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To understand the pore structure and heterogeneity of pore size distribution (PSD) is essential for revealing fluid mechanics and
evaluating the utilization of unconventional resources. In this study, there are multiple shale examples collected from the Chang 7
section in the Ordos Basin for the investigation was conducted on the basis of various experiments on total organic carbon (TOC),
X-ray diffraction (XRD), and nitrogen gas adsorption, through scanning electron microscopy (SEM) and multifractal method. The
multifractal characteristic parameters, including the width of singularity spectra (Δα), Hurst exponent (H), D1/D0, and nitrogen
gas adsorption, were used to find out about the characteristics of pore development and to quantify the complexity and
heterogeneity of pore structure. Depending on the exact mineral composition, the Yanchang Formation of Chang 7 shales is
classified into either silty mudstone (SM) or muddy siltstone lithofacies (MS). According to the investigative results, the Chang
7 lacustrine shale features a complex pore system with the pores ranging from 1.5 to 10 nm in diameter. Besides, mesopores
contribute significantly to the total pore volume (TPV) and total surface area (TSA). As for TPV and TSA of the SM
lithofacies in the samples under investigation, they are nearly 1.09–1.78 and 0.80–1.72 times greater as compared to the MS
lithofacies samples. The dominant types of reservoir spaces include organic matter (OM) pore and interparticle pore which are
related to inorganic minerals. The value of Δα is higher for MS lithofacies than for SM lithofacies, indicating a greater
heterogeneity of PSD in the MS lithofacies. The pore structure of MS lithofacies is determined mainly by TOC and siliceous
mineral content, whereas the influencing factors for SM lithofacies are TOC and clay mineral content. There is a significant
relationship between multifractal parameters and pore structure parameters for both SM and MS lithofacies. The TOC of SM
and MS lithofacies exhibits a close correlation with Δα, suggesting that the pores in organic matter are dominated by those
nanopores with a complex and heterogeneous pore structure. The rock composition of the lithofacies can affect Δα to a
varying extent, which means that the minerals have an evident impact on the heterogeneity of MS and SM lithofacies.

1. Introduction

Unconventional oil and gas are considered the most impor-
tant future energy sources worldwide [1–3]. In various kinds
of unconventional energy sources, the shale displays the self-
sourced and reservoir feature, which shows the foreseeable
enormous economic value and exploration and development

prospect [1, 4]. Contrary to the conventional reservoir, the
shale pore structure is characterized with a quite wide range
by nanoscale to macroscale and shows a more complicated
and heterogeneous pore network, as well as low porosity
and permeability [5]. It is well understood that it closely
links the pore structures to the oil and gas transport mecha-
nism and storage capabilities in the shale [6]. The pore
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structure can support important parameters, including the
pore volume (PV), pore surfer area (SA), average pore
diameter (APD), and pore size distribution (PSD), which
have been executed by many researchers [1, 4, 7]. Previous
investigations have shown that the nanopore feature is of
great significance in the shale formation evaluation. Thus,
understanding the pore structure of shale help effectively
the estimation of the resource potential and production
performances.

Various methods have been widely applied to describe
the shale pore size distribution indirectly including small-
angle neutron scattering (SANS), high mercury intrusion
porosimetry (HMIP), gas adsorption, and nuclear magnetic
resonance (NMR) and display the pore geometry character-
ization including field-emission scanning electron micro-
scope (FE-SEM), atomic force microscopy (AFM), and
nano-CT [2, 3, 7–21]. Among these, gas adsorption has been
proven an effective method to characterize the pore structure
quantitatively. However, these methods could not quantify
the heterogeneous and complex geometry of nanoscale pore
structures. Fractal theory, a tool for description statistical
self-similarity, is an effective method to analyze the irregu-
larity and heterogeneity of PSD in the soil system, coals,
shales, and other porous materials [22–26]. In the previous
studies, the extensive method has been used to measure frac-
tal dimensions including Frenkel–Halsey–Hill (FHH)
model, thermodynamics model, NMR model, image pro-
cessing, V-S model, and HMIP model [13, 27–33].

It is highlighted that the conventional fractal model is
not adequate quantitatively to evaluate the irregularity and
local scale properties of the pore system [24–26, 34]. As a
fractal theory extension, the multifractal theory can discom-
pose into intertwined fractal subsets and describe the spatial
distribution of measures quantitatively [35]. Through the
generalized fractal dimensions and singularity strength spec-
tra, the multifractal spectral function provides more detailed
information about the integral and local heterogeneity of
PSD [26, 36]. Compared with previous studies on single
fractal theory, several studies were conducted on the multi-
fractal characteristics of shale reservoirs by using LF-N2
methods [24, 25, 34].

In this study, 12 examples from the Chang 7 shale in
Ordos Basin, from the different wells, were collected and
conducted the different lithofacies with TOC, XRD, nitrogen
gas adsorption, SEM, and multifractal method. The goal of
this study can be explained as to (1) explicitly classify the
main lithofacies types by mineral composition, (2) illustrate
the pore structure development from the different lithofa-
cies, (3) compare the heterogeneity of the pore structures
from the different lithofacies via the multifractal theory,
and (4) reveal the main influence factors of the pore struc-
tures and the multifractal parameters.

2. Geological Setting

The Ordos Basin is a large remnant cratonic sedimentary
basin covering approximately 25 × 104 km2 area, located in
the northern-central part of China with a whole strati-
graphic and weak deformation [16, 32, 37]. The basin con-

sists of six units including the Yimeng uplift, the Weibei
uplift, the Western margin thrust belt, the Tianhuan depres-
sion, the Jinxi flexural fold belt, and the Yishan Ramp [38].
In this study area, the Yishan slope, is a remarkable mono-
cline with a gentle 1-3° dip angle from east to west, and it
is composed of rare faults and slight structure deformation
(Figures 1(a) and 1(b)) [15, 39]. As a multicycle evolutionary
stage basin, the basement of Ordos Basin consists of crystal-
line rocks which are from Archean Eocene and Paleoproter-
ozoic [40]. In the Latest Middle Triassic period, the fluvial
and terrestrial siliciclastic sediments were deposited under
the intact depositional cycle with the thickness of about
3000~4000m [32, 41]. As the most main source unit, the
7th member of the Triassic Yanchang formation was formed
in the semideep water of the lake sedimentary environment
with 10-40m, which was considered the most favorable for-
mation for the shale-gas generation (Figure 1(d)) [16,
42–43]. The lithology of Chang 7 lacustrine shale formation
is mainly composed of thick gray-black, dark-gray, petroli-
ferous shales, and thin layer argillaceous siltstones [16, 32,
37]. It has been reported that the TOC of Chang 7 ranges
from 1.6%-14% and mainly type I and II; the hydrogen
index is generally 50-638mg HC/g TOC; the hydrocarbon
potential (S1 + S2) is 5.5-142.41mg/g [32, 44].

3. Samples and Methods

3.1. Samples and Experiments. In the study area, a series of
samples from shale formations were selected from the seven
drillings of exploration wells (Figure 1(c)). All examples
were analyzed pore structure and heterogeneity from the
depth of 1150.31 to 1663.39m.

Before the tests, the shale examples were powdered less
than a 40-60 mesh size and placed into the D8 Advance X-
ray diffractometer at 40 kV and 40mA to study the miner-
alogical content. The Rock-Eval pyrolysis was used to eval-
uate the TOC content of the examples quantified. All the
examining examples were placed into a drying oven for at
least 8 h at 110°C to avoid the influence of residual gas
and bound water. The SEM image can observe the nanomi-
cropore morphology and structure directly. To avoid the
interference factor, the pretreatment of samples was cut
into slices and polished with argon ion to produce an
undamaged and reproducible surface. The instrument was
Quanta 450 field emission scanning electron microscope
(FE-SEM) to obtain typical higher resolution images and
acquire detailed information of the pore morphology [43].
As a wide method, the N2 gas adsorption was used to ana-
lyze the pore structure and provide more information
about PSD in the size of 0.3 to 300nm. The N2 adsorption
analysis was conducted in a Micromeritics ASAP-2020
apparatus under a temperature of 196°C conditions. In
the process of nitrogen adsorption experiment, the amount
of liquid nitrogen was recorded in the relative equilibrium
adsorption pressure scope of 0.01–0.99 (P/P0). Several
parameters including surface area (SA) and pore volume
(PV) were calculated by the BET and BJH theoretical with
the range of 2-200 nm [45].
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3.2. Multifractal Theory. As the extension of single fractal
dimension theory, multifractal formalism was used to
describe the complex structures and the heterogeneity of
rock pore structures. In the previous studies, detailed infor-
mation on multifractal processes was provided [2, 5, 19,
23–25, 33, 35, 36, 46, 47].

In this procedure, the Box-counting method is a widely
used and popular tool to confirm a set of different boxes
with a similar equal length of ε to cover the target object L,
where ε = L/2k ðk = 0,1,2,3,⋯Þ. In this study, the relative
pressure (P/P0) was taken as the length ε. NðεÞ is defined
as the total number of boxes with the size of ε to cover the
PSD curve from the gas adsorption measurements [24, 25].
For heterogeneous porous media, the probability mass dis-
tribution PiðεÞ for the ith box with a scale ε could be repre-
sented as [26, 48]

Pi εð Þ = Ni εð Þ
∑N εð Þ

i=1 Ni εð Þ
, ð1Þ

where PiðεÞ is the probability density distribution, Ni ðεÞ is
the space of adsorbed nitrogen of partition ith box with
the size of ε, and NðεÞ is the total volume of gas.

If the samples show the multifractal property, the prob-
ability density distribution will have the relationship with
the size ε and will be obtained from [49]

Pi εð Þ∝ εαi , ð2Þ

where αi is the singularity strength (Lipschitz-Hölder singu-
larity exponent) and represents the density in the ith box.

Here, we defined the multifractally distributed properties
of size ε with same the value expressed as

Nα εð Þ ~ ε−f αð Þ, ð3Þ

where f ðαÞ is the set of the fractal dimensions which indi-
cates the fractal dimension of the boxes with the same or
close a value of α.

The probability density distribution of the q for the size ε
can be further weighted defined as [48]

X q, εð Þ = 〠
Ni

i=1
Pq
i εð Þ ~ ετ qð Þ, ð4Þ

where Xðq, εÞ is the partition function of q with scale ε and
τðqÞ is the mass scaling function, which can be expressed
as [5, 26, 28, 50]

τ qð Þ = − lim
ε⟶0

log ∑N εð Þ
i=1 Pq

i εð Þ
log ε : ð5Þ

The generalized multifractal dimension Dq can be
defined as [51]
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Figure 1: The location of the Ordos Basin in China (a and b) and the study area location of sampling wells (modified from Shan et al. [32]);
stratigraphic column of the study area.
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Dq =
1

q − 1 lim
ε⟶0

log ∑N εð Þ
i=1 Pq

i εð Þ
log ε : ð6Þ

By combining Equations (5) and (6), the relationship
between multifractal spectrum f ðαÞ and singularity strength
αðqÞ can be determined from τðqÞ and q with using the
Legendre transformation [26, 28], respectively:

f αð Þ = qα qð Þ − τ qð Þ, ð7Þ

α qð Þ = dτ qð Þ
dq

: ð8Þ

The material and method section should contain suffi-
cient detail so that all procedures can be repeated. It may
be divided into headed subsections if several methods are
described.

4. Result

4.1. Characteristics of the Shale Samples. Mineralogically, the
XRD results of Chang 7 lacustrine shale core examples are
listed in Table 1, which shows the dominant minerals are
quartz and clay minerals, followed by some carbonate and
other minerals. Quartz is generally 23%-42%, with an aver-
age value of 32.6%, for Chang 7 lacustrine shale which is
close to the transitional shale and country to the marine
shale. The total clay minerals occupy 23%-42%, with an
average value of 32.6%, of the whole shale, followed by pla-
gioclase and dolomite, with contents ranging from 4% to
13% and 3%–16%, and the average values are 8.3% and
7.3%, respectively. In addition, part of the examples has
some minerals such as pyrite, siderite, and calcite, with low
content of about 10% (Table 2). In the clay minerals, I/S is
the dominant content ranging from 36% to 86% with an
average of 51.9%, which recommends the lacustrine shale
of Chang 7 is in the a period of middiagenesis. The content
of illite mineral contents is close to the smectite, with the

former ranging between 21% and 39% (average of 27.7%)
and the latter from 15 to 20% (average of 15.8%).

Lithofacies characterization is the fundamental indicator
to demonstrate the sedimentary facies analysis and sedimen-
tary environments of shales [8, 52]. With the success of shale
exploration and development and sweet spot evaluation,
lithofacies studies are identified as a significant step in the
process of shale evaluation. The previous study has sug-
gested the sedimentary environments of Chang 7 are the
delta and deep lacustrine with multiple pore structure and
complex pore geometry feature [32]. Thus, a full description
of the lacustrine shale reservoir is necessary to be associated
with their lithofacies. Many classification systems originate
from (1) logging, core explanation, and diagenesis [53]; (2)
deep neural network [54]; and (3) lithological characteristics
and rock sections. According to the marine, transitional, and
lacustrine shale lithofacies classification, in this study, com-
bined with the previous lithofacies division scheme, the

Table 1: Mineral composition, TOC, and lithofacies for Yanchang lacustrine shale samples in the study area.

Sample ID Well TOC (%)
Mineral composition (%)

Lithofacies
Clay Qz Kfs Pl Cal Dol Py Sd

YY5-1 YY5 5.52 48 35 7 8 2 MS

YY7-1 YY7 3.72 43 37 5 13 2 MS

YY12-1 YY12 5.00 48 30 8 12 2 MS

YY13-1 YY13 4.10 42 37 9 9 3 MS

YY13-2 YY13 4.47 48 36 8 8 MS

YY13-4 YY13 6.01 43 42 2 8 3 2 MS

YY4-2 YY4 6.26 47 35 11 4 3 SM

YY9-1 YY9 5.42 48 28 5 7 10 2 SM

YY9-2 YY9 5.29 52 30 4 4 3 3 4 SM

YY5-2 YY5 3.82 51 26 3 4 16 SM

YY13-3 YY13 2.68 64 23 5 6 2 SM

YY5-3 YY5 2.33 55 32 10 3 SM

Qz: quartz; Kfs: K-feldspar; Pl: plagioclase; Cal: calcite; Dol: dolomite; Py: pyrite; Sd: siderite.

Table 2: Clay mineral composition for Yanchang lacustrine shale
samples.

Sample
ID

Depth
(m)

TOC
(%)

Clay composition (%)

K Chlorite Illite
I/
S

Smectite

YY5-1 1450.2 5.52 17 29 54 15

YY7-1 1150.3 3.72 17 14 24 45 20

YY12-1 1618.2 5.00 17 32 51 15

YY13-1 1194.4 4.10 19 29 52 15

YY13-2 1201.5 4.47 29 28 43 15

YY13-4 1360.1 6.01 23 39 38 15

YY4-2 1532.9 6.26 4 5 22 69 20

YY9-1 1663.4 5.42 23 24 53 15

YY9-2 1671.3 5.29 14 33 53 15

YY5-2 1455.0 3.82 17 26 57 15

YY13-3 1203.5 2.68 19 25 56 15

YY5-3 1457.9 2.33 10 21 69 15
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result of XRD is associated with the value of OM to form the
lithofacies classification in the study area [55, 56]. However,
due to the stability of region tectonics of Ordos Basin, the
effect of thermal evolution in examples is not significant
[57]. The thermal evolution degree of Ro in Chang 7 is too
slightly volatile to neglect. The classification scheme intro-
duces the content of TOC and mineral component data,
which reflects the shale petrological and petrophysical char-
acteristics, with effective and universal relevance principle in
the Ordos Basin.

The classification standard usually categorizes different
lithofacies in shales based on TOC, lithology, or mineral
composition. In order to classify the shale lithofacies, TOC
and mineral composition have been analyzed. Based on the
content of three main components, including siliceous com-
ponents (quartz+feldspar), carbonate components (calcite,
dolomite), and muddy components (clay), these main litho-
facies can be classified. Using this main classification, several
subgroups are identified within a major category. Figure 2
shows the shale lithofacies classification with TOC and min-
eral compositions in the study area. According to the nor-
malization experimental collected data, the mineral
component and TOC value can be divided into two main
lithofacies, which are silty mudstone (SM) and muddy silt-
stone (MS).

4.2. Analysis of N2 Adsorption/Desorption Isotherms. The N2
adsorption isotherms including the sharpness of adsorption
and desorption branch curves can be used to analyze the
pore morphology and the surface. A total of 12 examples
were analyzed and showed the similar “S” type in the low-
pressure N2 adsorption-desorption branches. In the branch
of adsorption, the adsorption quantity increases rapidly
from a slow rate increasing the relative pressure (Figure 3).
The increase rate is attributed to the adsorption phase
monolayer and multilayer transformation. With the relative
pressure close to 0.8, the adsorption curves rise very more
rapidly, which fits Henry’s law. According to the geometrical
morphology characteristics of hysteresis, the hysteresis loop
displays various shapes, which are generated by the capil-
lary condensation effect and illustrate the existence of
mesopores in the Chang 7 samples [58]. From the data in
Figure 3, it is apparent that a sharp desorption step point
at relative pressure P/Po 0.4–0.5, named K point or cavita-
tion mechanism in the desorption branch of some samples,
indicating that the wide cavities are connected with nar-
rower necks. Compared with fluid pressure in the neck,
the metastable fluid in the cavity has low vapor-liquid equi-
librium pressure, and the neck effectively “blocks” desorp-
tion from the cavity [59, 60].

According to the IUPAC, the different lithofacies sam-
ples show a various hysteresis loop. In the MS lithofacies,
the hysteresis loops of YY13-1 belong to the complex H2
and H3, which corresponded to “ink-bottle shaped” pores.
The H3 type is represented by the YY12-1 samples, reflect-
ing that shale nanoscale pores are mainly opened pores
[32]. The hysteresis loops of the YY13-4, YY13-2, YY5-1,
and YY16-9 samples belong to the H4 type, indicating that
shale nanoscale pores with larger pore size contain opened

pores and may have some semiclosed pores. The hysteresis
loop of SM lithofacies is characterized by both H1 and H3
curves of the IUPAC [61]. The hysteresis loops of YY4-2,
YY5-2, YY5-3, and YY9-1 belong to the H1 indicating the
development of the semiclosed pore. The H3 type is repre-
sented by the YY9-2 and YY13-2, indicating that the open-
ing pores. It is worth noticing that the hysteresis loop
result is consistent with the SEM images.

4.3. Pore Structure from N2 Adsorption. Table 3 is a summary
of the pore structure parameters including the BJH pore vol-
ume and BET surfer area, extracted from N2 adsorption iso-
therms. The SM lithofacies shales have the higher pore
volume and pore surfer area, ranging from 0.038 cm3/g to
0.056 cm3/g and 9.922m2/g to 14.000m2/g, with an average
of 0.044 cm3/g and 12.162m2/g, respectively. Regarding MS
lithofacies, the accumulated pore volumes range from
6.96 cm3/g to 11.4 cm3/g, with an average of 8.54 cm3/g.
The SA in the MS lithofacies shale samples lies between
1.89m2/g and 2.27m2/g, with an average of 2.13m2/g. In
general, the pore volume and surface area of the SM lithofa-
cies in the studied samples are almost 1.09-1.78 and 0.80-
1.72 times greater than the pore volume and surface area
of the MS lithofacies samples. Figure 4 shows that pores with
pore diameters less than 10nm are developed in both types
of lithofacies. The SM lithofacies general features have
higher pore volume values than the MS lithofacies.

4.4. Scanning Electron Microscopy. According to the results
of the SEM, the OM pore, InterP pore, IntarP pore, and
microfracture were identified in the Chang 7 Formation
shales in Figure 5 [9, 32]. The OM pores can be observed
clearly with various shapes including elliptic, strip, nested,
and irregularity or bubble-like generally ranging from sev-
eral nanometers to hundreds of nanometers (Figure 5) [9,
12]. The OM pore morphological characteristics between
the rigid particles including the quartz and feldspar are
affected by the compaction effect in Figures 5(b), 5(d), and
5(g). It is worth noting that there is a complex structure
inside the spongy OM pore and interlinked with each other,
which can form favorable connection of the OM-pore net-
work (Figure 5(b)). The microfractures are presented with
shrinkage cracks in the OM, and the wall of the fractures
has two morphological characteristics including smooth
and straight (Figure 5(c)), or rough and zigzagged
(Figure 5(f)), which all have a significant effect on hydrocar-
bon production [9, 12]. In addition, the OM pores in the
Yanchang shale are developed and show strong heterogene-
ity. Figures 5(e) and 5(g) show the enlarged square areas
from Figures 5(d) and 5(h), respectively. The sponge-like
pores were also observed clearly in the adjacent margin of
OM with pores 30–400 nm in size. The OM pore remaining
space can be found in the rigid grains and the microcrystal
quartz are developed in the OM particles (Figure 5(i)).

Some pyrite intercrystallite pores with multiple types of
geometry in Figure 6(a) [9]. Some of the pyrite aggregates
are filled with OM and inorganic minerals and developed
the OM pore inside (Figure 6(b)). Intragranular pores asso-
ciated with clay form strip shapes or sheet shapes, and the
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pores can be observed within laminar clay cleavages
(Figure 6(c)). The clay cleavages display the annular shape
with syntropy or random orientation (Figure 6(d)).
Figure 6(e) shows that intergranular pores of rigid frame-
works can be searched in among the edge rigid mineral
grains, which are formed by the mechanical differences.
Due to the effects of the organic acids, isolated dissolution
pores also occur in feldspar grains, with a similar lower pore
size and elliptical or circular shape (Figure 6(f)) [61]. Some
pyrite grains are distributed in the laminar clay cleavages,
forming the intergranular pores with parallel large diameters
and the shape of elliptical, which increase the pore space
(Figure 6(g)). Some pores are often found between clay
sheets, and the foliated structure in the clay is affected by
the rigid mineral during the compaction process of deposi-
tion (Figures 6(f) and 6(g)). Intergranular pores are rela-

tively large and mainly developed between clay minerals,
quartz, or other brittle minerals.

4.5. Multifractal Characteristics of N2 Adsorption. In this
part, we analyze the multifractal characteristic behavior of
the PSD by nitrogen adsorption. In practice, the multifractal
spectra distribution (α ∼ f ðαÞ) and the generalized dimen-
sion (q ∼DðqÞ) are obtained in Figures 7 and 8, respectively.
Dq spectra demonstrate a strong association with q, and the
curve of Dq to q displays a decreasing monotone with q
increasing from −10 to 10 at successive intervals. In the left
branch (high probability measurement range), Dq decreases
sharply as q increases. However, there is a slight decrease
with increasing q in the right branch (low probability mea-
surement range). The curve indicates the both the MS and
SM lithofacies examples of PSD have multifractal behavior.
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Figure 4: Pore size distribution of the Chang 7 samples obtained from nitrogen adsorption. (a) SM lithofacies. (b) MS lithofacies.

Table 3: Pore structure parameters of MS and SM lithofacies from low-pressure N2 adsorption data.

Samples ID TOC (%)
Pore volume Pore surfer area

Lithofacies
Micropore Mesopore Macropore Micropore Mesopore Macropore

YY4-2 6.26 0.001 0.027 0.028 2.565 10.121 1.314 SM

YY5-2 3.82 0.001 0.020 0.019 2.149 8.503 0.872 SM

YY5-3 2.33 0.001 0.023 0.023 1.751 8.753 1.008 SM

YY9-1 5.42 0.000 0.025 0.013 0.795 12.112 0.522 SM

YY9-2 5.29 0.001 0.026 0.015 1.587 10.389 0.607 SM

YY13-3 2.68 0.000 0.020 0.023 1.180 7.675 1.067 SM

YY5-1 5.52 0.001 0.018 0.018 1.611 7.067 0.857 MS

YY7-1 3.72 0.001 0.013 0.009 1.695 4.573 0.428 MS

YY12-1 5.00 0.000 0.019 0.014 0.579 8.123 0.545 MS

YY13-1 4.10 0.000 0.023 0.011 1.164 10.037 0.434 MS

YY13-20 4.47 0.000 0.019 0.016 0.673 7.259 0.671 MS

YY13-4 6.01 0.001 0.023 0.013 2.084 9.602 0.619 MS
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Compared with the MS lithofacies, the Dq shows a wide
variation range when q < 0 in the SM lithofacies. However,
in q > 0, the MS lithofacies display a wide variation ten-
dency. In the previous study, the D0 is regarded as the
capacity dimension; meanwhile, the D0 and D1 are the
information dimension and correlation dimension [18, 24,
62–65]. The D1/D0 represents the concentration degree of
the PSD along with the pore size intervals [65, 66]. The
relationship between D0, D1, and D2 show the order of
D0 >D1 >D2, revealing the significant multifractal charac-
teristics in all studied Chang 7 examples. In addition, it is
worth noticing that the Hurst exponent (H = ðD2 + 1Þ/2)
is a parameter, which is the degree of the positive autocor-

relation and used to represent the degree of the pore con-
nectivity [24, 64].

In Figure 8, the relationship between f ðaÞ and αðqÞ
shows the shape of typical parabolic function curves, which
is coincident with the previous research. To the left of the
crest, the f ðaÞ increases as αðqÞ increases, while in the right
of the crest, the f ðaÞ decreases as αðqÞ increases. The singular-
ity strength length (Δα) is an important parameter, which
means the maximum probability (αmax) and minimum proba-
bility (αmin) interpolation from the PSD and characterizes the
degree heterogeneity of the studied examples [24, 26, 28, 46].

In Figure 9, the mass exponent spectra τðqÞ increase as
the q increases. In the left branches, the τðqÞ increases with

(a) (b) (c)

Quartz

OM
OM

Porous-OM
Porous-OM

MicrofractureQuartz

Quartz

Calcite

Quartz

Microfracture
Quartz

Quartz
Non-porous OM

Non-porous OM

Porous-OM

(d)

(g) (h) (i)

(e) (f)

Porous-OM

178 nm

137 nm

213 nm 89 nm

37
9 

nm

104 nm

Figure 5: The SEM images of OM pores from MS and SM lithofacies Chang 7 lacustrine sample. (a, b) Porous OM-filled residual space of
rigid grains (sample ID: YY5-3, 1437.9m; YY7-1, 1150.3m). (c) Microfractures separating organic matter with smooth edge (sample ID:
YY9-1, 1663.4m). (d) Porous OM with gas bubble shape pores among the particles (sample ID: YY13-4, 1360.1m). (e) The expanded
horizon of the image of (d). (f) Zigzagged with microcracks in the OM particles (sample ID: YY5-1, 1450.2m). (g) Porous OM with
irregular figures among particles (sample ID: YY4-2, 1532.2m). (h) The expanded horizon of the image of (g). (i) Nonporous OM
particle squeezed into mineral pores (sample ID: YY12-1, 1618.12m).
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a rapid rate, corresponding to q < 0. In the right branches,
the τðqÞ The curve is agreeing well with the previous
research, which shows that different lithofacies samples have
the multifractal characteristics.

4.6. Multifractal Parameters. The multifractal parameters are
calculated and are presented in Table 4. The MS lithofacies
values of Δα are in a range of 3.942–6.209 (with an average
of 5.209), whereas significant differences are found in SM
lithofacies of Δα, which ranges from 3.919 to 6.023 (with
an average of 4.645). The MS lithofacies values of Δα are

higher than that of SM lithofacies, indicating that the micro-
pores of MS lithofacies samples are more heterogeneous.
The MS lithofacies H values derived from N2 adsorption
multifractal vary from 1.377 to 1.583 with an average of
1.504, which is higher than that from the SM lithofacies.
This indicated that MS lithofacies have favorable pore con-
nectivity among different pores in the interval of 2–
200 nm, compared with the SM lithofacies. When D1/D0 is
closer to 1, it indicates that the particle distribution is mainly
concentrated in the dense area, and whenD1/D0 is closer to
0, it indicates that the particle distribution is concentrated in
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Figure 6: The SEM images of inorganic matter pores from MS and SM lithofacies Chang 7 lacustrine sample. (a) Single pyrite framboid
which consists of euhedral crystals (sample ID: YY4-2, 1532.19m). (b) The InterP pores of toroidal pyrite are commonly observed in the
shale samples filled with OMs (sample ID: YY5-3, 1437.9m). (c) Clay mineral intergranular pores showing narrow strip morphology
(sample ID: YY5-2, 1455m). (d) Porous OM among the clay flakes with isolated pyrite particles (sample ID: YY12-1, 1618.2m). (e)
Quartz intergranular pore (sample ID: YY9-1, 1663.4m) (f) Intragranular dissolution pores formed by the dissolution of feldspar
particles with dispersed distribution (sample ID: YY9-2, 1671.3m). (g) Intragranular pores formed by randomly oriented clay mineral
flakes (sample ID: YY13-3, 1203.5m). (h) Clay minerals are influenced by brittle particle extrusion stress, and the clay flake is deformed
(sample ID: YY13-4, 1360.1m). (i) The expanded horizon of the image of (h).
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the sparse area [65]. The MS lithofacies D1/D0 values vary
from 0.745 to 0.862 with an average of 0.797, indicating that
MS lithofacies have a higher degree of concentration across a
specific range of pore sizes obtained from N2 adsorption.

5. Discussion

5.1. Effects of Composition on Pore Structure. In the section,
the shale lithofacies (SM and MS) have similar trends in the
relationship of pore structure parameters and composition
(Figure 10). The PV in both MS and SM lithofacies shales
show no obvious correlation with TOC content, whereas
the SA display an obvious correlation with TOC
(Figures 10(a) and 10(b)), which is consistent with the
results of Shahezi shale and Nenjiang formation in Songliao

Basin [7, 24]. The SEM observation result is favorably veri-
fied showing the honeycomb and bubble shape OM pore
(Figure 5). These relationships indicate shale of OM increas-
ing would also have more interconnected honeycomb-like
OM pore with a small pore diameter to provide more surfer
area [67, 68]. The effects of clay mineral content on the TPV
values are illustrated in Figure 10(c). There is no obvious
good fitting line relationship in lithofacies, suggesting that
the clay content is insufficient to provide low pore volume.
The relationships of clay and surface area of MS and SM
lithofacies shale samples are illustrated in Figure 10(d).
The surface area has an obvious relationship with clay con-
tent, which results from the clay of MS and SM lithofacies
which are mostly mixed illites and smectites (surfer area:
200m2/g) providing external surfer area compared with
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Figure 8: Multifractal spectra of Chang 7 shale pore structures obtained from nitrogen adsorption. (a) SM lithofacies. (b) MS lithofacies.
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other mineral compositions [69]. The TPV of MS and SM
lithofacies have no apparent linear relationship with brittle
mineral content (Figure 10(e)). In the SM lithofacies, the
pores, in the clay and OM, are mainly concentrated and pre-
served around rigid grains, which indicates that the larger
the quartz content is, the larger the value of TPV will be
(Figure 10(e)). However, the number of pores is scarcely
associated with the quartz content in the MS lithofacies,
which agrees with the SEM observation results and the
investigation on the Es1

3 formation [68]. As shown in
Figure 10(f), the negative relationships between quartz con-
tent and total surface area in the MS and SM lithofacies
shales suggested that quartz is not the major contributor to
the surface area of studied examples.

5.2. Evaluation of Pore Structure Performances on
Multifractal Characteristics. The width of singularity spectra
Δα, Hurst exponent (H), and the concentration degree index

(D1/D0) are also commonly multifractal parameters. A cor-
relation between pore structure parameters and the multi-
fractal parameters of MS and SM lithofacies is apparent in
Figure 11. Δα also shows a good negative correlation with
the TPV in the Chang 7 shales between 2nm and 200 nm,
while Δα shows a positive relationship with total surfer area,
which conclusion is consistent with recent studies concern-
ing marine gas shale [13, 63]. With the pore volume increas-
ing, the degree of pore heterogeneous decreases which can
lead to the high Δα value, which is consistent with conclu-
sions documented by other researchers [30, 32]
(Figure 11(a)). Chang 7 shale with a larger surface area
always has larger Δα indicating that the total surfer area
has an obvious influence on the width of singularity spectra
(Figure 11(d)). In order to understand the effect of total
surfer area and pore volume characteristics on the pore con-
nection, Hurst exponent and pore structure parameters are
further plotted in Figures 11(b) and 11(e). The correlations

Table 4: Multifractal parameters of the SM and SM lithofacies calculated from low-pressure N2 adsorption data.

Sample ID Lithofacies D0 D1 D2 D1/D0 Dmin −Dmax Δf Δα Hurst Rd

YY5-1

MS

2.838 2.234 1.753 0.787 4.185 -2.838 4.829 1.377 0.020

YY7-1 3.041 2.453 2.023 0.807 5.208 -3.041 5.998 1.511 -0.922

YY12-1 3.041 2.382 2.077 0.783 4.105 -2.086 4.769 1.539 -0.406

YY13-1 3.041 2.428 2.150 0.798 4.717 -2.853 5.505 1.575 -0.730

YY13-2 2.838 2.445 2.165 0.862 3.301 -2.784 3.942 1.583 -0.255

YY13-4 3.041 2.266 1.877 0.745 5.399 -3.007 6.209 1.439 -0.631

YY4-2

SM

3.041 2.467 2.092 0.811 3.968 -2.970 4.660 1.546 -0.055

YY5-2 2.838 2.189 1.792 0.771 3.820 -2.696 4.448 1.396 0.208

YY5-3 2.838 2.382 2.075 0.839 3.321 -2.378 3.930 1.538 -0.254

YY9-1 3.041 2.222 1.871 0.731 5.249 -2.561 6.023 1.436 -0.519

YY9-2 2.838 2.267 1.889 0.799 4.205 -2.784 4.889 1.445 -0.326

YY13-3 2.838 2.338 1.999 0.824 3.302 -2.722 3.919 1.500 0.089
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Figure 9: The relationship between the τðqÞ and q of Chang 7 shale from nitrogen adsorption. (a) SM lithofacies. (b) MS lithofacies.
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between the TPV and the Hurst exponent are no obvious,
which indicates that the Hurst exponent is not an effective
parameter that can describe the degree of pore connection
in the interval of 2–200nm (Figures 11(b) and 11(e)). Mean-
while, this no obvious relationship indicated that the Hurst

exponent hardly impacted the total pore surfer and pore vol-
ume (Figures 11(b) and 11(e)). For the concentration degree
index from N2 adsorption, a positive relationship is found
between D1/D0 and TPV (Figure 11(c)), while D1/D0 shows
negative with the surfer area increasing (Figure 11(f)). Due
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Figure 10: Relationships between total pore volume and TOC (a), total surfer area and TOC (b), total pore volume and clay (c), total surfer
area and clay (d), total pore volume and quartz (e), and total surfer area and quartz (f).
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to the relationship, the D1/D0 is mainly controlled by TPV
and TSA. The TPV increases with the various pore size,
which results from the larger pore size concentration degree.

5.3. Influence on the Multifractal Characteristics

5.3.1. Effect of TOC. The TOC is the key role of pore volume
and surfer area, and the relationships among Δα, Hurst
exponent, D1/D0, and the TOC content are established to
understand the possible factors affecting the pore structure
heterogeneity, pore connection, and the dispersion degree
of the MS and SM lithofacies shale (Figures 12(a)–12(c)).
The value of Δα is of a good positive relationship with
the TOC of the MS and SM lithofacies shale samples for
wider pore throat size ranging from 2nm to 200 nm, which
suggests the TOC content is the important controlling fac-
tor of pore heterogeneous. The pore structure heteroge-
neous enhances with the increase of TOC content
because the TOC itself has more nanoscaled pores and a
complex pore network system. This conclusion is consis-
tent with the result of SEM observation and have similar

studies in the marine and lacustrine shales [9, 31, 32, 63].
The TOC content has a similar linear relationship with
Hurst exponent and D1/D0 (Figures 12(b) and 12(c)). The
Hurst exponent shows a negative correlation with increas-
ing TOC content (Figure 12(c)) indicating the pore con-
nection decreasing, which is opposite to the result of the
previous study [31]. This may be caused by the liquid
hydrocarbon block the nanopore structure system in
Chang 7 Formation. Similar to the effect of TOC on the
pore connection, the D1/D0 value of MS and SM lithofacies
decreases with the increase in TOC. As for the effect of
hydrocarbon generation, some OM pores form with close
nanoscale diameters under similar thermal maturity, so
that the concentration of PSD would decrease with the
TOC increasing [26, 55].

5.3.2. Effect of Rock Compositions. The relationships between
different mineral content and the multifractal characteristics
parameters (Δα, Hurst, and D1/D0) are plotted to analyze
what roles different types of minerals play in the pore struc-
ture. As shown in Figure 12(d), the value of Δα shows a
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Figure 12: Relationships between total pore volume and TOC (a), total surfer area and TOC (b), total pore volume and clay (c), total surfer
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positive correlation with brittle mineral content, indicating
that the brittle mineral composition is the major factor
influencing the value of Δα. The possible reason for the rela-
tionship is that amount of brittle mineral grains can protect
the complex OM pore network [13]. There is a generally
positive relationship between Hurst exponent and brittle
mineral content in both MS and SM lithofacies, which
results in the effect of microfractures of shale reservoirs
(Figure 12(e)). Compared with the SM lithofacies, the
growth of microfracture in the MS lithofacies have a signifi-
cant potential to form the permeable pore network increas-
ing the pore connectivity. There is no obvious trend of the
values for D1/D0 with increasing brittle mineral grains, sug-
gesting that quartz has little impact on the concentration
degree index (Figure 12(f)).

The cross-plots between the multifractal parameters and
clay minerals are established to understand the effect of clay
minerals on multifractal parameters (Figures 12(g)–12(i)).
The correlations between the Δα value and clay content are
relatively complicated in different lithofacies, indicating that
the characteristic of pores is controlled by various factors
(Figure 12(g)). The SM lithofacies values of Δα increase
slightly with increasing clay content but are negatively corre-
lated with the Δα value. This result also suggests the opposite
effect of the clay content on the heterogeneity of pore struc-
ture in different lithofacies. The clay minerals, with the more
complex crystal structure, increase the surface area of pores
and improve homogeneous pore structure of the SM lithofa-
cies. Additionally, previous studies about Neijiang formation
shale have revealed the same conclusion [7]. However, the
low clay contents of the MS lithofacies lead the correlation
less obvious. The relationships between the clay and the pore
structure heterogeneity parameters are established, which
shows no obvious correlation with Hurst (Figure 12(h)).
Because the clay content is not the main factor in the pore
connection in the Chang 7 Formation. There not exists a lin-
ear relationship between D1/D0 and clay content, which
means the clay minerals have little effect on the dispersion
degree (Figure 12(i)).

6. Conclusions

In this study, a series of laboratory experiments (X-ray dif-
fraction, total organic carbon, SEM, and low-pressure N2
adsorption experiments) and multifractal theory have been
conducted to investigate the multifractal dimensions and
the pore structure characteristic of lacustrine shales from
Chang 7 examples core in south-eastern Ordos Basin, China.
The conclusions of this study can be drawn as follows:

(1) Based on the mineral composition characteristics of
Chang 7 Formation shales in the Ordos Basin, the
Yanchang Formation of Chang 7 shales is divided
into two groups: silty mudstone lithofacies and
muddy siltstone lithofacies. Compared with the silty
mudstone lithofacies, the muddy siltstone lithofacies
has a higher siliceous mineral content and TOC
content

(2) Different lithofacies have varying total pore volume,
total surface area, pore-size distribution, and multi-
fractal dimensions (ranging from 2nm to 200nm).
The pore volume and surface area of the silty mud-
stone lithofacies in the studied samples are almost
1.09–1.78 and 0.80–1.72 times greater than those of
the muddy siltstone lithofacies samples. In addition
to multifractal features, Δα values of the muddy silt-
stone lithofacies are higher than those of the silty
mudstone lithofacies, indicating a higher heteroge-
neity degree of pore size distribution in the muddy
siltstone lithofacies

(3) TOC, clay minerals, and siliceous minerals affect the
pore structure characteristics and then influence the
multifractal parameters. The OM has a positive cor-
relation with the total surface area and pore volume
while the relationship between total surface area and
the pore volume and mineralogical compositions is
complex in both the muddy siltstone and silty mud-
stone lithofacies. The pore structure of MS lithofa-
cies is mainly affected by the TOC and siliceous
mineral contents, and the influence factor for the
SM lithofacies is TOC and clay mineral contents.
Moreover, there are significant relationships between
multifractal parameters (Δα, H, and D1/D0) and pore
structure parameters (total pore volume and surfer
area) of the silty mudstone and muddy siltstone
lithofacies

(4) The TOC of silty mudstone and muddy siltstone
lithofacies presents a conspicuous correlation with
Δα, suggesting that the higher the TOC, the more
heterogeneous the nanopore structure. Furthermore,
the mineralogical compositions have different
impacts on Δα, confirming that the heterogeneity
of MS and SM lithofacies could be greatly influenced
by the minerals
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