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Abstract: In natural micro-nanoscale porous media, the movable fluid porosity can effectively
represent storage and permeable properties, but various mineral compositions have complicated
effects on it. Taking saline lacustrine shale as an example, this study researched the effects of mineral
composition on movable fluid porosity, based on nuclear magnetic resonance (NMR), focused ion
beam (FIB), and x-ray diffraction (XRD) experiments. The results show that movable fluid porosity
exhibits a stronger dependence on porosity than movable fluid saturation does. Micropores (<100 nm)
and macropores (>1000 nm) are mostly developed in silicate and gypsum minerals, and have a
highly heterogeneous distribution. In contrast, carbonate intercrystalline pores are dominated by
mesopores (100−1000 nm), and behave strongly heterogeneously. Many mesopores play a positive
role in generating highly movable fluid porosity, but the development of micropores and macropores
is not conducive to an increase in movable fluid porosity. Overall, a significant negative effect is
observed between silicate mineral content and movable fluid porosity, and carbonate mineral content
has a strong positive effect on movable fluid porosity, whereas movable fluid porosity exhibits a
relatively small reduction with an increase in the gypsum.

Keywords: micro-nanoscale porous media; movable fluid porosity; mineral composition; saline
lacustrine; shale

1. Introduction

The movable fluid porosity can reflect the volumetric fraction of movable fluid in the
total pore space, and also directly indicate the amount of crude oil and gas that can be
recovered [1–3]. In oil and gas reservoirs, according to the production strategy for water
driving gas, the movable fluid porosity can be used to predict the movable volume of free
oil at pore scale [2–4]. The movable fluid porosity can also provide a realistic assessment of
the amount of oil that can flow in the porous media [3,5]. Overall, it is of great importance
to quantitatively study the movable fluid porosity, to propose proper strategies to explore
and develop oil and gas reservoirs [6–9].

As the global demand for oil and gas continues to increase, the exploration and
development of unconventional oil and gas will become more and more important [5,10–12].
Unconventional oil and gas reservoirs are generally micro-nanoscale porous media, which
are characterized by poor physical properties [12–14]. Meanwhile, unconventional oil and
gas reservoirs have various mineral compositions. Due to the different types of pore that
tend to develop in different minerals, unconventional oil and gas reservoirs have a complex
pore-throat connectivity, and strong heterogeneity [10,13]. Previous studies have found
that the development of clay minerals generally reduces the movable fluid porosity [3,7],
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but other minerals have differential effects on the movable fluid porosity. Meanwhile,
the mineral composition not only affects the movable fluid porosity, but also affects the
recovery of valuable elements [15,16]. Overall, it is very necessary to be clear about the
contributions of various minerals to the movable fluid porosity.

Recently, the Yingxi area has been the subject of increasing focus, because of the dis-
covery of hydrocarbons in the upper of the Lower Ganchaigou Formation (E3

2) shale reser-
voirs [17,18]. The Yingxi area is located at the northwestern margin of the Yingxiongling
tectonic belt, in the western Qaidam Basin, China. With the lifting of the Qinghai–Tibet
Plateau, the basin seal, a cold dry climate, and plenty of salt, the E3

2 shales of the Yingxi
area have developed typical saline lacustrine shales since the Cenozoic era [19]. The E3

2

shales belong to deep lake and semi-deep saline lacustrine sedimentary environments,
which are characterized by tight physical properties and frequent interbedded layers [17,19].
Meanwhile, the saline lacustrine sedimentary background also results in the E3

2 shales
being characterized by various mineral compositions [20,21]. In this study, the aim is
to research the effects of the mineral composition on the movable fluid porosity in the
micro-nanoscale porous media on the basis of E3

2 saline lacustrine shales.

2. Experimental Samples and Methods

In this study, a collection of core plug samples of the E3
2 shale reservoirs was taken

from seven petroleum exploration wells drilled in the Yingxi area. The 35 standard core
plug samples, 1 inch long and 2.0 inches in diameter, were firstly used for a nuclear
magnetic resonance (NMR) experiment, and then the 35 samples were tested using x-ray
diffraction (XRD) and scanning electron microscope (SEM) experiments. According to the
characteristics of their mineral composition, three typical samples were selected to be tested
by the focused ion beam (FIB) experiment.

The NMR experiments were conducted at the State Key Laboratory of Shale Oil and
Gas Enrichment Mechanisms and Effective Development in China. The NMR apparatus
required 6000 ms to echo every Te 0.2 ms, and the signal superposition was 128 times in
a turnaround time. Before the NMR experiment, the core plug samples were saturated
with water for 24 h under the pressure of 20 MPa, and then, in this state, the saturated T2
spectrum was obtained. In addition, a centrifugal force of 5.52 MPa was used to remove
the movable water from the saturated core plug samples for 120 min, and then these core
plug samples were tested, to obtain the centrifugal T2 spectra.

After the NMR experiments, part of every sample was powdered to less than 5 µm,
and oven-dried at 90 ◦C for 12 h, and then was XRD tested [7]. The SEM experiments were
used to identify the pore-throat characteristics. Based on the above results, three typical
samples were selected from the above 35 samples, to be tested using the FIB experiment,
with an accuracy of 10 nm. The maximum sphere algorithm was used to extract the pore-
to-throat network models corresponding to the pore space topology of real cores, and the
results were composed of the pore radius and throat radius.

3. Results
3.1. Movable Fluid Porosity

As shown in Table 1, the porosities range from 0.65% to 12.03%, and the average value
is 6.46%. Among the movable fluid saturations, although the maximum value is 68.89%,
the minimum value is only 6.27%. Meanwhile, the movable fluid porosities are between
0.27% and 5.17%, with an average value of 2.23%. Overall, the porosity, movable fluid
saturation, and movable fluid porosity have large distribution ranges, indicating that the
E3

2 shale reservoirs have a strong heterogeneity.
Due to the movable fluid porosity being the multiplication of the porosity and the

movable fluid saturation, the porosity and movable fluid saturation are the direct factors of
the movable fluid porosity [2,3]. Figure 1 shows that the porosity increases with an increase
in the porosity or movable fluid saturation, but the porosity and movable fluid saturation
can have different levels of influence on the movable fluid porosity. The movable fluid
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porosity shows a stronger correlation with the porosity than the movable fluid saturation
does. Among the E3

2 shales, the porosity plays a more decisive role in controlling the
movable fluid porosity, compared with the movable fluid saturation.

Table 1. Correlation statistics of the mineral and physical properties of E3
2 formations in the

Yingxi area.

Type Maximum/% Minimum/% Average/%

Physical property
porosity 12.03 0.65 6.46

movable fluid saturation 68.89 6.27 35.74
movable fluid porosity 5.17 0.27 2.23

Mineral composition

dolomite 52.6 12.5 34.8
calcite 15.7 4.3 9.4

carbonate 64.1 19.5 44.2
quartz 32.6 10.7 16.2

feldspar 15.8 2.9 4.4
clay 46.2 15.5 28.3

silicate 72.7 31.4 48.9
gypsum 8.7 2.1 3.8
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3.2. Mineral Composition

The main mineral types of the E3
2 shales are dolomite, calcite, quartz, feldspar, illite,

chlorite, kaolinite, gypsum, and pyrite. The contents of the different minerals are quite
variable (Table 1). For the purposes of this study, the mineral compositions are divided into
(1) the carbonate group (dolomite and calcite), (2) the silicate group (quartz, feldspar, and
clay), and (3) gypsum. Among the mineral groups, the carbonate group accounts for 19.5%
to 64.1%, the silicate group ranges between 31.4% and 72.7%, and the gypsum has the lowest
proportion, ranging from 2.1% to 8.7% (Table 1). Meanwhile, the clay mineral accounts
for the highest proportion of the silicate group, and the dolomite mineral contributes the
most to the carbonate group. Overall, the E3

2 shales are characterized by various mineral
compositions, and dominated by carbonate and silicate minerals.

3.3. Pore Types

According to pore size, pore types can be divided into micropores (<100 nm), meso-
pores (100–1000 nm), and macropores (>1000 nm) [4,14,22]. The micropores are known as
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adsorption pores, and the mesopores and macropores are referred to as seepage pores [23].
In the core NMR experiment, the micropores are generally saturated with irreducible fluids
that cannot be expelled using centrifugation, and the mesopores and macropores are satu-
rated with movable fluids that can be partially expelled using centrifugation [5,14]. Mean-
while, due to the transverse relaxation time (T2) of the core NMR experiment having a good
correspondence with the pore size [3,5], the pore types of the E3

2 shales can be identified as
follows: micropore (<1 ms, <100 nm), mesopore (1–30 ms, 100–1000 nm), and macropore
(>30 ms, >1000 nm). Figure 2 shows that the pore-size distributions of the different E3

2

shale samples vary greatly. Most of the samples are dominated by numerous mesopores,
and some of the samples are characterized by micropores and mesopores, whereas only a
small number of samples have a medium percentage of macropores (Figure 2).
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2 shales in the Yingxi area.

As shown in Figure 3, plenty of intercrystalline pores with submicron radii are devel-
oped in the carbonate minerals (Figure 3a,b), and the carbonate intercrystalline pores show
a relatively homogeneous distribution in the 3D space (Figure 4a). The quartz and feldspar
particles are tightly surrounded by the mineral crystals of dolomite and glauberite, result-
ing in the pore radii being mostly nanoscale (Figure 3c,d). Compared with the carbonate
intercrystalline pores, the number and size of the silicate mineral pores are greatly reduced
in the 3D space (Figure 4a,b). In addition, many clay minerals contain abundant nanoscale
pores, which are formed by further filling the spaces in carbonate intercrystalline pores and
silicate interparticle–intercrystalline pores (Figure 3e–g). It should be noticed that the radii
of gypsum intergranular pores are submicron- or micron-sized (Figure 3h), which is highly
heterogeneous in the 3D space (Figure 4c). Meanwhile, only some of the gypsum minerals
are surrounded by fine grains and muddy impurities, resulting in the poor development of
pores (Figure 3i). Overall, the pore types and sizes of various minerals in E3

2 shales are
very different.
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Figure 5 shows the relationships between the pore types and mineral compositions.
Among the mineral groups, the cumulative percentages of micropores and mesopores
increase with the increasing mineral content for the silicate group and carbonate group,
respectively (Figure 5a,b). As the gypsum increases, the macropores actually show a
significant increase (Figure 5c). Overall, it can be found that specific mineral groups in the
E3

2 shale have relatively concentrated pore-size distributions. The carbonate intercrystalline
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pores are dominated by mesopores, and the silicate interparticle–intercrystalline pores are
mainly micropores, whereas macropores dominate in the gypsum intergranular pores.
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4. Discussions
4.1. Relationships between Porosity and Pore Types

The porosity can effectively reflect the shale reservoir capacity (Dai et al., 2021 [5]).
As shown in Figure 6, there are nonlinear relationships between the porosity and the
cumulative percentages of different pores, and the different types of pore offer various
contributions to the porosity in the E3

2 shales. The development of mesopores is beneficial
to an increase in porosity, while the increase in micropores and macropores causes a
decrease in porosity (Figure 6). Among the three types of pore, the mesopores have the
strongest influence on the porosity, with a correlation index of 0.6176 (Figure 6b). In the
E3

2 shales, the mesopores are composed of carbonate intercrystalline pores (Figure 3a,b),
and carbonate minerals have the highest percentage among the mineral composition
(Table 1). Meanwhile, the quantitative advantage of the carbonate intercrystalline pores
can make up for the defect of their relatively small radius, to provide enough spaces
(Figures 3a,b and 4a). Thus, the porosity increases with an increase in the mesopores.
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As illustrated in Figure 6a, the porosity generally decreases as the micropores increase,
with a correlation index of 0.4227. The same negative correlation between porosity and
micropores is also found in the other sedimentary basins [24,25]. In the E3

2 shales, this
phenomenon occurs mainly because more micropores are associated with a higher-silicate
mineral group (Figure 5a). Regarding the clay of the silicate mineral group, its deformability
during the compaction process easily leads to a reduction in the number and radii of
pores [7,26], and the primary pores are mostly filled with fine-clay impurities, resulting
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in a reduction in the pore space (Figure 3e–g). Meanwhile, the quartz and feldspar of the
silicate mineral group always have a large particle size and low structure order degree, and
are tightly surrounded by dolomite crystals in the E3

2 shale reservoirs (Figure 3c,d). These
phenomena can all cause the porosity to decrease with an increase in micropores.

Previous studies discovered that macropores showed a positive correlation with
porosity [2,7,14]. However, Figure 6c shows that macropores exert a negative influence
on porosity. In the E3

2 shale reservoirs, macropores are mainly composed of gypsum
intergranular pores, and increase with an increase in gypsum (Figure 5b). Meanwhile,
Figure 3 shows that the gypsum grains mostly have widths greater than 40 µm, which are
generally larger than those of other mineral grains. The higher the grain radius, the lower
the surface porosity [14,27]. Therefore, a higher number of macropores always leads to a
lower surface porosity, and then results in a lower porosity in the E3

2 shale reservoirs.

4.2. Relationships between Movable Fluid Saturation and Pore Sizes

Movable fluid saturation is a key parameter in evaluating the moveable fluid space
in shale reservoirs [1,4]. In the NMR experiment, the core T2 geometric mean value
corresponds well to the average pore size [2,5,28]. As shown in Figure 7, there is a good
positive correlation between the movable fluid saturation and the T2 geometric mean value,
indicating that the average pore size is a main control factor in the movable fluid saturation
in the E3

2 shale reservoirs. Meanwhile, the cumulative percentage differences of the various
types of pore directly affect the average pore size in the E3

2 shale reservoirs (Figure 8). As
the T2 geometric mean values increase, the micropores decrease (Figure 8a), whereas the
mesopores increase (Figure 8b). In contrast, the T2 geometric mean values only increase
with an increase in some of the macropores, indicating that not all of the macropores have
a positive influence on the T2 geometric mean value (Figure 8c). This is because when the
macropores increase, the macropore percentage of many cores is still much lower than the
percentage of micropores or mesopores (Figure 2). The influence of macropores on the
T2 geometric mean value still depends on the cumulative percentages of the micropores
and mesopores.

Energies 2023, 16, x FOR PEER REVIEW 7 of 11 
 

 

and are tightly surrounded by dolomite crystals in the E32 shale reservoirs (Figure 3c,d). 
These phenomena can all cause the porosity to decrease with an increase in micropores. 

Previous studies discovered that macropores showed a positive correlation with po-
rosity [2,7,14]. However, Figure 6c shows that macropores exert a negative influence on 
porosity. In the E32 shale reservoirs, macropores are mainly composed of gypsum inter-
granular pores, and increase with an increase in gypsum (Figure 5b). Meanwhile, Figure 
3 shows that the gypsum grains mostly have widths greater than 40 µm, which are gen-
erally larger than those of other mineral grains. The higher the grain radius, the lower the 
surface porosity [14,27]. Therefore, a higher number of macropores always leads to a lower 
surface porosity, and then results in a lower porosity in the E32 shale reservoirs. 

4.2. Relationships between Movable Fluid Saturation and Pore Sizes 
Movable fluid saturation is a key parameter in evaluating the moveable fluid space 

in shale reservoirs [1,4]. In the NMR experiment, the core T2 geometric mean value corre-
sponds well to the average pore size [2,5,28]. As shown in Figure 7, there is a good positive 
correlation between the movable fluid saturation and the T2 geometric mean value, indi-
cating that the average pore size is a main control factor in the movable fluid saturation in 
the E32 shale reservoirs. Meanwhile, the cumulative percentage differences of the various 
types of pore directly affect the average pore size in the E32 shale reservoirs (Figure 8). As 
the T2 geometric mean values increase, the micropores decrease (Figure 8a), whereas the 
mesopores increase (Figure 8b). In contrast, the T2 geometric mean values only increase 
with an increase in some of the macropores, indicating that not all of the macropores have 
a positive influence on the T2 geometric mean value (Figure 8c). This is because when the 
macropores increase, the macropore percentage of many cores is still much lower than the 
percentage of micropores or mesopores (Figure 2). The influence of macropores on the T2 
geometric mean value still depends on the cumulative percentages of the micropores and 
mesopores. 

 
Figure 7. Relationships between the movable fluid saturation and the T2 geometric mean value. 
Note: arrow, trend line; circle, data point; block, data points of macropores. 

  

Figure 7. Relationships between the movable fluid saturation and the T2 geometric mean value. Note:
arrow, trend line; circle, data point; block, data points of macropores.



Energies 2023, 16, 5166 8 of 11Energies 2023, 16, x FOR PEER REVIEW 8 of 11 
 

 

 
Figure 8. Relationships between different types of pore and the T2 geometric mean value: (a) mi-
cropores and the T2 geometric mean value; (b) mesopores and the T2 geometric mean value; (c) 
macropores and the T2 geometric mean value. Note: red line, correlation curve; arrow, trend line; 
circle, data point. 

In the E32 shale reservoirs, the increase in micropores leads the average pore size to 
decrease (Figure 8a), resulting in a higher percentage of irreducible fluid space. In con-
trast, the movable fluid space converges to a higher value with an increase in mesopores, 
which is because mesopores mainly have a large average pore size (Figure 8b). Thus, an 
increase in micropores is not conducive to an increase in movable fluid saturation, and an 
increase in mesopores has a positive influence on the increase in the movable fluid satu-
ration. On the other hand, only when the percentage of macropores is very high, does it 
have an absolute positive influence on the T2 geometric mean value (Figure 8c). Thus, an 
increase in the macropores does not completely increase the movable fluid saturation in 
the E32 shale reservoirs. 

4.3. Effects of Mineral Composition on Movable Fluid Porosity 
In shale reservoirs, the content of various minerals is one of the most important fac-

tors for evaluating the movable fluid porosity. Figure 9 shows the effects of different min-
eral groups on the movable fluid porosity in the E32 shale reservoirs. There is a significant 
negative correlation between the silicate mineral group and the movable fluid porosity 
(Figure 9a). This is because the micropore is very sensitive to the silicate mineral group 
(Figure 5a). Micropores increase when the percentage of the silicate mineral group in-
creases (Figure 5a), resulting in a decrease in porosity (Figure 6a). Meanwhile, due to the 
movable fluid saturation decreasing with the increase in micropores (Figure 8a), the sili-
cate mineral group is not conducive to movable fluid saturation. Therefore, the develop-
ment of silicate minerals decreases the movable fluid porosity in the E32 shale reservoirs. 

 
Figure 9. Relationships between different types of mineral and movable fluid porosity: (a) the sili-
cate group and movable fluid porosity; (b) the carbonate group and movable fluid porosity; (c) gyp-
sum and movable fluid porosity. Note: red line, correlation curve; circle, data point. 

In the E32 shale reservoirs, the carbonate mineral group plays an important role in 
evaluating the movable fluid porosity, because of its extensive development. As shown in 

Figure 8. Relationships between different types of pore and the T2 geometric mean value: (a) microp-
ores and the T2 geometric mean value; (b) mesopores and the T2 geometric mean value; (c) macro-
pores and the T2 geometric mean value. Note: red line, correlation curve; arrow, trend line; circle,
data point.

In the E3
2 shale reservoirs, the increase in micropores leads the average pore size to

decrease (Figure 8a), resulting in a higher percentage of irreducible fluid space. In contrast,
the movable fluid space converges to a higher value with an increase in mesopores, which
is because mesopores mainly have a large average pore size (Figure 8b). Thus, an increase
in micropores is not conducive to an increase in movable fluid saturation, and an increase
in mesopores has a positive influence on the increase in the movable fluid saturation. On
the other hand, only when the percentage of macropores is very high, does it have an
absolute positive influence on the T2 geometric mean value (Figure 8c). Thus, an increase
in the macropores does not completely increase the movable fluid saturation in the E3

2

shale reservoirs.

4.3. Effects of Mineral Composition on Movable Fluid Porosity

In shale reservoirs, the content of various minerals is one of the most important factors
for evaluating the movable fluid porosity. Figure 9 shows the effects of different mineral
groups on the movable fluid porosity in the E3

2 shale reservoirs. There is a significant
negative correlation between the silicate mineral group and the movable fluid porosity
(Figure 9a). This is because the micropore is very sensitive to the silicate mineral group
(Figure 5a). Micropores increase when the percentage of the silicate mineral group increases
(Figure 5a), resulting in a decrease in porosity (Figure 6a). Meanwhile, due to the movable
fluid saturation decreasing with the increase in micropores (Figure 8a), the silicate mineral
group is not conducive to movable fluid saturation. Therefore, the development of silicate
minerals decreases the movable fluid porosity in the E3

2 shale reservoirs.
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In the E3
2 shale reservoirs, the carbonate mineral group plays an important role in

evaluating the movable fluid porosity, because of its extensive development. As shown in
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Figure 8, the carbonate mineral group demonstrates a strong positive correlation with the
movable fluid porosity (Figure 8b). It is mentioned in Section 3.3 that the intercrystalline
pores developed in the carbonate minerals are mostly mesopores (Figure 3), which can
effectively provide sufficient reservoir porosity (Figure 6b). This is one of the reasons why
the movable fluid porosity increases with an increase in the carbonate mineral group. On
the other hand, a large number of intercrystalline pores developed in carbonate minerals
are mostly seepage pores, which have a relatively homogeneous distribution in the 3D
space (Figure 4a), and when the number of carbonate intercrystalline pores increases, the
average pore size increases (Figure 8b). Accordingly, the development of the carbonate
mineral group is conducive to an increase in the movable fluid saturation. This is another
reason why carbonate minerals have a positive effect on the movable fluid porosity.

Though gypsum is an endemic mineral to the E3
2 shale reservoir, it is also a relatively

minor component in the total minerals (Table 1). Compared with the silicate and carbonate
mineral groups, the correlation index between gypsum and the movable fluid porosity
decreases to 0.2685 (Figure 9c). As shown in Figures 3 and 4, macropores are mostly
developed in the gypsum mineral, but much of the gypsum mineral is generally tightly
surrounded by fine grains and muddy impurities, resulting in the gypsum intergranular
pores being highly heterogeneous in the 3D space. Accordingly, many of the macropores
developed in the gypsum mineral, which are referred to as the seepage space, are restricted
by the tiny pore throats. This phenomenon leads to the gypsum mineral having a relatively
positive effect on the movable fluid saturation, as mentioned in Section 4.2. Meanwhile, the
porosity decreases with an increase in the gypsum mineral (Figure 6c), and the movable
fluid porosity has a stronger dependence on the porosity than the movable fluid saturation
does (Figure 1). Therefore, the movable fluid porosity shows a relatively small reduc-
tion with the development of gypsum, compared with the development of silicate and
carbonate minerals.

5. Conclusions

Regarding the E3
2 saline lacustrine shales, a typical micro-nanoscale porous medium,

three main conclusions can be drawn, as follows.

(a) Three pore types can be identified by the T2 spectrum: micropores (<1 ms, <100 nm),
mesopores (1−30 ms, 100−1000 nm), and macropores (>30 ms, >1000 nm). The
mineral compositions are divided into the carbonate group (dolomite and calcite), the
silicate group (quartz, feldspar, and clay), and gypsum. Among them, micropores
and macropores increase relative to the silicate mineral group and gypsum increasing,
respectively, whereas a strong positive correlation is observed between mesopores
and the carbonate mineral group.

(b) An increase in mesopores makes a significant contribution to the increase in porosity
and movable fluid saturation, whereas the developments of micropores are not con-
ducive to the increase in porosity and movable fluid saturation. The macropores have
a negative effect on the increase in porosity, and only a high percentage of them will
completely increase the movable fluid saturation.

(c) Various minerals lead to complicated effects on the movable fluid porosity. The
carbonate mineral group has a strong positive effect on the movable fluid porosity,
and a significant negative effect is observed between the silicate mineral group and
the movable fluid porosity, whereas the movable fluid porosity increases slightly with
an increase in gypsum.
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