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Abstract

In this paper, the pore structure characteristics of shales and its controlling factors were analyzed by means of total organic
carbon (TOC) analysis, X-ray diffraction (XRD) analysis, field emission scanning electron microscopy (FE-SEM) and
low-pressure N, adsorption (LPNA) analysis. Based on the grey relational analysis, the controlling factors of pore structure
parameters were discussed. The results showed that the TOC contents range from 2.98 to 4.97%, the main minerals of shales
are quartz and clay minerals with an average of 41.62 and 30.98%, respectively. The organic matter pores, the interparticle
pores, the intraparticle pores, and the micro-fractures are the main pore types determined by the FE-SEM observation. The
pore volume of shales is between 0.0637 and 0.1053 cm?/g, the specific surface area ranges from 16.44 to 37.61 m*/g, the
average pore size is between 11.20 and 15.50 nm. The organic matter and the quartz have a positive influence on the spe-
cific surface area and total pore volume, whereas the clay minerals have a negative impact. The shales have a wide range of
pore size, and the mesopores and macropores are the dominant contributor to the total pore volume while the mesoporous
contribute the main specific surface area. The TOC contents and quartz contents have the most significant effect on the total
pore volume and specific surface area, and the average pore size is mainly controlled by the quartz contents.
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Introduction

Shale gas is an unconventional natural gas occurring in res-
ervoir rocks dominated by organic-rich shales, which exists
in the form of free state, adsorbed state and dissolved state
and is a kind of clean and effective energy resources. Shale
gas has become the most important energy supply with the
increasing shortage of conventional oil and gas resources all
over the world (Jarvie et al. 2007; Clarkson et al. 2012; Cur-
tis et al. 2002; Loucks et al. 2009; Jia et al. 2017). In 2015,
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the Energy Information Administration reported that the
global shale gas reservoirs are estimated to be approximately
214.6 %102 m? and 31.6 x 10'2 m? in China, accounting for
14.73% of the global total, indicating that China possesses a
significant exploration and development potential in the field
of shale gas (EIA 2015). At present, in China, numerous
shale gas reservoirs have been discovered in Sichuan Basin,
Ordos Basin, Bohai Bay Basin, Songliao Basin and Tarim
Basin, etc. (Zou et al. 2010, 2018; Guo et al. 2020a, b; Ding
et al. 2013; Gao et al. 2018), and new theories of explo-
ration and development have been applied, the production
of the shale gas in China continues to rise, with a produc-
tion of about 15.4x 10° m? in 2019 (Zhen et al. 2020; Fan
et al. 2020). Among many basins where a large number of
shale gas reservoirs have been found, major breakthroughs
of shale gas exploration and development have been made
in the Sichuan Basin, and the commercial exploitation of
shale gas has been realized for the first time in the Jiaoshiba
area in the Sichuan Basin. (Liang et al. 2015; Ma, 2019; Guo
et al. 2020a, b).
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The shales generally have the characteristics of various
mineral composition, diverse pore morphology and wide
pore size distribution, indicating that shales have strong het-
erogeneity. The existing gas occurs commonly with adsorbed
and free gas state in the pore spaces of shales (Jarvie et al.
2002; Ross et al. 2009). Previous studies indicated that the
pore structure of shales is an important factor, affecting
the occurrence state of shale gas (Hu et al. 2017; Wei et al.
2018). Therefore, the research on the pore structure char-
acteristics of shales is of great significance for exploration
and development of shale gas. The pore structure refers to
the pore type, the pore morphology and the range of pore
size distribution (Fu et al. 2015; Yan et al. 2018). Among
them, it is very important to understand the pore size dis-
tribution and the parameters affecting the pore structure of
rocks. And the pore structure is controlled by geological
factors such as mineral compositions and the total organic
carbon (TOC). Taking it as a research direction, most of
scholars have used the least square method to investigate
the relationships among pore structure parameters, TOC,
mineral compositions (Liu et al. 2015; Zhang et al. 2019;
Wang et al. 2019). These studies have suggested the pore
structure parameters of rocks are related to many factors,
such as TOC, quartz, clay minerals, etc. However, there are
relatively few reports on the analysis of main controlling
factors of the pore structure parameters of shales. So, it is
necessary to introduce some mathematical methods to study
the main controlling factors of the pore structure parameters.
The grey relational analysis is a method to provide the best
possible solution for multiphase problems and demonstrate
the inner relationships without large sample data (Pandya
et al. 2020; Jaiprakash et al. 2020). In some parameter corre-
lation studies, the grey relational analysis had been adopted
by some scholars to investigate (Chen et al. 2009; Mondal
et al. 2013; Wen et al. 2022). These studies have shown that
the grey relational analysis can provide quantitative control
factors as a mathematical method. Therefore, it is appro-
priate to using the grey relational analysis to quantitatively
evaluate the influences of TOC and mineral compositions
on the pore structure characteristics of the shales from the
Lower Silurian Longmaxi Formation.

The goals of this paper are to investigate the pore struc-
ture and its controlling factors of shales from the Lower
Silurian Longmaxi Formation in the Jiaoshiba area of South-
ern Sichuan Basin in China using X-ray diffraction (XRD)
analysis, total organic carbon (TOC) analysis, field emission
scanning electron microscopy (FE-SEM) and low-pressure
N, adsorption (LPNA) analysis. The relationships among the
pore volume, the specific surface area and the average pore
size were studied. Meanwhile, the pore size distributions
of shales were studied by using the Barret-Joyner-Halenda
(BJH) method and the LPNA data. Finally, the controlling
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factors of pore structure parameters of shales were studied
by using the grey relational analysis.

Samples and methods
Data

In order to ensure that the shale core samples can accurately
reflect the shale characteristics in the study area, a total of 34
shale samples were collected from some wells (with depth
of 2800-3200 m) in the Lower Silurian Longmaxi Forma-
tion in the Sichuan Basin, China. The Sichuan basin can be
divided into six tectonic zones, has undergone many times
of tectonic movements. In the basin, the marine facies shale
strata of the Upper Ordovician Wufeng Formation and the
Lower Silurian Longmaxi Formation are widely distributed.
The Lower Silurian Longmaxi Formation shale with rich
organic matter and silicon contents deposited in deep-water
shelves. (Zhao et al. 2017; Guo et al. 2020a, b). The lithol-
ogy of the Longmaxi Formation shale is mainly composed of
the black shale, gray-black shale and silty mudstone (Chen
et al. 2011; Bai et al. 2013). The experimental shale sam-
ples were divided indiscriminately into two batches. Total
organic carbon (TOC) and X-ray diffraction (XRD) analy-
sis were performed on 34 samples in the first batch, and
20 shale samples were selected for low-pressure nitrogen
adsorption analysis in the second batch.

Experimental methods

Thirty-four shale samples were crushed into powder less
than 100 mesh and 100 mesh powder following the experi-
mental needs. Prior to the TOC analysis, the powder less
than 100 mesh treated with hydrochloric acid to remove
carbonate content, then TOC tests were performed using
a LECO CS230 carbon/sulfur analyzer. The remaining 100
mesh powder was analyzed with an X’ Pert PRO instru-
ment for XRD according the Chinese National Standards
GB/T19145-2003 and GB/T18602-2001.

Seven shale samples were cut into 10X 10X 3 mm thin
slices for FE-SEM analysis. Before the FE-SEM observa-
tion, the shale samples were polished by argon ion with the
LEICA EM TIC 3X tri-ion sections polisher. Then the shale
samples were coated with gold to increase the conductivity
of the surface. Subsequently, the samples were placed in the
sample chamber of the field emission environment scanning
electron microscope and vacuumed until the vacuum of the
sample chamber reached the experimental requirements.
Finally, the FE-SEM observation was analyzed by the FEI
Quanta 650 FEG. All of the FE-SEM images were obtained
for analysis of pore types and morphology.



Journal of Petroleum Exploration and Production Technology (2022) 12:2857-2868 2859

Twenty shale samples were crushed to grains of 60-80
mesh size for low pressure nitrogen adsorption experiments
by using the NOVA200e automatic specific surface and poros-
ity analyzer. The standard of experiment following Chinese
National Standard GB/T19587-2004 and GB/T21650.2-2008.
Before the experiments, the grains need to out-gassed at 378 K
for 24 h. During the experiment, the N, adsorption/desorption
isotherms of shale samples were measured at relative pressure
ranging from 0.010-0.995 at 77 K.

Grey relational analysis

In this paper, to explore the relationships among organic mat-
ter content and mineral composition, investigate the main fac-
tors affecting the pore structure parameters, the grey relational
analysis was used, which is commonly used to determine the
interrelationships among the multiple parameters. The grey
relational analysis has advantages in solving interrelationships
and determining the main controlling factors compared with
the least square method.

Basing on the grey relational analysis theory, the pore struc-
ture parameters are taken as the reference sequence expressed
by Eq. (1), and the TOC contents, the quartz contents, the
feldspar contents, the carbonate minerals contents and the clay
minerals contents are taken as the factor sequence expressed
by Eq. (2).

Xy ={X(Olk=1,2,-,n} (1)

X ={X®lk=1,2,n}i=12-,m) @)

where X; is the influencing factor, n is the sampling points,
m is the number of influencing factors.

As the range and units of each data is different, the data
would be normalized between 0 and 1 by Eq. (3) and Eq. (4)
respectively. When there is a positive correlation between the
pore structure parameters and TOC contents, mineral composi-
tions contents, it is normalized by Eq. (3), else, Eq. (4).
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The grey relational coefficient is computed from the nor-
malized data by Eq. (5).
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where p is distinguishing coefficient, dimensionless (0 < p <
1); Aytk) = |X0(k) — Xl-(k)| is the absolute difference between
X, and X; at the point k.
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Due to the numerous numbers of relational coefficients,
leading to the dispersed information; the grey relational
grade is calculated by averaging the grey relational coef-
ficient using Eq. (6).

Results
TOC and mineralogical compositions

The results of shale samples’ TOC and XRD analysis are
presented in Fig. 1. As shown in Fig. 1, the TOC contents
range from 2.08 to 4.97%, with an average of 3.46%, sug-
gesting that the shales from the Longmaxi Formation in the
Jiaoshiba region are rich in the organic matter. Meanwhile,
we can observe that there is a wide distribution in mineral-
ogical compositions, indicating that the mineralogical com-
positions in shales is complex. In addition, shale samples
are mainly composed of the quartz and the clay minerals,
followed by the carbonates and the feldspars. The brittle
mineral contents are between 46.46 and 64.32%, with an
average of 54.64%, whereas the clay minerals contents range
from 21.45 to 39.08%, with an average of 30.07%, showing
that the contents of brittle minerals in shales is higher, but
the contents of clay minerals in shales is relatively lower.
The main clay minerals are the illite, ranging from 14.82
to 29.27%, with a mean of 22.15%. The pyrite contents are
ranged from 2.68 to 5.00%, with an average of 3.61%. Above
findings are consistent with the previous studies on shales
from the Longmaxi Formation in the Sichuan Basin of China
(Xiong et al. 2015; Ji et al. 2020).

Pore morphology

As shown in Fig. 2, the shale samples develop various pore
types and the pore size distribute in a wide range from nano-
scale to micro-scale. In this work, pore types of the shale
samples are categorized into the organic matter (OM) pores
and inorganic pores including; interparticle (Inter), intrapar-
ticle (Intra), and micro-fractures.

Previous researches (Hu et al. 2017; Liu et al. 2020) have
shown that a certain level of thermal maturation is necessary
condition for the development of OM pores, which means
that the development of OM pores is closely related to the
thermal evolution and hydrocarbon generation process. OM
pores are distributed widely within organic matters in the
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Fig.2 FE-SEM images of different pore types observed in shale
samples. a Microfractures, pyrite and interparticle (interP) pores
at the depth of 2804 m; b microfractures at the depth of 2820 m; ¢
microfractures, pyrite and intraparticle(intraP) pores at the depth of
2832 m; d organic matter(OM) pores and microfractures at the depth
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study area (Fig. 2d, Fig. 2f, Fig. 2g, Fig. 2h), which are
mainly spherical shaped. Meanwhile, OM pores have a huge
specific surface area, it means that there are a large number
of gas adsorption sites in the pore structure, which is con-
ducive for adsorption and storage of shale gas.

The intergranular pores, developed between mineral
grains, are mainly influenced by the degree of compaction,
cementation, and overburden pressure. As shown in Fig. 2a,
Fig. 2e and Fig. 2j, the intergranular pores are mainly in
triangles, polygons, and irregular slits form. These pores
are randomly distributed in shale samples. In addition, the
intergranular pores commonly have well connectivity, which
can provide an effective seepage channel for shale gas. As a
result, the development of intergranular pores is conducive
to the storage and migration of shale gas. Besides intergran-
ular pores, the intraparticle pores are observed in Fig. 2e
and Fig. 2f. The intraparticle pores are spaces developed
inside mineral particles such as feldspars and calcites. The
morphology of these pores is irregular, and they have poor
connectivity. As shown in Fig. 2, compared with interpar-
ticle pores the intraparticle pores are not well developed.

In the development of shale gas, the existence of micro-
fractures is very important, which can provide necessary
seepage channel and greatly improve the seepage ability of
shale gas. Development of microfractures is mainly con-
trolled by tectonic movement, mineral composition, abun-
dance of organic matter, pressure distribution and sedimen-
tary microfacies, etc. (Dong et al. 2018) Image observations
suggest that the microfractures in the study area are mainly
occupied by tectonic microfractures, and the width ranges
from dozens of nanometers to several microns. In addition,
the microfractures are developed at the edges of organic mat-
ter and other minerals (Fig. 2d, Fig. 2f, Fig. 2g, Fig. 2h). The

70

kind of microfractures is formed due to the dehydration and
shrinkage of the organic matter in the process of organic
evolution.

N, adsorption—desorption isotherm

Figure 3 (V is the adsorption capacity and P/Po is the rela-
tive pressure) represents LPNA analysis results in some sam-
ples. According to this figure, the desorption branch on the
image does not lag, so there is no hysteresis loop, suggesting
that shale samples have a closed pore structure. According to
the classification types proposed by the International Union
of Pure and Applied Chemistry (IUPAC) (Sing et al. 1985),
the pore shapes represented by these four classifications are
cylindrical holes, ink bottle holes, wedge holes (open at one
or both ends) and crack holes. The N, adsorption—desorption
isotherms of shale samples are similar to H3-type, and have
H4-type characteristics, indicating that the shale samples
mainly contain wedge holes and cracked holes, and have
irregular pore structure characteristics.

Pore size distributions

The plots of dS/d(logD) vs D (S is the specific surface area
and D is the pore size) or dV/d(logD) vs D (V is the pore
volume) can be adopted to present the pore size distribu-
tion (Tian et al. 2013; Xiong et al. 2015). According to
the results of LPNA experiments, the distribution of the
specific surface area or pore volume of some shale sam-
ples calculated based on the BJH method are presented
in Fig. 4. From Fig. 4, we can note that the distribution
of the specific surface area or pore volume among each
sample from the Longmaxi Formation have different
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Fig.4 Specific surface area distribution a and pore volume distribution b with pore size reconstructed from the isotherms of some shale samples

using the BJH method

shapes, and much broader pore size distribution. Accord-
ing to classification type of the pore size presented by the
IUPAC (Sing et al. 1985), the pore size was divided into
the micropores (<2 nm), the mesoporous (2-50 nm), and
macropores (> 50 nm). The histogram of pore volume and
specific surface area of each pore size section of shale
samples from Longmaxi Formation are shown in Fig. 5.
From Fig. 5(a), we observe that the pore volume of shale
samples is mainly composed of mesoporous and macropo-
res, the average pore volume of mesoporous is 65.42%,
and the average pore volume of macropores is 31.51%,
they account for about 97% of the total pore volume. For
the specific surface area, the contribution of mesopores
is large (as shown in Fig. 5(b)), which accounting for
66.56-82.79%, with an average of 74.08%, whereas the
average contribution of the micropore and macropore to
the specific surface area are 17.77 and 8.15%, respectively.
The result show that the mesoporous and macropores of
shales from the Longmaxi Formation provide the main
total pore volume, and the mesopores contribute the main
specific surface area.
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Pore structure parameters

On the basis of LPNA analysis results, the specific surface
area calculated using the BET model, and the N, adsorp-
tion volume at p/p,, about 0.98 can be used to estimate pore
volume. The pore structure parameters of shale samples are
presented in Table 1. As it can be seen from this table, the
pore volume ranges from 0.06370 to 0.10532 cm?/g, with an
average of 0.08143 cm?/g. The specific surface area ranges
from 16.44 to 37.61 m?/g, with an average of 25.87 m?/g.
The average pore size ranges from 11.20 to 15.50 nm, with
an average of 12.78 nm, which is classified as mesopore
according to the IUPAC classification.

Discussion

Relationship pore structure parameters and TOC,
mineral compositions

As shown in Fig. 6, the pore volume and specific surface
area of shale samples are positively correlated, and the
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Fig.5 Percentages of the total pore volume a and specific surface area b under the IUPAC classification
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Table 1 Specific surface area, pore volume and average pore size of
shale samples

Sample no Depth Pore volume  Specific Average pore size
surface
area
m)  (em%g) (m%g)  (am)
1 2804  0.07160 20.94 13.68
2 2812 0.07138 21.31 13.40
3 2820  0.09324 31.13 11.98
4 2832 0.06614 19.52 13.56
5 2836  0.09717 31.08 12.50
6 2837  0.08181 27.21 12.02
7 2915 0.07764 23.73 13.08
8 2953 0.06932 21.03 13.18
9 2981  0.06370 16.44 15.50
10 3002  0.07365 22.66 13.00
11 3012 0.10532 37.61 11.20
12 3039  0.09538 32.19 11.85
13 3045  0.09177 29.33 12.52
14 3062  0.07333 22.16 13.24
15 3071  0.09033 29.73 12.15
16 3080 0.07161 21.30 13.45
17 3093  0.08289 27.88 11.89
18 3125  0.09317 31.45 11.85
19 3131  0.09544 32.03 11.92
20 3134 0.06372 18.60 13.70

correlation coefficient is 0.9795, while the average pore
size is negatively correlated with pore volume and specific
surface area, and the correlation coefficients are 0.7412 and
0.8393 respectively, indicating that the shales with smaller
pore is conducive to the storage of shale gas (Bustin et al.
2008; Ross et al. 2009; Xiong et al. 2015; Liu et al. 2015;
2020).

The relationships among the TOC contents, the clay min-
eral contents, the quartz contents and the total pore volume,
the specific surface area, the average pore size (as shown in
Figs. 7, 8 and 9) are established to explore the influencing

factors of the pore development of shales from Longmaxi
Formation in the study block. From Figs. 7-9, the TOC, clay
mineral contents and the quartz contents are the main influ-
encing factors of the total pore volume, the specific surface
area, and the average pore size of shales.

From Fig. 7, we observe that the total pore volume
of shales is positively correlated with the TOC (Fig. 7a)
and the quartz contents (Fig. 7(b)), with correlation coef-
ficients of 0.8060 and 0.7470, respectively. The total pore
volume of shales is negatively correlated with the clay
mineral contents (Fig. 7¢), with correlation coefficient
of 0.6298. Meanwhile, from Fig. 8, we observe that the
specific surface area is positively correlated with the TOC
(Fig. 8a) and the quartz contents (Fig. 8b), with corre-
lation coefficients of 0.8143 and 0.7560, respectively.
There is a negatively relationship between the specific
surface area and the clay mineral contents (Fig. 8c), with
correlation coefficient of 0.6117. The shale samples from
from Longmaxi Formation with more the TOC contents
have lager total pore volume and specific surface area.
And with the increase of the quartz contents, the total
pore volume and the specific surface area of shales can
increase. This may be because that the quartz originates
from the biogenesis (siliceous organisms). With the
increase of the siliceous components in shales, the num-
ber of micropores can increase, resulting in the increase
of the total pore volume and the specific surface area
(Xiong et al. 2015). However, from Fig. 9, the clay min-
eral contents in shales can enhance the compaction in the
diagenetic process, leading to dense mineral arrangement
and reducing the total pore volume and specific surface
area. This has similarities (the clay minerals had a nega-
tive influence on the specific surface area and pore vol-
ume, especially the micropore structure parameters.) and
difference (the clay-rich rocks have higher porosity and
permeability than the biogenic silica-rich shales or the
carbonate-rich shales.) with conclusion found by previ-
ous scholars (Bustin et al. 2008; Ross et al. 2009; Xiong
et al. 2015). In the end, analyzed from horizontal, the
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size and specific surface area in shale samples

@ Springer



2864 Journal of Petroleum Exploration and Production Technology (2022) 12:2857-2868

0.13 50 18
y=0.0193x +0.0067 [ & y =8.7743x - 8.0439 ® y=-1.3572x + 18.03
C) R” = 0.8060 E R?=0.8143 E R =0.6677
E 0.11 = 40 E 16 F .
o g ‘@
S S 5
E 0.09 | £ 30 2 14 t
2 2 ) e
g €20 f § 12 N o
o
w2
005 1 1 1 1 1 10 1 1 1 1 1 10 1 1 1 1 1
1 2 3 4 5 6 71 1 2 3 4 5 6 1 1 2 3 4 5 6 17
TOC(%) TOC(%) TOC(%)
(a) Total pore volume (b) Specific surface area (c) Average pore size

Fig. 7 Relationships between the TOC and a total pore volume, b specific surface area ¢ average pore size
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Fig. 8 Relationships between the quartz contents and a total pore volume, b specific surface area ¢ average pore size
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Fig. 9 Relationships between the clay mineral contents and a total pore volume, b specific surface area ¢ average pore size

average pore size is negatively correlated with the total
pore volume and the specific surface area according to the
result of analysis. This conclusion is in agreement with
previous works, such as shales from the Lower Cambrian
Niutitang Formation (Yang et al. 2014; Liu et al. 2020),
Upper Ordovician Wufeng Formation (Xiong et al. 2015).
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The controlling factors on the pore structure
characteristics

In this work, we try to introduce the grey correlation analy-
sis method to find the important controlling factors of pore
structure characteristics. As shown in Tables 2, 3 and 4,
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Table 2 The results of grey

) . Sample no Depth(m) TOC Quartz Feldspars Carbonates Clay minerals
relational analysis of the total

pore volume Grey relation co-efficient 1 2804 091 057 049 0.41 0.95
2 2812 0.77 0.60 0.90 0.43 0.86

3 2820 0.59 0.83 0.82 0.72 0.93

4 2832 0.84 0.61 0.33 0.70 0.90

5 2836 0.97 0.79 0.69 0.55 0.81

6 2837 0.97 0.95 0.60 0.71 0.94

7 2915 0.69 0.90 0.97 0.58 0.61

8 2953 0.81 0.84 0.93 0.83 0.67

9 2981 1.00 1.00 1.00 0.84 0.87

10 3002 1.00 0.68 0.84 0.71 0.49

11 3012 1.00 1.00 0.90 0.77 0.86

12 3039 0.95 0.90 0.81 0.66 0.60

13 3045 0.94 0.71 0.83 0.77 0.62

14 3062 0.62 0.51 0.56 0.75 0.47

15 3071 0.99 0.81 0.93 0.55 0.57

16 3080 0.94 0.65 0.42 0.72 0.89

17 3093 0.66 0.63 0.55 0.68 0.53

18 3125 0.94 0.90 0.85 0.58 0.70

19 3131 0.99 0.97 0.66 0.63 0.79

20 3134 0.76 0.84 0.75 0.70 1.00

Grey relation grade 0.87 0.78 0.74 0.66 0.75

rank 1 2 4 5 3

Table 3 The results of grey

- . Sample no Depth(m) TOC Quartz Feldspars Carbonates Clay minerals
relational analysis of the

specific surface area Grey relation co-efficient 1 2804 095 056 048 0.39 1.00
2 2812 0.82 061 098 0.42 0.93

3 2820 057 085  0.83 0.72 0.95

4 2832 1.00 067 033 0.79 0.93

5 2836 0.81 098  0.81 0.60 0.66

6 2837 0.87 090  0.64 0.61 0.80

7 2915 0.66 091  0.94 0.55 0.59

8 2953 0.69 098  0.78 0.71 0.74

9 2981 1.00 1.00  1.00 0.83 0.86

10 3002 089 072 093 0.63 0.50

11 3012 1.00 1.00  0.89 0.75 0.84

12 3039 099 085 0.77 0.63 0.59

13 3045 082 062 073 0.85 0.54

14 3062 0.63 051 056 0.79 0.46

15 3071 096 078  0.95 0.53 0.53

16 3080 098 067 041 0.75 0.96

17 3093 072 0.68 058 0.59 0.56

18 3125 094 0.89 0.84 0.55 0.68

19 3131 093 091  0.66 0.63 0.73

20 3134 091 097  0.89 0.81 0.81

Grey relation grade 0.86 0.80 0.75 0.66 0.73

Rank 1 2 3 5 4
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Table 4 The results of grey
relational analysis of the

Sample no Depth(m) TOC Quartz Feldspars Carbonates Clay minerals

average pore s1ze Grey relation co-efficient

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20

Grey relation grade

Rank

2804 0.62 0.71 0.54 0.40 0.59
2812 065 097 0.54 0.48 0.57
2820 0.41 0.60  0.59 0.51 0.67
2832 050 0.76 035 0.61 0.47
2836 0.77 0.95 0.74 0.51 0.58
2837 045 046  0.84 0.35 0.43
2915 0.40 0.63 0.55 0.35 0.80
2953 037 049 041 0.38 0.64
2981 1.00 1.00 1.00 0.77 0.81
3002 047 0.71 0.54 0.36 0.68
3012 1.00 1.00  0.85 0.68 0.79
3039 0.73 0.90  0.93 0.66 0.43
3045 097 0.63  0.80 0.65 0.52
3062 097 0.67  0.80 0.68 0.55
3071 069 092  0.64 0.36 0.58
3080 054 090 045 0.75 0.57
3093 069 0.75 097 0.33 0.88
3125 0.73 077  0.57 0.38 0.82
3131 0.82 0.85 0.49 0.46 0.84
3134 052 048 0.3 0.58 0.42

0.67 0.76  0.66 0.51 0.63

2 1 3 5 4

the grey correlation coefficient and grey correlation degree
of different pore structure parameters including the total
pore volume, the specific surface area and the average pore
size are presented, respectively. The higher the grey rela-
tional grade, the stronger the correlation with pore structure
parameters. From Tables 2—4, the order of grey relational
grade influencing the total pore volume was determined as
the TOC > Quartz > Clay minerals > Feldspars > Carbonates,
the order of grey relational grade influencing the specific
surface area was determined as the TOC > Quartz > Feld-
spars > Clay minerals > Carbonates, and the order of grey
relational grade influencing the average pore size was
determined as the Quartz > TOC > Feldspars > Clay miner-
als> Carbonates. Therefore, based on the grey relational the-
ory, the TOC contents and the quartz contents have a higher
grey correlation in the total pore volume and the specific
surface area, indicating that the TOC contents and the quartz
contents have an obvious effect on the total pore volume and
the specific surface area. And the average pore size is mainly
influenced by the quartz contents.

Conclusions
In this study, the pore structure characteristics, and its con-

trolling factors of shale samples from the Lower Silurian
Longmaxi Formation in the southern Sichuan Basin of

@ Springer

China were studied by TOC, XRD, FE-SEM, LPNA analy-
sis and grey relational analysis. The major conclusions are
as follows:

(1) The shale samples are rich in organic matter, and the
TOC contents are between 2.94 and 4.97% with an
average of 3.50%, this formation are mainly composed
of quartz (average 40.60%) and clay minerals (average
30.07%). The OM pores, the interparticle pores, the
intraparticle pores, and the micro-fractures are the main
pore types determined by the FE-SEM observation.

(2) The pore volume of shale samples is from 0.0637 to
0.1053 cm?/g, the specific surface area ranges from
16.44 to 37.61 m?/g, the average pore size is between
11.20 and 15.50 nm. The TOC and the quartz contents
have a positive influence on the specific surface area
and total pore volume while the clay minerals contents
have a negative impact.

(3) The TOC contents and quartz contents have the most
significant effect on the total pore volume and specific
surface area, and the average pore size is mainly con-
trolled by the quartz contents.
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