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Characteristics of pore structure are crucial to oil exploration and development in shale reservoirs, but practical evaluation of shale
pore structure remains a longstanding challenge. In this study, based on nuclear magnetic resonance transverse relaxation time
(T,) spectra under water-saturated and irreducible conditions, total pore space and moveable fluid space were skillfully
determined. Meanwhile, multifractal spectra were used to characterize T, distributions of total pore space and movable fluid
space. The results show characteristic parameters of high probability measure areas of multifractal spectra (multifractal
parameters) have strong negative correlations with T, geometric mean value, and average radii of pore and throat increase
with a decrease in the multifractal parameters, indicating the shale reservoirs with low values of the multifractal parameters
may have good pore structure. Moreover, clay mineral content has strong positive effects on the multifractal parameters. In
contrast, (quartz+feldspar) mineral content negatively influences on the multifractal parameters. Finally, new accurate models
for permeability estimation in core scale and well-logging scale of shales are both proposed based on the multifractal
parameters, which are also applicable for the other reservoirs. Overall, this study is important and timely for evaluating pore

structure and predicting permeability in shale reservoirs.

1. Introduction

The increasing global demand for energy resources guides
the importance of the exploration and development of
unconventional oil reservoirs [1-4]. Pore structure plays an
essential role in the fluid occurrence and flow properties
and is one of the main features for evaluating of shale reser-
voirs [5-9]. Compared with other oil reservoirs such as
sandstone and carbonate reservoirs, the pore structure of
shale reservoirs is more challenging to evaluate [6-11]. This
is because the shale reservoirs are always characterized by
various mineral compositions, resulting in complex pore
throat connectivity and extreme heterogeneity of pore size

distributions [8, 10-13]. Thus, effectively evaluating the pore
structure of shale reservoirs is necessary and meaningful.
Currently, many experimental methods can test the pore
structure of rocks. Scanning electron microscopy (SEM) can
visually represent the shapes of pores and throats [14-16].
The high-pressure mercury injection (HPMI) method can
effectively characterize the distribution of connected pore sizes
in the rocks [7, 17]. Relaxation time (T,) spectra obtained
from nuclear magnetic resonance (NMR) experiment can
quantitatively characterize the pore size distributions without
damaging rocks, and which is combined with a core centrifu-
gation experiment, the distribution of pore spaces occupied by
the movable fluid in the rock can be effectively characterized
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[6, 18-20]. Nano and microcomputed tomography (CT) can
also accurately characterize the three-dimensional distribu-
tions of pores and throats without damaging the rock
[21-23]. However, for the shales with strong heterogeneous
porous systems, it is difficult to directly use the characteristics
of pore sizes and pore distributions obtained from the above
experiments to evaluate their pore structure quantitatively.

The multifractal theory analyzes the fractal sets based on
the fluctuations of local probability measure, which can
reveal both global properties and detailed local information
on pore size distribution [20, 21, 24]. In the energy industry,
multifractal dimensions have been a powerful tool for evalu-
ating the pore structure of rocks by characterizing the het-
erogeneity of pore size distributions. Due to the NMR
experiment which can obtain the pore size distributions of
rocks conveniently and accurately, many scholars have used
NMR T, spectra to calculate the multifractal dimensions. Li
et al. [25] revealed that the porosity of tectonically deformed
coals strongly correlates with the multifractal dimensions
based on the NMR experiment. Liu and Ostadhassan [26]
used the multifractal characteristic of NMR T, spectra to
evaluate the pore structure of tight sandstones. Zheng et al.
[24] provided a novel method to evaluate the pore structure
of coals by using multifractal dimensions to calculate the T,
cutoff. However, there are few studies on the multifractal
characterization of pore structure for the shales. Further-
more, these multifractal analysis methods based on the
NMR experiment are limited to the core scale and are hard
to be used in the well logging for the continuous longitudinal
estimation of reservoir permeability.

For the shale reservoirs, the irregular distribution of pore
size directly leads to the complex pore structure characteris-
tics [27-29], so it is important to use the multifractal theory
to evaluate the heterogeneity of pore size distribution and
explain the physical meanings corresponding to the multi-
fractal parameters of the shales. In addition, according to
the fluid flow behavior in pores, the total pore space of shales
can be divided into two parts: movable fluid space and irre-
ducible fluid space [7, 30, 31]. Previous studies have gener-
ally conducted multifractal analysis on the pore size
distribution of the total pore space obtained by the NMR
T, spectra under water-saturated conditions [23-25]. It has
been shown that there is a strong correlation between the
characteristics of movable fluid space and the pore throat
connectivity of rocks [6, 7, 31]. Unfortunately, few reports
relate to the multifractal analysis of the movable fluid space
of shales. Thus, it is necessary to analyze the relationships
between the pore structure parameters and the multifractal
parameters of the movable fluid space for the shales.

In this study, the main purpose is to investigate the pore
structure characterization of the shale reservoirs based on
the multifractal analysis of the NMR T, spectra. This repre-
sents a critical contribution to the oil exploration and devel-
opment of shale reservoirs and will have practical
applications within unconventional reservoirs worldwide.
The study content is to (1) use the NMR T, distributions
under water-saturated and irreducible conditions to deter-
mine the moveable fluid space of the shales; (2) understand
the relationships between the multifractal parameters and
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the pore structure parameters of the shales; (3) investigate
the effects of the shale compositions on the multifractal
parameters; and (4) propose a multifractal model for the
permeability estimation of the shale reservoirs in well-
logging scale.

2. Experimental and Multifractal Methods

2.1. Samples. In this study, core samples are collected from
the upper part of Lower Ganchaigou Formation (E,) shale
reservoirs, which are located at the Yingxi area of the Ying-
xiongling tectonic belt in the Qaidam Basin, northwest
China [26]. During the E,* shale deposition, the water body
was saline, and the lake plane frequently changed, resulting
in typical shales with complex mineral compositions [32].
Moreover, there is strong heterogeneity in the E, shale res-
ervoirs, which have low porosity and permeability [23, 33,
34]. A total of fifteen standard core samples were tested by
X-ray diffraction (XRD), routine core analysis (RCA), and
nuclear magnetic resonance (NMR) experiments. Moreover,
five typical samples selected from the previous fifteen stan-
dard core samples were tested by the focused-ion-beam
(FIB) experiment.

Detailed mineralogical and physical parameters of the
fifteen samples are presented in Table 1. The results of the
XRD analysis show a wide range of mineral compositions,
which are dominated by carbonate and clay minerals. The
dolomite contents are between 17.4% and 33.7% with an
average of 26.2% (SD =4.9%). The calcite contents range
from 6.4% to 17.9%, with an average of 11.8% (SD = 3.3%).
The clay contents range from 17.8% to 44.2% with an
average of 30.1% (SD = 7.2%). In addition, the mineral compo-
sitions contain a moderate amount of quartz (an average =
15.2% and SD =4.7%) and feldspar (an average = 11.1% and
SD =3.0%), and a low abundance of gypsum and pyrite. For
the physical properties of the fifteen samples, the porosity and
permeability vary from 1.53% to 12.65% (an average = 7.98%
and SD = 3.68%), and 0.006 mD to 0.043mD (an average =
0.024 mD and SD = 0.011 mD), respectively (Table 1).

2.2. Experiments. A large NMR analyzer (MacroMR12-150H-1)
was used to test the fifteen core samples. The NMR experiment
provides a waiting time of 3000 ms, echo spacing Te 0.6 ms,
and signal superposition times of 64 ms. The fifteen samples
were firstly evacuated (-0.1 MPa) for 12 hours and then satu-
rated with 100% water. Under the water-saturated (100%) con-
dition, the fifteen samples had been NMR tested for the first
time. Then, the HR2500-2 centrifugal machine was used to
remove the movable water of the saturated samples under
600 psi centrifugal force. The fifteen samples were also had
been tested by the NMR experiment for the second time after
centrifugation. Finally, the incremental and cumulative T,
spectrum distributions under water-saturated and irreducible
conditions of the fifteen samples were obtained [7, 18, 31].
Moreover, the T, geometric mean (T, ), Tss, and T, (the
T, values corresponding to 35% and 50% saturation of the
accumulated T, distribution curve, respectively) were also
obtained by the T, spectra under water-saturated condition
(Figure 1) [26, 35, 36].
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TasLE 1: Correlation statistics of the minerals and the physical properties of the E,> formation in the Yingxi area.

Sample no. & parameter Helium porosity (%) Helium permeability (mD)

Mineral compositions (%)
Dolomite Calcite Quartz Feldspar Clay Gypsum Pyrite

1 12.65 0.022 27.8 12.9 154 9.2 333 1.1 0.3
2 12.53 0.024 24.1 11.0 13.5 109 338 5.7 1.0
3 7.26 0.007 18.5 17.9 10.3 9.5 38.8 2.9 2.1
4 9.54 0.013 25.4 12.8 13.3 10.1 35.3 2.6 0.5
5 3.48 0.026 28.4 8.6 12.3 124 30.1 55 2.7
6 11.19 0.028 24.3 12.6 24.1 8.1 20.1 6.9 39
7 11.73 0.039 31.7 6.4 23.8 7.9 21.0 8.7 0.5
8 7.24 0.031 28.2 8.2 10.3 14.5 305 7.4 0.9
9 8.55 0.006 18.5 14.7 8.7 11.0 442 14 1.5
10 3.89 0.043 33.7 8.0 21.1 14.1 17.8 39 14
11 11.35 0.021 17.4 15.9 14.8 113 313 7.1 2.2
12 2.69 0.027 24.5 15.3 20.3 7.7 27.5 34 1.3
13 8.92 0.016 30.4 7.7 14.8 7.1 36.7 2.7 0.6
14 7.27 0.037 31.6 11.6 11.7 16.6  27.7 0.6 0.2
15 1.53 0.031 28.9 12.9 13.8 16.8 221 24 3.1
Average 7.98 0.024 26.2 11.8 15.2 11.1 30.1 4.2 1.5
SD 3.68 0.011 49 33 4.7 3.0 7.2 2.5 1.1
Note: SD: standard deviation.
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FiGURE 1: NMR T, distributions of the movable fluid space of the E,” shales in the Yingxi area.

RCA experiment was performed on the fifteen samples
using an automated CMM150/70-A under a net confining
pressure of 10 MPa and a pore pressure of 7MPa. Then,
five core samples were selected for FIB testing with an
accuracy of 10nm. The maximum sphere algorithm was
used to extract the pore-to-throat network models corre-
sponding to the pore space topology of real cores, and
the pore radii and throat radii in the three-dimensional

(3D) space were obtained. At last, the XRD experiment
was applied to the fifteen samples. The fifteen samples
were firstly powdered to less than 5um, and then, the
powder was followed at 90°C for 12 hours. A Bruker D8
Advance X-ray diffractometer was used to scan the pow-
der of samples from 2° to 70° with a count time of 2sec
per 0.02° step [12]. Then, the TOPAS software was used
to quantify the mineral contents.



2.3. Multifractal Methods. The characteristics of fractal sets
can be described by the multifractal theory. Zhang et al.
and Li et al. [23, 25] have particularly introduced detailed
information on the multifractal theory. In this study, the
box-counting method is applied to the multifractal analysis
of the NMR T, distributions. Based on the dyadic scaling
down method, the interval is partitioned as J = [a, b] [20,
21, 25, 37]. The number of boxes N (&) of J at each scale size

ele=(b—-a)-27% kisapositive integer] is given by
N(e) = 2. (1)

In the rock, the probability measure P;(¢) of pore volume
in the ith box is given by

_ Ni(e)

PE)= oy )

where the pore volume in the ith (i=1,2, 3, ---) box is N;(¢)
and the total volume of the rock is N, (¢).

P;(&) has the following relationship with scale ¢ in a mul-
tifractal measure [38, 39]:

Pi(e) =¢%, (3)

where «; is the singularity exponent corresponding to the
singularity strength in the ith box, which describes the
degree of nonuniformity of the probability subset.

When a singularity exponent increases da, the number
of boxes is denoted as N,(¢), and N, (&) increases as ¢
decreases [39]. Therefore, N, (¢) can be given as follows:

No(e) e, (4)

where f(a) is a set of singularity spectrums with the same
value of « [20], and the plot of f(«) versus « is known as
the multifractal spectrum [20, 24].

For the multifractal spectrum, f(«) is generally a unim-
odal convex curve. The a and f(«a) values can also be
obtained from the following direct algorithms:

we) o 2 (@) 1g [Pi(e)]
(q) lg (8) >

Yot (g, €) g [ui(g. )]
Ig (¢) ’

where g is the order of the statistical moment (—0o < g < +00)
and N(¢) is the number of boxes of size € [20, 24]. In addition,
;(g, €) is a series of probability measures, which is defined
as follows:

(5)

fla(g)] o<

pi(e)
N g (6)
Yt ple)

For the E,* shales, the measures reflect the characteris-
tics of pore size distributions [20, 39]. In order to ensure

u;(g,€) =
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that there is an excellent linear correlation between the y;
(¢, ¢) and the scale size ¢ (correlation coefficient > 90%), g
is in the range from —10 to 10 in this study. «,;,, and a, ..
of the singularity exponents correspond to the g=-10 and
of q =10, respectively. «, of the singularity exponent corre-
sponds to the peak of f(«a) [20, 23, 39, 40]. In addition,
many studies have shown that the left branch («, - «,,,)
with a larger width reflects the high probability measure
and has a stronger heterogeneity, and the right branch
(& — &) with a larger width reflects the low probability
measure and has a stronger heterogeneity [20, 23, 26, 36, 38].

3. Results

3.1. NMR T, Spectra of Movable Fluid Space and Total Pore
Space. In the NMR experiment, the T, spectrum under
water-saturated condition can reflect the pore size distribu-
tion of the total pore space [6, 30, 41]. After centrifugal,
there is only irreducible water in the rocks, so the corre-
sponding T, spectrum can reflect the pore size distribution
of irreducible fluid space. Generally, T, cutoff (T,c) is a
relaxation time threshold that divides the total pore space
into irreducible fluid space and the movable fluid space,
whereas to the left of T, is irreducible water, and to the
right of T, is movable water [6, 30, 42, 43]. However, it
should be noted that the centrifuged curve is not zero even
to the right of the T, (T, > T,¢) (Figure 1), implying that
some portions considered movable water traditionally in the
larger pores are not effectively movable [7, 44]. Meanwhile,
the centrifuged T, curve to the left of the T, (T, < T,) is
lower than the saturated T, curve (Figure 1), indicating that
some portions considered irreducible water traditionally even
in the smaller pores are also movable, which should be
accounted as the movable water [6, 31]. Some similar phe-
nomena can also be found in previous studies [20, 30, 31].
Thus, determining the distribution of the movable fluid space
based on the T,C needs better constraints. Actually, the
movable fluid space from the NMR experiment should be
the red shadow in Figure 1, i.e., the interval enclosed area by
the T, spectrum curves under water-saturated and irreducible
conditions.

The NMR characteristic parameters of the fifteen samples
are listed in Table 2. As shown in Figure 2, there are three
types of T, spectra for the E,* shales: unimodal, isolated
bimodal, and uninterrupted bimodal. The T, spectrum shapes
of the movable fluid space are similar to that of the corre-
sponding total pore space, and the T, peaks of the total pore
space and movable fluid space are mainly distributed around
5ms and 10ms, respectively (Figure 2). However, there is
more percentage of short T, distributions of the total pore
space compared with that of the movable fluid space. Conse-
quently, the total pore space has greater widths of the short
T, distributions than that of the movable fluid space
(Figure 2). In addition, it is worth noting that the three types
of the T, spectra have significant differences in the total pore
space, where the isolated bimodal and uninterrupted bimodal
types all distinctly have a few long T, distributions compared
with the unimodal type (Figures 2(a)-2(c)). The same applies
to the movable fluid space (Figures 2(d)-2(f)).
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TasLE 2: Correlation statistics of the NMR parameters and the multifractal parameters of the E,* shales in the Yingxi area.

NMR and multifractal parameters

Sample no. T,5 (ms) Ty, (ms) T, (ms) [a(x)o - oc(x)max] [zx(y)o - or(y)max}
1 0.74 3.33 2.12 0.79 0.24
2 1.28 4.51 3.12 0.71 0.25
3 0.76 3.59 2.37 0.83 0.27
4 1.04 3.55 2.69 0.77 0.23
5 1.58 5.88 2.65 0.64 0.22
6 3.06 7.14 4.84 0.47 0.15
7 3.24 6.89 4.64 0.55 0.12
8 1.42 4.58 2.29 0.73 0.19
9 0.64 3.18 1.34 0.87 0.32
10 5.08 8.12 5.83 0.45 0.09
11 1.87 5.01 2.86 0.76 0.21
12 2.34 4.15 3.19 0.64 0.20
13 0.98 4.12 1.71 0.79 0.28
14 1.85 5.14 3.57 0.66 0.16
15 2.99 4.92 3.78 0.59 0.14
Average 1.92 4.94 3.13 0.68 0.20
SD 1.19 1.43 1.19 0.12 0.06

Note: SD: standard deviation.

3.2. NMR Multifractal Spectra. The multifractal spectra of
NMR T, distributions of the total pore space and movable
fluid space are shown in Figure 3, and the characteristic
parameters of the multifractal spectra are listed in Table 2.
For the corresponding multifractal spectra, the unimodal
type of the T, spectra all have greater widths of the left
branch than that of the isolated bimodal and uninterrupted
bimodal types (Figure 3). As mentioned in Section 3.1, there
is more percentage of long T, distributions in the isolated
bimodal and uninterrupted bimodal types compared with
the unimodal type for the total pore space and the movable
fluid space. Due to the widths of the left branch of multifrac-
tal spectra corresponding to the heterogeneity of the high
probability measure areas of the T, distributions, the higher
(g — Apay) Values reflect that the high probability measure
areas have a stronger heterogeneity (Table 2 and Figure 3)
[20, 21]. Thus, the heterogeneity of the high-probability
measure areas is influenced by the percentage of the long
T, distributions (Figures 2 and 3).

Additionally, the multifractal spectra of the T, distributions
for the total pore space and movable fluid space are all right-
skewed, but the widths of the left branch of the total pore space
are greater than that of the movable fluid space (Figure 3). Cor-
respondingly, the total pore space has more percentage of the
short T, distributions than that of the movable fluid space. So
the percentages of the short T, distributions also influence the
heterogeneity of the high probability measure areas (Figures 2
and 3). However, there are no significant differences in the
widths of the right branch of the multifractal spectra for the
total pore space, and the same is true for the movable fluid space
(Figure 3). Thus, it is appropriate to use the high probability
measure areas to analyze the pore structure of the E,” shales.

3.3. Pore Structure from 3D CT. Based on the XRD results
(Table 1), samples 9, 11, 10, 12, and 15 were tested by the
FIB experiment, and their 3D pore structures were recon-
structed. It can be found that the pores and throats of the
five samples are all in a relatively homogeneous dispersion
state in the 3D space (Figures 4(a)-4(e)). Samples 10 and
15 are mainly composed of the silicate (quartz+feldspar)
and carbonate minerals, and the main minerals of sample
12 are the silicate (quartz+feldspar), carbonate, and clay
minerals, whereas samples 11 and 9 are mainly composed
of the carbonate and clay minerals (Table 1). The pore types
of samples 10, 15, and 12 are dominated by the intergranular
pores of the quartz and feldspar minerals (Figures 4(f)-
4(h)). In contrast, the intercrystalline pores of the dolomite,
calcite, and clay minerals are widely developed in samples 11
and 9 (Figures 4(i) and 4(j)). In addition, it is worth noting
that the radius distributions of the throats are closely related
to the radius distributions of the interconnected pores in the
same shale sample, and the larger the average pore radius is,
the larger the average throat radius is (Figure 5). For exam-
ple, samples 10, 15, and 12 all have a relatively high percent-
age of large pores. Their average pore radii and throat radii
are 158 nm, 126 nm, and 89 nm and 144 nm, 101 nm, and
81 nm, respectively. In contrast, there is a high percentage
of small pores and throats in samples 11 and 9, which only
have average pore radii and throat radii of 47nm and
33nm and 32nm and 26 nm, respectively (Figure 5).

Based on Table 1 and Figure 5, the radius distributions of
pores and throats have significant relationships with the
mineral contents of the E,* shales. For example, samples
10, 15, and 12, which are dominated by the minerals of
quartz and feldspar minerals, all have a high percentage of
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F1GURE 2: Characteristics of the T, distributions, (a) unimodal types of the total pore space, (b) isolated bimodal types of the total pore space,

(c) uninterrupted bimodal types of the total pore space, (d) unimodal types of the movable fluid space, (e) isolated bimodal types of the
movable fluid space, and (f) uninterrupted bimodal types of the movable fluid space.

large pores and throats, while there is a high percentage of
small pores and throats in samples 11 and 12 with more clay
minerals. Moreover, the average pore radius and throat

radius appreciably increase with the increasing contents of
the (quartz+feldspar) minerals, but the high contents of clay
minerals significantly negatively influence the average pore
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FIGURE 4: 3D pore structures and pore types of the typical E,” shale samples in the Yingxi area. (a, f) Sample 10, (b, g) sample 15, (c, h)
sample 12, (d, i) of sample 11, and (e, j) sample 9; (f, g) intergranular pores, (h) carbonate intercrystalline pores, and (i, j) clay
intercrystalline pores. Note: D: dolomite; C: calcite; F: feldspar; Q: quartz; CL: clay; G: gypsum.

radius average throat radius (Table 1 and Figure 5). These
reveal that the clay, quartz, and feldspar minerals play essen-
tial roles in controlling pore structure characteristics for the
E,” shales.

4. Discussions

4.1. Relationships between Multifractal Parameters and NMR
Parameters. The widths of the left branch of the multifractal
spectra can reflect the characteristics of T, distributions obvi-
ously, and the [a(x), - a(x),,,] and [a(y)y = () i) cOITE-

spond to the heterogeneity of the high probability measure
areas of the total pore space and the movable pore space, respec-
tively. As shown in Figures 6(a) and 6(b), the [a(x), — a(x) ]
and [a(y), — (¥) . all have strong negative correlations with
the T,,,,,. Owing to the T, is mainly influenced by the long T,
distributions, and the more percentage of the long T, distribu-
tions, the larger the T,, | [26, 35, 36, 45]; thus, the lower values
of the [a(x)y — &(x) 0] and [@(y)g = &(Y) ] cOrrespond to
the more percentage of long T, distributions, and the T,
decreases with the increasing of the [a(x), - a(x),,.,] and
[@(¥)g = ¥(¥)iay)- It is worth noting that the T, has a
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better correlation with the [a(x), - a(x),,,,] than with the
[@(¥)g = () pay)- This may be due to the T, directly cor-
responding to the T, distributions of the total pore space.
However, the T, distributions of the movable pore space
cannot entirely reflect the actual T, distributions of the total
pore space.

In the NMR experiment, the lower the T, or the T is,
the higher the percentage of the short T, distributions is [26,
35, 45]. Figures 6(c) and 6(d) show that the [a(x), - a(X),..]
has a good negative correlation with the T, and there is a
moderate negative correlation between the [a(y), — &(y) .
and Ts,. Moreover, both the [a(x), - a(x),,,.] and [a(y), -
o(¥) ) decrease with the increase of the T;; and the corre-
lation of the [a(y), - &(y) ] With Ts; is better than that of
the [a(x), - a(x),,.] with T55 (Figures 7(e) and 7(f)). These
indicate that the [a(x), - a(x),,..] and [a(y), — a(¥) . are
more sensitive to the T, and T, respectively. This may
be because the total pore space has more percentage of short
T, distributions than that of the movable pore space, as dis-
cussed in Section 3.1.

4.2. Relationships between Multifractal Parameters and Pore
Structure Parameters. In order to understand the role of the
pore structure on the multifractal characteristics in the E,
shales, the correlated scatterplots between the pore structure
parameters and the multifractal parameters are shown in
Figure 7. The average pore radius has a strong negative cor-
relation with the [a(x), - a(x),,,.] with a correlation coeffi-
cient of R*=0.931 (Figure 7(a)), which is consistent with
the studies of tight sandstone [20], fine dolomite [23], and
fresh coal [24]. In contrast, the average pore radius shows
a general negative correlation with the [a(y), — a(y).
(Figure 7(b)), which means the average pore radius has a sig-
nificant impact on the [a(x), - a(x),,,] instead of the [«

()0 = &(¥) pa)- This may be because the movable pore space
is only a fraction of the total pore space and cannot repre-
sent the distribution of all pores. As discussed in Section
3.4.2, the higher values of the [a(x), - a(x),,,,] and [a(y),
= &(¥) 0] correspond to the more percentage of the short
T, distributions in the T, spectra. Meanwhile, the T, values
correspond to the different pore sizes of rocks in the NMR
experiment [7, 30, 31]. Thus, the E,* shales with lower
@)y ~ ()] a0 [&(3), ~ A(3) ] may have less per-
centage of small pores, which leads to a good pore structure
with a larger average pore radius.

The average throat radius has different correlations with
the [a(x), - a(x),..] and [a(y), — &(y),.,)- There is a gen-
eral negative correlation between the average throat radius
and the [a(x), - a(x),,,,] (Figure 7(c)). Instead, the [a(y),
= &()) nae) has a strong negative correlation with the average
throat radius (Figure 7(d)). These findings suggest that the
[() — (¥) nax) can effectively represent the average throat
radius of the E,” shales. Generally, the throat radius is always
smaller than the corresponding connected pore radius in
rocks [6, 46, 47], so the short T, distributions may best
represent the distribution of throat radius. Thus, the [a(y),
- a(y) ] 18 more sensitive to the average throat radius
because the T, has a better correlation with the [a(y), - «
() max] than that of the [a(x), - a(x),,,]. Moreover, the
E,” shales with higher [a(y), - a(y),.,] may have a larger
average throat radius, which is in favor of the fluids flow.

4.3. Effects of Shale Compositions on Multifractal Parameters.
Mineral compositions of the E,* shales are particularly com-
plex and have an essential control on the pore structure [7,
45, 46]. Meanwhile, there are clear connections between
the pore structure parameters and multifractal parameters,
so it is also necessary to discuss the effects of mineral



10

8
y=(5.813) In (x) + 0.823

6 1 o 2

. R*=0.901

£

= _

= 1
2 4
0 T T T T T T T T T

10
84 ©
1 o
2 64 °
o - o Q
=4 ] o3
, ] 7=(6839)In(x) +2217
| R*=0.856
0 —— 7T T

0.4 0.5 0.6 0.7 0.8 0.9

y=(5.755) In (x) - 0.368
R*=0.880

Ts5 (ms)
w
1

04 05 06 07 08 09
(or (x)g = & (%) )

(e)

Geofluids
8
6 - ¥ =(3.190) In (x) - 2.102
- R?=0.861
)
R
&
2 4
0

005 0.1 015 02 025 03 035
(& (Mo = & (V) ax)
(b)

10

8 4
@ 6 -
E |
= 4

5 1y=(3581)In (x) - 0942

i R?=0.745
O T T T T T T T T T T T
0.05 0.1 015 02 025 03 035
(& (Mo = & (V) ax)
(d)

6

54 o
- 4 y=(3.299) In (x) - 3.495
g R*=0.918
< 3
=,

1 4

)
0 T T T T T T T T T T T
005 0.1 015 02 025 03 035

(o (o = & (V) imax)
(f)

FIGURE 6: Relationships between the multifractal parameters and the NMR parameters. (a, b) The comparison of the relationship between
the T, and the multifractal parameters, (c, d) the comparison of the relationship between the T, and the multifractal parameters, and (e, f
) the comparison of the relationship between the T,; and the multifractal parameters.

compositions on the multifractal characteristics. As shown
in Figures 8(a) and 8(b), the (quartz+feldspar) contents have
moderate and strong negative correlations with the [a(x),
—a(x),,.] and [a(y), - &(),,..)> respectively. The E,” shales
with higher contents of (quartz+feldspar) minerals generally
have larger radii of pores and throats, which is because the
intergranular pores developed in the quartz and feldspar
minerals are mostly protected by the brittle minerals and
thus, producing more macropores easily (Figures 4(f) and
4(g)). Due to the average pore radius increases with the
increasing percentage of the macropores in the rocks [7,
45, 46, 48], thus, the contents of (quartz+feldspar) minerals
in the E,” shales may influence the pores radii, and in turn,
impact on the multifractal parameters. Moreover, the

contents of (quartz+feldspar) minerals have a better correla-
tion with the [a(y), - «(y),,,,] than that with the [a(x), - «
(%) pax)» Which may be the movable fluid space is dominated
by the macropores developed in the (quartz+feldspar) min-
erals. Therefore, the E,> shales with a high content of
(quartz+feldspar) minerals tend to have a good pore structure.

Figures 8(c) and 8(d) show that both the [a(x),-
a(x) 0] and [a(y), — a(y) ) have strong positive correla-
tions with the contents of clay minerals, indicating the
content of clay minerals in the E, shales is the main factor
controlling the pore structure. This may be because the con-
tent of clay minerals plays a vital role in decreasing the pore
and throat radius. As shown in Figures 4(i) and 4(j), the clay
minerals are prone to deformation during the compaction
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process, leading to the clay intercrystalline pores collapsing
without protection, and thus producing more micropores in
the E,” shales [48, 49]. Additionally, at higher clay minerals
levels of the E,* shales, the intergranular pores supported
by the brittle minerals are easily filled with fine impurities
of the clay minerals, consequently resulting in a further
reduction in pore spaces (Figure 4(j)). Therefore, the higher
content of the clay minerals is not conducive to the formation
of a good pore structure in the E, shales. In addition, the
contents of carbonate minerals have slight negative correla-
tions with the [a(x)y - a(x)] and (1) - (¥)
(Figures 8(e) and 8(f)), which means the carbonate minerals
are also conducive to the formation of a good pore structure
but with less effect on the pore structure compared with the
(quartz+feldspar) minerals. This may depend on whether
the intercrystalline carbonate pores are filled with the clay
minerals or protected by the quartz and feldspar minerals
during the diagenesis of the E,” shales [43, 48], while the real
reason needs to be further explored.

4.4. Multifractal Model for Permeability Estimation. Perme-
ability estimation has always been the key to evaluate shale
reservoirs [24, 35, 44, 47]. However, it is a problem to
estimate the permeability accurately by the well-logging

0 T T T
0.05 0.1 0.15 0.2

0.'25 0.3
(& (o = & (V) iax)
(d)

(c, d) average throat radius, and the multifractal parameters.

method. As discussed in Section 4.2, the average pore radius
and average throat radius have strong negative correlations
with the [a(x), — a(x) ] and [a(y), — a(¥) 0] TESPeCtively,
which provides a new way to estimate the permeability in core
scale and well-logging scale. Obviously, the [a(x), - a(x),,..]
can be obtained by the T, spectra under water-saturated con-
dition, while the [(y), — &(),,ax) Must be obtained by using
the T, spectra under water-saturated and irreducible condi-
tions. For core samples, the [a(x), - a(x),.,] and [a(y), -
&(Y) max) can be applied to estimate the permeability. After
multiple linear regression calculations, the permeability K
can be expressed as

K =0.0704 - 0.0365 [(x), — ()
= 0.1102[(y) = ®(¥) o] -

max]

(7)

However, Equation (7) cannot be applied in the well
logging to estimate the permeability because the [a(y), -
a(¥) ] cannot be obtained by the NMR well logging. As
discussed in Section 4.1, the [a(y), - a(y),..] has good
correlations with the T, and T,.; meanwhile, the T, and
T, can be obtained by the NMR well logging. Thus, the
[&(x) g = @(%) pax)> Tomm and T;5 can be used to estimate the
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permeability in the NMR well logging. After multiple linear
regression calculations, the permeability obtained by the
NMR well logging can be given as

K =0.0496 + 0.0031 x Ts5 + 0.0009 x Ty,
- 0.0516[a(x), — a(x)

(8)

max]

In order to verify the accuracy of Equations (7) and (8), the
estimated permeability is compared with the Helium perme-
ability of the new ten samples from the E,* shales. Figure 9
shows that all the estimated data points fall approximately
on the intersection lines, which means the permeability values
calculated by the multifractal models agree well with the
measured results. Overall, the [a(x), - a(x),,,,] and [a(y), -

&(Y) e are the primary influence factors of permeability for
the E,” shales. For the E,” shales, the pores are dominated by
small sizes and concentrated in a narrow range. Previous
studies have shown that the small pores are highly irregular
in shape, and many small pores will enhance the heteroge-
neity of pore spaces [16, 21, 48, 50]. Meanwhile, the higher
[(x)y = ()] OF [(y)y - a(¥),.,) TePresent that the E,>
shales have more percentage of small pores within a narrow
range. Thus, the permeability decreases with the increase of |
a(x)o = a(x) ) and [@(y)y = &(¥) ,.)- Notably, the Helium
permeability has a better negative correlation with the [a(y),
- (Y) e than that of it with the [a(x), - a(x),,]
(Figure 9), indicating that the permeability is significantly
influenced by the heterogeneity of the movable fluid space.
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As shown in Figure 10, the NMR T, distributions are
presented in the fourth track, both the T5; and T, are pre-
sented in the fifth track, the sixth track includes the left
branch widths of the multifractal spectra [a(x), - &(X),,.)>
the seventh track includes the permeability calculated by
Equation (8) and the Helium permeability, and the eighth
track includes the mineral contents obtained by the elemen-
tal capture spectroscopy (ECS) log. The results of the perme-
ability calculated by Equation (8) agree well with the Helium
permeability and mineral contents, respectively. Thus, the
proposed multifractal models can be effective methods to
estimate the permeability of the E, shales both in the core
scale and the well-logging scale. In addition, it is worth not-
ing that previous statistical models for the permeability esti-
mation are useful only for certain reservoirs because they
always depend on the correlation coefficients between the
permeability and the radii of the pores or throats, whereas
the proposed multifractal models for the permeability esti-
mation does not need these, and thus the proposed multi-
fractal methods in this study are convenient and applicable
for the other reservoirs.

5. Conclusions

(1) The current method of determining the movable
fluid space based on the T, cutoff has its limitation,
whereas using the interval enclosed area by the T,
spectrum curves under water-saturated and irreduc-
ible conditions is more accurate. For the E,” shales,
the T, distributions of the total pore space have
stronger high probability measure areas than that
of the movable fluid space, and using the high prob-
ability measure areas of the T, distributions to char-
acterize the multifractal characteristics of the pore
structure is more appropriate

(2) The T,,,,» Tso, and T all decrease with the increase
of the [“(x)o - a(x)max] and [“()’)o - ao/)max]’ indi-
cating that the lower [a(x), - a(x), ] and [a(y), -
&(Y) nay) are associated with the more percentage of
large pores in the E,* shales. Meanwhile, the average
radii of pore and throat decrease with an increase in
the [a(x), - @(x),y5,] and [a(y)y - (7)), suggest-
ing that the E,* shales with lower [a(x), - a(x) ]
and [a(y), - @(¥) ] May have a good pore structure

(3) The mineral compositions have different effects on
the pore structure of the E,* shales, which in turn
exert influences on the multifractal parameters. As
the (quartz+feldspar) mineral content increases, the
large pore content increases; in contrast, a higher
clay mineral content leads to a smaller average pore
size. Thus, the high (quartz+feldspar) mineral con-
tent plays a positive role in generating low [a(x), -
&(X) ) and [&(y)y - &(y),0c]» while an increase
in the clay mineral content increases the [a(x), -

Oc(x)max] and [“()’)0 - ‘x(y)max]

Geofluids

(4) For the E32 shale reservoirs, a new multifractal model
in core scale was provided for estimating permeabil-
ity based on the multifractal parameters of [a(x), -
a(x) ) and [@(y) = &(¥) yue)- Moreover, the T, ,
T;s and [a(x), - ax),,,,] were used to establish a
novel permeability model in NMR well-logging scale,
which is independent of any help from any other core
experiments. Overall, the provided models for perme-
ability estimation of the E,” shales in core scale and
well-logging scale are convenient and accurate, which
are also applicable for the other reservoirs
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