-related pores can be di-
vided into interlayered pores, intergranular pores, and microfractures (Figures 7 and 8). The
first two types of pores in TYS are widely distributed and present multiple morphologies.
The interlayered pores are associated with the interlayered space between (001) crystal
planes of clay minerals, taking on silt and shutter shapes (Figure 7a,b and Figure 8a,b:
TL-02).
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Figure 7. Clay minerals in FE-SEM images: (a,b) kaolinite ((a): TL-02; (b): YS-02); (c,d) illite ((c): TL-01;
(d): HS-01); and (e,f) chlorite ((e): TL-03; (f): HS-02).
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Figure 8. Pore structures in clay minerals. (a,b) Interlayered pores in flaky clay minerals (TL-02);
(c,d) intergranular pores between detrital minerals and clay minerals (YS-01); (e,f) microfractures in
clay minerals (HS-03).

The irregular intergranular pores developed along grain boundaries in clay—clay
minerals, clay-brittle minerals, or clay-organic matter (Figure 8c,d: YS-03, Figure 9a: HS-04,
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Figure 9b: TL-01). Dissolved pores are rare in clay minerals and most of them are nanoscale
pores in this study (Figures 5a and 8a). Although the edges of clay minerals could be
corroded and altered by organic acid fluid, this isn’t enough for the mineral to develop
many and large dissolved pores due to the limited content of OM in shale. Microfractures
are also common pore types, commonly caused by the dehydration and contraction of clay
minerals during diagenesis (Figures 7b and 8e,f: HS-03, Figure 9e: HS-2).

flaky clay minerals
compactted in parallel
[ ‘

+ \#clay minerals —=
- "‘ .‘/
¥ N [
- 7 )

.

£

— lpm  JEOL — lpm JEOL
15.0kVv SEI SEM WD 15.3mm X 15.0kV SEI SEM WD 14.8mm

lum JEOL
X 5500 15.0kvV SEI SEM WD 14.8mm

lpm
15.0kV SEI SEM WD 14.8mm

Figure 9. Morphology and arrangement of clay minerals by compaction in FE-SEM images: (a,f): HS-04;
(b): TL-01; (c): YS-02; and (d): YS-03; (e): HS-2.
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The size of clay-related pores varies from a nanometer to micrometer scale. The
interlayered pores between crystal cleavages are in nano-scale, generally ranging from 1 to
10 um in length and from 1 to 100 nm in width (Figure 7a,b and Figure 8a,b). Limited by
the mineral particles’ size, interparticle pores are in the micron-scale, varying from a few
microns to tens of microns (Figure 7c,d, Figure 8c,d and Figure 9e,f: H5-04). With hundreds
microns in length and less than 1 um in width, the shutter-shaped microfracture not only
facilitates the connection of isolated pores but also provides a migration pathway for gas
molecules. The observed dissolved pores are isolated, non-connecting pores in the range of
tens of nanometers (Figure 8e,f).

4. Discussion

Affected by compaction, cementation, metasomatism, and dissolution, a series of
changes have taken place in the particle morphology, relative spatial locations, and compo-
sitions of clay minerals, leading to an increase in the pore types and a decrease in the pore
sizes in shales [41,42].

4.1. Effect of Mechanical Compaction on Clay-Related Pores

Clay minerals are the most abundant mineral in the TYS. The effects of compaction
on clay minerals is significant because of the low strength, high plasticity, and high de-
formability of clay minerals. Therefore, the pore structure of shale is also greatly affected
by compaction (Figure 9b).

At the early stage of diagenesis, the mutual positions of mineral particles are rear-
ranged, and primary porosity is sharply reduced by the effects of compression. Fine clay
minerals are squeezed into pores along with pore fluid, leading to a further reduction in
pore sizes. The FE-SEM results show that thhe morphology of clay minerals is in the form
of thin flakes or fibers (Figure 8), which gives them strong plasticity. Clay minerals are
prone to swelling and losing their stability when encountering water. The ions on the
charged surface of clay minerals form a charged layer with water molecules, resulting in
a net charge on the clay minerals. When two charged clay minerals approach each other,
the electrostatic force between them causes them to attract and aggregate together [43,44].
As depth and compression increases, clay minerals are deformed and bent under pres-
sure. Due to differences in the sizes and shapes of clay particles, there are variations
in their bending deformation, resulting in secondary pores between flaky clay minerals
(Figure 9b—e). In addition to clay minerals, shale also contains brittle minerals such as
quartz and pyrite, which could generate intergranular pores with various shapes and sizes
during the diagenetic process. Quartz particles have relatively smooth surfaces, while the
surfaces of clay minerals, pyrite, and other particles in shale have electrical properties,
such as clay minerals with negative charges and pyrite particles with positive charges.
This leads to clay minerals and pyrite being prone to adsorption onto quartz and forming
inter-particle pores. Under overlying pressure, brittle minerals such as quartz and pyrite
play a rigid supporting role, partially preventing clay minerals from being fully compacted
(Figures 8c,d, 9a,f and S6), and the pores space is retained.

It can be concluded from Figures 8 and 9 that mechanical compaction has a significant
impact on the microstructure of clay minerals. Under mechanical compaction, the layered
structure of clay minerals is destroyed, showing the arranged lamellar shape. In its original
state, each layered structure in clay minerals is filled with ions, water molecules, and other
substances. These interactions maintain the stability of the layered structure to varying
degrees. However, under pressure, the electrostatic attraction and van der Waals force
between layers are broken or changed, leading to the deformation or destruction of the
layered structure, which makes clay mineral particles generate thin and flaky structures
(Figure 7a,b). Furthermore, during the compaction process, the voids between clay mineral
particles are gradually reduced, resulting in an increased contact area between particles and
the development of frictional and adhesive forces. These forces cause the clay particles to
rearrange and exhibit different bending forms in different directions (Figures 8a,b and 9b-e).
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In addition, under compaction, the voids and pores between clay particles are squeezed
and filled, resulting in a decrease or disappearance of primary pores. However, with further
compaction, the interaction forces between clay particles increase, causing the deformation
and even destruction of clay minerals, which leads to the generation of secondary pores
and fractures (Figures 8e,f and 9d,e).

Affected by particle size, shape, and location and contact-relation with other minerals,
clay minerals take on diverse properties under overburden pressure, including stable
structure, bending deformation (Figure 7b), fracture, etc.

The morphology and contact relations of clay mineral particles are key factors in
determining the types of clay-related pores in shale. The contact-relations between flaky
clay minerals are chiefly face—edge or face—face contact and less commonly edge—-edge
contact, resulting in the diverse slitlike and irregular pores. For irregular mineral particles,
the contact relations are dominated by point-to-point contact and point-to-line contact.

According to the results of the FE-SEM analysis and previous studies, the morphology
and arrangement of clay particles with the effects of compaction in TYS are summarized in
Figure 10 [17].

= I 4y oy
A, B 85

Figure 10. Different morphology and arrangement of clay particles: (a) clay minerals in parallel;

(b) bent clay minerals; (c) tilted clay mineral; (d) inversely bent clay minerals; (e) supported by rigid
particles; (f) deformed clay structure; (g) stable structure by mutual support of clay minerals; and
(h) U-shaped clay minerals.

It is a common occurrence in the TYS samples that flake clay minerals are superim-
posed and compacted in parallel (Figure 10a), which is one of the main reasons for the low
porosity and compactness of shale. In some cases, sheetlike clay minerals are bent and
compacted under the overburden pressure (Figure 10b). In the early stages of deposition,
many clay minerals are probably deformed, and the layer structures are tilted in FE-SEM
images (Figure 10c). A portion of clay minerals are supported by brittle mineral particles
(such as quartz, siderite, and pyrite), forming a stable structure with intergranular pores
(Figure 10e). Probably due to opposite pressure from both sides, the vertically arranged
clay minerals prevent the compaction or deformation of layered structures (Figure 10f).
The deformation or even fracture of micron-scale clay minerals is more likely to create
slit-shaped intergranular pores or microfractures (Figure 10f), which could provide enough
space and channels for gas molecule adsorption and migration. Under the effects of overly-
ing pressure, some flaky clay minerals are pressed into a U-shape (Figure 10h), and some
are bent on opposite sides (Figure 10d). Some clay mineral particles intersect and support
each other, forming a stable structure (Figure 10g) that prevents the complete compaction
of shale, and some original pores are retained.

Clay minerals vary in their microstructure, leading to a strong heterogeneity of shale
in the physical properties of the reservoir. Some pores present in clay are beneficial and
improve the permeability of shale, such as silt porosity, microfractures, and microchannels,
which can connect the interparticle pores and effectively improve the gas migration capacity
in a regional area. Shale shows high permeability anisotropy [45]. Horizontal permeability
is more common than vertical. The principal reason for this is that microfractures related to
clay minerals are commonly subparallel with the bedding plane, which provides significant
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permeability pathways in the horizontal direction. However, multilayer flaky clay minerals
are superimposed layer by layer in the vertical direction, resulting in poor seepage channels
and low permeability.

4.2. The Role of Clay Mineral Cementation in Pore Development

Cementation plays an important role in the transformation of sediments into sedimen-
tary rocks. During diagenesis, minerals precipitate out of the pore solution, forming loose
sediment, and then become cemented and solidified [46]. Mudstone exhibits a high mineral
content and small particle size. Being a terrigenous clastic rock, cementation is needed in
the diagenetic process of mudstone as well. In sandstone, clay minerals are much smaller
than sand particles, which can be easily distinguished from clastic minerals. In shale, clay
minerals not only partially play the role of clastic particles, but also act as cement. With
the development of diagenesis, the recrystallization and transformation of clay minerals
increase, leading to a more complex pore structure in shale [5,40,41].

As evidenced by the above results, most samples only contain a small quantity of
chlorite, and therefore cementation of chlorite has a very limited effect on the porosity of
the TYS samples. The effects of kaolinite and illite on the porous structures of the TYS
samples is discussed further.

4.2.1. Kaolinite

Kaolinite is commonly formed from the weathering or hydrothermal alteration of
alumina-silicate minerals, which are mainly feldspar minerals. It is more likely, under
acidic conditions, that the cations of feldspar, such as Na*, Mg, K, etc., are leached away
during the weathering and alteration process. The sediments of TYS are rich in SiO, and
Al*, and their depositional environment has a weakly acidic reducing condition with low
pH and high Eh, which is favorable for precipitation and the preservation of kaolinite.
In this study, book-shaped and accordion-shaped kaolinite particles are found packed in
intergranular pores or organic matter pores (Figure 7a), indicating they are authigenic
mineral that is formed during diagenesis.

The cementation of kaolinite has multiple effects on shale pore development. On one
hand, kaolinite precipitates from the pores and forms siliceous cementation, filling the
primary intergranular pores and making the pore structure more complex. As the primary
pore volume of shale decreases, the shales became denser. On the other hand, recrystalliza-
tion produces nanoscale interlayered pores, and interlayered voids are developed in the
kaolinite crystals, which not only can provide more space for the adsorption of methane
gas molecules but can also prevent intergranular pores from being fully compacted. As
a summary, the cementation of kaolinite has a negative effect on the development of
shale pores.

4.2.2. Nllite

The XRD results suggests that a large part of illite has a 1Md structure, which is evi-
dence that illite results from the diagenetical conversion of other minerals. As mentioned
above, K* is comparatively abundant in TYS. It can provide the material source for the for-
mation of authigenic illite. Illite is produced by the dehydration of montmorillonite under
the combined action of pressure and temperature [38,39]. In the late period of diagenesis,
free cation content increases, changing the pH value of the pore solution. Kaolinite begins
to convert into illite via recrystallization [38,42], which commonly presents as thin sheets
or curved feathery filling in pores and makes the intergranular pore volume smaller.

5. Conclusions

(1) Clay minerals are dominant in the compositions of TYS. They mainly consist of kaolinite,
illite, and chlorite. Most kaolinite is detrital in origin with a low crystallinity and low
degree of ordering, while most illite is formed from diagenesis with 1Md polytype.
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(2) An XRF analysis suggests that shale is probably dominated by the strong chemical
weathering of first-cycle deposits.

(3) A considerable number of multisized, micro/nano pores are developed in clay min-
erals. Pores associated with clay minerals in TYS can be divided into interlayered
pores, intergranular pores, and microfractures. Controlled by the crystalline structure
and particle morphology of minerals, clay-related pores mostly present in a slitlike or
irregular shape.

(4) Mechanical compaction causes clay minerals to be arranged into multiple morpholo-
gies, including parallel, bent, tilted, and mutually supporting structures, etc., which is
a key factor for the high permeability anisotropy of shale.

(5) Compaction has a decisive effect on the pore structure and morphology of clay-related
pores. Additionally, it is also the main reason for the strong heterogeneity, low porosity,
and high permeability anisotropy of shale. The cementation of clay minerals has a
limited influence on pore structure.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/en16093804/s1, Figure S1: Stratigraphic column of Taiyuan formation in
study area and position of samples, (a) Well TL-01; (b) YS-01; (c) Well HS-01; Figure S2: Elemental
concentrations of the average of samples VS. those of the PAAS (Taylor and McLennan 1985); Figure S3:
FTIR standard spectra of main minerals in the TYS; Figure S4: EDS surface scanning images of TYS
samples; Figure S5: Kaolinite coexist with organic matters and contains K element; Figure S6: Brittle
minerals as rigid particles in the pores.
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