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Overmature continental shales are widely distributed in China, while few investigations have been conducted. The pore structure
is a critical parameter controlling the resource potential of shale gas. However, the pore structure and heterogeneity of continental
shales from the Shahezi Formation, Xujiaweizi Fault, Songliao Basin are not well revealed. In this study, helium porosity and
permeability, low-temperature N2 adsorption (NGA), mercury intrusion capillary pressure (MICP), and nuclear magnetic
resonance (NMR) were applied and characterized to the pore structures of continental shales. Moreover, the heterogeneity and
complexity of the pore structure were revealed by the multifractal based on the NMR T2 spectrum. The results showed that
clay minerals, quartz, and feldspar are the dominant minerals in the continental shales, and the most content of the clay
minerals is the illite-smectite. The studied shales are the low porosity (mean 1.73%) and the ultralow permeability (mean
0.0707mD) tight reservoirs. The hysteresis loops of ten shales belong to Types H2 and H3, characterized by high special
surface area (mean 5.28m2/g) and pore volume (mean 14:15 × 10−3 cm3/g). The pore size distributions are unimodal, and Type
H3 shales have more larger pores than Type H2 shales. MICP results indicate that the pore-throats are almost less than 20 nm.
NMR T2 spectra commonly show three peeks, i.e., p1 (<1ms), p2 (1~20ms), and p3 (>20ms) with the small T2,gm values,
ranging from 0.18ms to 1.36ms (0.69ms), which suggests that more nanopores are in the continental shales. Moreover, the
average movable fluid percentage is low, ranging from 1.22% to 15.08% (mean 6.84%). The singularity strength range (Δα)
shows that pore structures are heterogeneous. And the heterogeneity and complexity can be better revealed by the multifractal
spectra rather than a monofractal model.

1. Introduction

Shale gas existing in free, adsorbed, and dissolved states in
the organic-rich shales is considered as a future energy
unconventional source [1]. The exploration and exploitation
of shale gas have been made remarkable achievements in
North America, called the “shale gas revolution” [2].
Recently, a series of breakthroughs have been obtained in
high maturity marine shales in South China [3–7]. Mean-
while, lots of investigations have been conducted on the
marine shales (such as Longmaxi, Wufeng, and Qiongzhusi

Formations). However, few studies have been focused on
the overmature continental shale, which is widely distributed
in continental sedimentary basins in China, such as the Son-
gliao Basin and Ordos Basin [8]. Therefore, it is necessary to
reveal the characteristics of high maturity continental shale
to evaluate shale gas potential.

Pore structure is one of the most critical factors for
determining the volume, state, and flow of shale gas [9].
Consequently, it is essential to understand the pore structure
characteristics of continental shale to evaluate continental
shale gas better. Previous studies suggested that shale is a
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complex and heterogeneous porous medium characterized
by larger amounts of nanometer pores and plenty of clay
minerals and organic matter [10–13]. Thus, lots of special-
ized techniques have been developed to investigate the shale
pore structures. Overall, these techniques can be divided into
two categories: direct methods and indirect methods [14].
The direct method is also called radiation imaging methods,
including X-ray computed tomography (CT), field emission-
scanning electron microscopy (FE-SEM), focused ion beam-
scanning electron microscopy (FIB-SEM), and broad-ion-
beam milling-scanning electron microscopy (BIB-SEM)
[15–20]. Plenty of direct information, such as pore types
and morphologies, can be obtained from these imaging
methods. Indirect methods, i.e., mercury intrusion capillary
pressure (MICP), low-pressure gas (N2 and CO2) adsorption
(GA), and nuclear magnetic resonance (NMR), can provide
the quantitative pore structure parameters (i.e., porosity,
permeability, specific surface area, and pore size distribu-
tion) [10, 12, 21–23].

In addition, the storage and transportation capacity of
shale gas is also controlled by the heterogeneity of pore
structures [15]. The fractal theory is regarded as an effective
method to characterize the heterogeneity and complexity of
pore-fracture networks in shale [4, 6, 23–25]. Low-
temperature N2 adsorption (NGA) method combined with
the FHH model has been widely used to calculate the fractal
dimensions to evaluate the heterogeneity and complexity of
pore structures [4, 6, 23, 24]. However, the single fractal
dimension cannot reveal all the features of the fractals with
heterogeneity and singularity because it characterizes the
average properties [26]. Multifractal theory can provide
more information about the pore structure than the single
fractal dimension, which decomposes the self-similar mea-
sures into intertwined fractal sets and divides the complex
fractals into several regions, characterized by the singularity
strength generalized fractal dimensions [27].

Therefore, in the present study, the pore structures of the
shales from the Shahezi Formation in Xujiaweizi Fault
Depression were revealed using NGA, MICP, and NMR
measurements. Multifractal analysis was also adopted to
characterize the heterogeneity of pore structures. These
results give an insight into the pore structures of the conti-
nental shales.

2. Geological Setting

Xujiaweizi Fault located in the north of the Songliao Basin,
Northeastern China, is regarded as a low-angle dummy-
like depression (Figure 1). It includes four substructural
stripes, such as Anda-Xingcheng Uplift Belt, Xuxi Sag Belt,
Xudong Sag Belt, and Xudong Slope Belt, with an explora-
tion area of about 5350 km2 (Figure 1(c)). The sedimentary
strata in Xujiaweizi Fault include the Lower Cretaceous
Huoshiling Formation, Shahezi Formation, and Yingcheng
Formation [28]. Shahezi Formation was deposited in the
heyday of the Xujiaweizi Fault, with multiple sets of sedi-
mentary facies, such as fan delta, braided river delta, and
lacustrine facies. The dark shales (including mudstones)
are considered the primary source rocks of the natural gas

in the Xujiaweizi Fault, mainly developed in the lacustrine
facies. Shahezi shales contain a high abundance of total
organic carbon (TOC) content as well as types II2 and III
kerogens at the evolutionary stage of high maturity to over-
mature [29]. They are considered as the exploration poten-
tial zone of shale gas in the Songliao Basin.

3. Samples and Methods

3.1. Samples. In this study, 10 shale samples were collected
from 5 well, as shown in Figure 1(c). Series of experiments
were carried out on these samples, including total organic
carbon (TOC), X-ray diffraction (XRD), rock-eval pyrolysis,
porosity and permeability, low-temperature N2 adsorption-
desorption (NGA), mercury intrusion capillary pressure
(MICP), and nuclear magnetic resonance (NMR). Porosity
and permeability, MICP, and NMR were conducted on the
core plugs, while other tests were performed on the core
cuttings.

3.2. Experiments

3.2.1. Helium Porosity and Permeability. Prior to the tests,
shale core plugs were dried in a vacuum oven at 110°C for
24 h to remove the residual pore water. Helium porosity
and permeability were conducted on a PorePDP-200 instru-
ment, which can test the porosity range of 0.01%~40% and
permeability range of 0:00001 × 10−3 − 10 × 10−3 μm2.
Porosity and permeability were tested under the confining
pressure of 200 psi and 1000psi, respectively. Porosity was
measured by the helium expansion method, and permeabil-
ity was calculated by the transient pressure decay method.

3.2.2. Low-Temperature N2 Adsorption-Desorption. Low-
temperature N2 adsorption-desorption (NGA) measure-
ments were performed on a Micromeritics ASAP 2460 spe-
cific surface area and porosity analyzer. Shale samples were
sieved to obtain the particle size of 0.25-0.38mm (40-60
much), and a split of 3~5 g particle sample was used to test.
Prior to the low-temperature N2 isotherm analysis, the par-
ticle samples were dried in a vacuum oven at 383K for
12 h. For all samples, the N2 adsorption-desorption iso-
therms were collected under the relative pressure varying
from 0.01 to 0.993 at 77K. In this study, the total pore vol-
ume (PV), specific surface area (SSA), and pore size distribu-
tion (PSD) were all obtained from the adsorption branch.
PV is the single pore volume obtained at a relative pressure
of 0.99. SSA was calculated by the Brunauer-Emmett-Teller
(BET) method from the adsorption data under the relative
pressure ranging from 0.05 and 0.35, and PSD was deter-
mined by the DFT model.

3.2.3. Mercury Injection Capillary Pressure. Mercury injec-
tion capillary pressure (MICP) tests were conducted on a
micromeritics AutoPore IV 9510 porosimeter. MICP mea-
surements were carried out on the same core plugs after
helium porosity and permeability tests. In this study, the
mercury injection pressure ranged up to about 200MPa,
corresponding to a pore throat size as small as approxi-
mately 7 nm.
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3.2.4. Nuclear Magnetic Resonance. Nuclear magnetic reso-
nance (NMR) experiments were performed on the
MesoMR23-060H-I NMR spectrometer (Suzhou, China),
characterized by a relatively low magnetic field of 0.52T
and operated at 21.36MHz. The T2 spectrum was obtained
by the CPMG spin-echo train pulse sequence with the test
parameters as follows: waiting time, 3000ms; echo number,
6000; and number of scans, 64. Moreover, the shortest echo
time of 0.07ms was used for the shale NMR tests to detect
the pore as small as several nanometers [22]. The NMR
experiments of dry shale samples were first conducted to ref-
erence saturated tests.

Prior to NMR measurements, shale core plugs were first
dried in a vacuum oven at 110°C for 24 h. After the samples
cooled to room temperature in a desiccator, the mass of the

sample was first weighed by electronic balance (0.0001 g).
Then, the original NMR relaxation spectra of dry samples
were detected. Subsequently, the dry plugs were vacuumed
for 24 h and then saturated with n-dodecane (n-C12) at
10MPa for 24h to obtain the saturated state. After weighing,
NMR measurements of n-C12 saturated shale plugs were
conducted. Based on the mass of the dry and saturated
states, the n-C12 wetting porosity was determined. Finally,
to obtain the irreducible condition, the n-C12 saturated
shale plugs were centrifuged using an MC-21 Petroleum
Core Centrifuge at a centrifugal pressure difference of
2.76MPa. Based on the dry samples’ CPMG spin-echo train
pulse sequences, the T2 spectra of saturated and irreducible
conditions were determined. And the NMR porosity of the
samples was calculated by the saturated T2 spectra.

Figure 1: Geological map of Xujiaweizi Fault and sampling locations (modified from Xiao et al. [30]).
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3.3. Multifractal Analysis Based on T2 Spectrum.When a low
and uniform magnetic field and a short echo time are used,
the T2 relaxation time is mainly determined by the surface
relaxation [10]:

1
T2

= ρ2
S
V
, ð1Þ

where T2 is the transverse relaxation time, ms; ρ2 is the
transverse surface relaxivity, μm/s; and S/V is the surface
area to volume ratio of pores, nm-1. Based on Equation (1),
T2 spectrum of the saturated sample can be transformed
into pore size distribution, which is the basis for studying
the multifractal characteristics using NMR T2 spectrum.

In this study, the multifractal was defined based on the
generalized dimension. The process of multifractal calcula-
tion is as follows.

It was assumed that the T2 spectrum could be seg-
mented in NT partitions with scale r (r = O × 2−k , O is
the point number of T2 spectrum and 2k ≤O), so that
the probability of the ith partition (PiðrÞ) can be written
as Equation (2) [20, 31]:

Pi rð Þ = φi rð Þ
∑NT

i=1φi rð Þ
, ð2Þ

where φiðrÞ is the NMR porosity of the ith partition. If the pores
are with a multifractal property, the relationship between PiðrÞ
and scale r can be expressed as Equation (3) [32]:

Pi rð Þ ∼ rαi , ð3Þ

where αi indicates singularity strength, which characterizes the
density in the ith box. Moreover, NαðrÞ represents the number
of boxes for PiðrÞ with singularity strengths between α and dα,
which is related to scale r and can be expressed by Equation (4):

Nα rð Þ∝ r−f αð Þ, ð4Þ

where f ðαÞ is called the multifractal spectrum.
For multifractal calculation, the partition function

(Nðq, rÞ) of q with scale r can be defined by Equation (5):

N q, rð Þ = 〠
NT

i=1
Pq
i rð Þ∝ rτ qð Þ, ð5Þ

where τðqÞ denotes the mass exponent and can be written as
follows:

τ qð Þ = − lim
r⟶0

log ∑NT
i=1P

q
i qð Þ

log r : ð6Þ

The generalized dimension Dq can be expressed as Equa-

tion (7), based on the PiðrÞ and q [32].

Dq =

1
q − 1 lim

r⟶0
log ∑NT

i=1P
q
i rð Þ

log r = τ qð Þ
q − 1 , q ≠ 1,

lim
r⟶0

∑NT
i=1Pi rð Þ ln Pi rð Þ

ln r
, q = 1,

8
>>><

>>>:

ð7Þ

where Dq indicates the overall singularity of each box and
is strictly monotonically decreasing with increasing q. Then,
according to the Legendre transformation from the q and
τðqÞ, f ðαÞ and α can be determined by Equations (8) and
(9), respectively [33].

f αð Þ = αq − τ qð Þ, ð8Þ

α = dτ qð Þ
dq

, ð9Þ

q −Dq and α − f ðαÞ are the basic mathematical tools for
describing pore structure heterogeneity and complexity.

4. Results and Discussion

4.1. Geochemical and Mineralogical Characteristics. TOC
contents, S1+S2 and Tmax results of the shale samples, are
listed in Table 1. The TOC content ranges from 0.33% to
3.48%, with an average of 1.44%. The values of S1+S2 vary
from 0.1787mg/g to 0.8466mg/g, with a mean of
0.3761mg/g, and the mean of the Tmax is 526

°C, with a range
of 503°C-533°C, which suggests that the organic matter
maturity is high maturity. As listed in Table 2, the domi-
nant minerals in the continental shales are clay minerals,
quartz, and feldspar. The clay mineral varies from
40.21% to 58.69%, with an average of 50.54%, and the
quartz is between 28.35% and 58.89%, with a mean of
36.99%. The average value of feldspar is 11.52% with a
range of 0%~19.29%. Moreover, the studied shales contain
small amounts of calcite and orthoclase, with average
0.22% and 0.28%, respectively. As shown in Figure 2(a),
three components of clay, felsic, and calcium minerals
may not be appropriate to describe the mineral composi-
tion of the studied shales. Therefore, three components

Table 1: Geochemical characteristics of shale samples.

Sample Depth/m TOC/% Tmax/°C S1+S2/mg/g

DS6-6 3543.04 2.07 517 0.5741

DS6-17 3842.46 0.33 533 0.1787

DS28-11 3022.63 1.44 508 0.7017

DS28-15 3024.78 0.81 503 0.8466

ShS5-16 3880.15 1.09 533 0.2373

XS25-2 4218.54 0.42 533 0.1859

XS25-5 4269.37 1.93 533 0.3225

XS25-6 4270.27 1.17 533 0.2323

XS25-12 4274.87 3.48 533 0.2805

ZS14-5 4032.40 1.67 533 0.2009
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of clay mineral, quartz, and feldspar are more applicable,
as shown in Figure 2(b). The brittle mineral ranges from
40.02% to 59.79%, with a mean of 48.18%, which means
that it is accessible from the fractures in hydraulic fractur-
ing. The most content of the clay mineral is the illite-
smectite with an average of 62.69% (24.17%~80.90%),
followed by illite (mean 26.27%), chlorite (mean 7.46%),
and kaolinite (0.58%) (Table 2).

4.2. Porosity and Permeability. The Helium, NMR, and n-C12
porosities of the shale samples are listed in Table 3. The
helium porosity is more minor than NMR and n-C12 poros-
ity (Figure 3(a)) with the range of 0.35%~4.07% (mean
1.37%). And the NMR porosity varies from 0.43% to
5.47%, with an average of 2.62%, which has an excellent cor-
relation with n-C12 porosity (mean 2.60%, ranging from
0.35% to 5.47%), characterized by a high correlation coeffi-
cient of 0.9925% (Figure 3(a)). Moreover, the helium perme-
ability is between 0.0003mD and 0.2553mD (mean
0.0707mD). However, there is no correlation between
helium porosity and permeability, as shown in Figure 3(b).
NMR may be an alternative method to obtain the total
porosity of shales.

4.3. Low-Temperature N2 Adsorption-Desorption (NGA).
According to the IUPAC classification, the nitrogen adsorp-
tion isotherms of the ten continental shales belong to Type
II [34], as shown in Figure 4. The nitrogen adsorption process
can be divided into three stages, i.e., low relative pressure

Table 2: Mineral compositions of shale samples.

Sample
Brittle mineral/% Clay mineral/%

Q O F C Total I I/S K Ch S% Cl

DS6-6 39.17 0.00 9.20 0.00 48.36 36.74 56.12 0.00 7.13 14.54 51.14

DS6-17 34.59 0.00 19.29 1.25 53.88 40.10 51.38 0.00 8.52 10.71 44.87

DS28-11 39.38 0.00 14.02 0.00 53.41 14.81 71.11 2.45 11.63 23.32 46.59

DS28-15 28.35 0.00 17.95 0.00 46.30 10.15 78.15 2.27 9.44 31.18 53.37

ShS5-16 31.28 2.79 17.28 0.00 51.34 37.00 56.61 0.00 6.39 11.49 48.66

XS25-2 58.89 0.00 0.00 0.91 59.79 24.39 68.05 1.11 6.45 17.25 40.21

XS25-5 31.50 0.00 10.67 0.00 42.17 23.06 71.88 0.00 5.06 16.52 57.83

XS25-6 39.92 0.00 7.70 0.00 40.62 16.57 80.90 0.00 2.53 21.27 58.69

XS25-12 34.58 0.00 11.29 0.00 45.87 24.69 68.54 0.00 6.78 15.53 54.13

ZS14-5 32.19 0.00 7.83 0.00 40.02 65.18 24.17 0.00 10.65 15.53 49.91

Q, O, F, and C are the quartz, orthoclase, feldspar, and calcite, respectively; I, I/S, K, Ch, and CL are the illite, illite-smectite, kaolinite, chlorite, and clay
mineral, respectively.
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Figure 2: Shale sample mineralogical composition ternary diagram.

Table 3: Porosity and permeability of shale samples.

Sample
Porosity/% Permeability

mDn-C12 NMR Helium

DS6-6 2.81 2.95 0.75 0.0015

DS6-17 3.26 3.35 0.98 0.0044

DS28-11 5.24 5.25 3.15 0.0039

DS28-15 5.47 5.47 4.07 0.0049

ShS5-16 0.43 0.35 0.35 0.0003

XS25-2 1.34 1.42 0.64 0.0557

XS25-5 2.00 1.96 1.07 0.1021

XS25-6 3.25 3.45 1.26 0.1171

XS25-12 1.56 1.26 0.60 0.2553

ZS14-5 0.80 0.55 0.85 0.1614
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Figure 3: Porosity and permeability of shales.
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Figure 4: Nitrogen adsorption-desorption isotherms of shale samples.

Table 4: Pore structure parameters of study samples from NGA.

Sample Loop type
BET SSA
m2/g

Pore volume
10-3 cm3/g

da
nm

Pore percentages/%
<25 nm 25~100 nm >100 nm

DS6-6

H2

7.22 17.15 9.50 49.82 37.12 13.05

DS6-17 7.19 14.69 8.17 55.27 32.48 12.26

XS25-5 4.75 15.52 13.08 40.65 45.71 13.64

XS25-6 4.03 12.72 12.63 42.25 46.62 11.14

ZS14-5 7.30 12.23 6.70 59.93 25.46 14.61

DS28-11

H3

5.83 18.75 12.86 35.15 41.30 23.56

DS28-15 5.61 17.77 12.67 36.08 41.42 22.49

ShS5-16 4.76 11.74 9.87 49.35 33.09 17.56

XS25-2 3.36 12.15 14.46 36.77 46.99 16.24

XS25-12 2.80 8.83 12.63 39.38 42.95 17.67

SSA is the special surface area; da is the average pore diameter.
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(p/po < 0:4), medium-high pressure (0:4 < p/po < 0:8), and
high pressure (0:8 < p/po), which corresponds to monolayer
coverage, multilayer coverage, and capillary condensation,
respectively. Moreover, a hysteresis loop appears between the
adsorption and desorption branches, when the relative pres-
sure is larger than 0.4. It indicates the dominant pore types
in shales. The studied continental shales belong to two typical
types: H2 and H3, based on the hysteresis loops (Figure 4 and
Table 4). For Type H2, an obvious yielding point can be recog-
nized in the desorption branch at the relative pressure of about
0.5, suggesting that the ink-bottle-shaped pores are developed.
However, for Type H3, a narrow hysteresis loop appears at
medium-high relative pressure and the adsorption and
desorption branches are nearly parallel, indicating that the
silt-shaped pores are developed.

As listed in Table 4, the SSA values of the studied
shales vary from 2.80m2/g to 7.30m2/g, with a mean of
5.28m2/g. And Type H2 shales have higher SSA values
(mean 6.10m2/g) than Type H3 (mean 4.47m2/g). The
pore volume ranges from 8:83 × 10−3 cm3/g to 18:75 ×
10−3 cm3/g, with an average of 14:15 × 10−3 cm3/g, while
Type H2 shales have similar pore volume to Types H3.
Therefore, Type H2 shales are characterized by a smaller
da (mean 10.02 nm) than Type H3 (mean 12.50 nm),
which are all larger than the marine high maturity shales
[4, 6]. Thus, in this study, the pore size classification of
shale reservoir proposed by Zhang et al. [25] was adopted.
As shown in Figure 5, the PSD of both Type H2 and H3
shales are unimodal. The peeks of Type H2 shales are
located at nearly 25nm, while the peeks of Type H3 shales
are situated at the size of 25~50nm. Thus, the pores less
than 25nm occupy the most significant proportion (mean
49.58%) of the pore volume for Type H2 shales. However,
the pores between 25nm and 100nm make the most con-
siderable contribution for Type H3 shales, with an average
of 41.15%. Type H3 shales have larger pores than Type H2
shales, which may be more conducive to free gas.

4.4. Mercury Intrusion Capillary Pressure (MICP). MICP
method has been widely used to characterize the pore struc-
ture of shales, and its measurement range is much larger
than low-temperature N2 adsorption-desorption method,
i.e., ranging from 3nm to 12μm [35]. Mercury intrusion
and extrusion curves of the studied shales are shown in
Figure 6. It can be found that mercury began to enter into
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Figure 5: Pore size distributions of shales obtained from NGA by DFT model.
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the sample, if the pressure was larger than 10MPa. When
the pressure was larger than 40MPa, mercury quickly
entered into the samples in large amounts. The pore-throat
size distributions were calculated using the Washburn equa-
tion based on the mercury intrusion curves. Figure 7 shows
that pore-throat sizes of the studied shales are almost less
than 100nm and the pore-throat size distributions are semi-
modal, except for sample DS28-15, which has a peak of
about 20 nm. The mercury intrusion volume continues to
increase, so there is no absolute peak when the mercury
intrusion pressure reaches the maximum, resulting in a
semimodal peek.

4.5. Nuclear Magnetic Resonance (NMR)

4.5.1. Pore Structure Characteristics. NMR T2 spectra at sat-
urated condition (So) of ten shale samples are shown in
Figure 8, and the T2 spectra show three peeks, i.e., p1
(<1ms), p2 (1~20ms), and p3 (>20ms), which is similar
to the T2 spectra of shale oil reservoirs and coals [10,
36]. However, p1, p2, and p3 cannot be identified in some
samples. For example, in samples DS28-11 and DS28-15,
p1 and p2 merge into a peek (p1+p2). Based on the T2
spectra, pore structure parameters, such as T2,gm, T2,35,
and T2,50, can be determined. T2,gm is the T2 logarithmic
mean value, indicating the integrated characteristics of T2
spectrum. T2,35 and T2,50 are the T2 values corresponding
to the 35% and 50% saturation on the T2 reverse
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Figure 8: T2 spectra of shale samples.
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accumulative curve, respectively [31]. The T2,gm values
range from 0.18ms to 1.36ms, with a mean of 0.69ms,
indicating more nanopores in the continental shales. The
T2,35 values vary from 0.26ms to 2.80ms (mean 1.29ms),

which are larger than T2,gm, and the average of T2,50
values is 0.61ms (0.18~1.59ms).

NMR T2 spectra at irreducible condition (Sir) of some
shales are illustrated in Figure 9, commonly lower than those
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Figure 9: T2 spectra of shales at saturated and irreducible conditions.

Table 5: Pore structure parameters obtained from NMR.

Sample T2,gm/ms T2,35/ms T2,50/ms T2c/ms Movable fluid/% Movable porosity/%

DS6-6 0.35 0.60 0.34 2.10 3.53 0.10

DS6-17 0.37 0.55 0.34 1.70 6.69 0.22

DS28-11 1.03 2.20 1.35 28.00 1.22 0.06

DS28-15 1.36 2.80 1.59 26.30 2.07 0.11

SHS15-16 0.18 0.26 0.18 0.40 14.84 0.05

XS25-2 0.54 1.06 0.47 5.80 6.13 0.09

XS25-5 0.61 1.25 0.40 3.50 15.08 0.30

XS25-6 0.98 2.03 0.77 13.10 5.99 0.21

XS25-12 0.86 1.87 0.51 63.70 2.49 0.03

ZS14-5 0.58 0.29 0.19 10.20 10.37 0.06
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at So. Specifically, p1 at Sir is similar to that at So, while p2 at
Sir is lower than that at So. Moreover, p3 mainly shifts
toward the lower T2 values at Sir. However, it also can be
found that p1 at Sir is larger than that at So. The reason
may be that fluids in the pore center were expelled during
the centrifugation. In contrast, those at the pore edge were
retained because of the complexity of pore morphology,
leading to the increase in p1 amplitude at Sir. T2 cutoff
values (T2c) were calculated based on the T2 spectra at So
and Sir and listed in Table 5. T2c values are between 0.4ms
and 63.70ms, with an average of 15.48ms. The average mov-
able fluid percentage is 6.84%, ranging from 1.22% to
15.08%, similar to overmature marine shales [37, 38], indi-
cating that the pore structure is more complex. Movable
porosity is the product of NMR porosity and movable fluid
percentage, ranging from 0.03% to 0.30% (mean 0.12%).

4.5.2. Multifractal Characteristics. In this study, the range
of q was set from -10 to 10 at 0.5 intervals. Therefore,

Dmin and Dmax are the D−10 and D10, respectively. Multi-
fractal characteristics were analyzed for ten selected shale
samples. The q −Dq distributions of ten shales are shown
in Figure 10(a), which exhibit two variation tendencies.
When q is less than 0, Dq decreases rapidly with q increas-
ing, while Dq decreases slightly as q increases when q > 0.
This is similar to the multifractal characteristics of tight
sandstones based on NMR T2 spectra [31]. The multifrac-
tal parameters D0, D1, and D2 are the capacities, informa-
tion, and correlation dimensions listed in Table 6. All the
samples show the same relationship, i.e., D0 >D1 >D2,
which suggests NMR T2 spectra for all samples have mul-
tifractal nature. Moreover, D0 is a parameter to character-
ize the complexity of pore structure, with the range of
0.80~0.95 (mean 0.88). Table 3 also shows that Dmin is
between 2.21 and 3.12 (mean2.76), while Dmax ranges from
0.64 to 0.73, with a mean of 0.72.

The multifractal spectrum (α − f ðαÞ) is used to further
reveal the multifractal characteristics of shale pore structures
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Figure 10: Generalized dimensional (a) and multifractal spectra (b) of shale samples.

Table 6: Multifractal parameters of shale samples.

Sample D0 D1 D2 Dmin Dmax αmax αmin Δα α0 A

DS6-6 0.85 0.77 0.74 2.68 0.70 2.95 0.68 2.27 1.11 0.23

DS6-17 0.89 0.77 0.74 2.60 0.69 2.86 0.67 2.19 1.18 0.30

DS28-11 0.91 0.77 0.75 2.88 0.72 3.16 0.70 2.46 1.31 0.33

DS28-15 0.88 0.78 0.76 2.77 0.73 3.04 0.72 2.33 1.11 0.20

SHS15-16 0.80 0.70 0.68 2.21 0.64 2.43 0.62 1.81 1.06 0.32

XS25-2 0.89 0.80 0.79 2.92 0.76 3.21 0.74 2.47 1.14 0.19

XS25-5 0.95 0.82 0.80 3.05 0.75 3.36 0.73 2.62 1.29 0.27

XS25-6 0.90 0.80 0.77 3.12 0.75 3.43 0.74 2.68 1.23 0.22

XS25-12 0.89 0.82 0.80 2.61 0.76 2.87 0.74 2.13 1.06 0.18

ZS14-5 0.88 0.79 0.75 2.74 0.69 3.02 0.67 2.35 1.09 0.22
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and plotted in Figure 10(b). f ðαÞ increases with increasing α
in the left of the crest (corresponding to q < 0), while f ðαÞ
decreases as α increases, which corresponds to q > 0. The
singularity strength range (Δα) represents the widths of the
multifractal spectrum, which is another essential multifractal
parameter defined as αmax − αmin. Δα ranges from 1.81 to
2.68, with an average of 2.33, indicating that the pore struc-
tures of the studied shales are heterogeneous. The asymme-
try of singularity spectrum (A) values calculated by
ðα0 − αminÞ/ðαmax − α0Þ are all less than 1, suggesting a slight
fluctuation. The differences between α0 and Do are a mea-
sure of pore structure heterogeneity. If the pore structure is
homogeneous, the data points of α0 and Do fall on the same
line. However, as shown in Figure 11, α0 and Do are deviated
from the same line, meaning that the pore structures of
shales are heterogeneous and can be better revealed by the
multifractal spectra rather than a monofractal model.

To understand the role of pore structures of shale inves-
tigated on fractal characteristics, the relationships between

the fractal parameters (D0andΔα) andT2, gmand NMR
porosity are plotted in Figure 12. The relationships between
fractal parameters (D0andΔα) andT2, gmand NMR porosity
are all characterized by the parabola curves. The results
imply that when the NMR porosity is less than 3.5% and
the T2,gm is less than 1.0ms, as porosity increases, shale
pores become larger, leading to the weakness of heterogene-
ity of shale pore structure. However, when the NMR poros-
ity is larger than 3.5% and the T2,gm is larger 1.0ms, larger
pores result in larger porosity, but the more heterogeneous
pore structure.

5. Conclusions

In this paper, the pore structure and multifractal character-
istics of Shahezi Formation, Xujiaweizi Fault depression,
Songliao Basin, were revealed and the following conclusions
were obtained:
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The dominant minerals in the continental Shahezi For-
mation shales are clay minerals, quartz, and feldspar, and
the most content of the clay minerals is the illite-smectite.
The continental shales are the tight reservoirs with low
porosity (mean 1.73%) and the ultralow permeability (mean
0.0707mD).

The hysteresis loops of ten shales belong to Types H2
and H3. The special surface area ranges from 2.80m2/g to
7.30m2/g (mean 5.28m2/g), and the pore volume is 8:83 −
18:75 × 10−3 cm3/g (mean 14:15 × 10−3 cm3/g). The pore size
distributions are unimodal, and Type H3 shales have larger
pores than Type H2 shales, which may be more conducive
to free gas. MICP results indicate that the pore-throat sizes
of the studied shales are almost less than 20nm and show
the semimodal distributions.

NMR T2 spectra at saturated condition (So) of ten shale
samples show three peeks, i.e., p1 (<1ms), p2 (1~20ms), and
p3 (>20ms). The T2,gm values range from 0.18ms to
1.36ms, with a mean of 0.69ms, indicating more nanopores
in the continental shales. Moreover, average movable fluid
percentage is low, ranging from 1.22% to 15.08% (mean
6.84%).

Multifractal characteristics were analyzed for ten selected
shale samples. When q < 0, Dq decreases rapidly with q
increasing, while Dq decreases slightly as q increases when
q > 0, indicating that all samples have multifractal nature.
The singularity strength range (Δα) suggests that the pore
structures of the studied shales are heterogeneous. The het-
erogeneity and complexity of continental shale pore struc-
tures can be better revealed by the multifractal spectra
rather than a monofractal model.
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