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Nanopore in shales is the place for hydrocarbon accumulation and migration. However, there is a lack of understanding of the
nanopore structure with regard to their ultratight and multiscaled nature. Here, the porous morphology of gas shales from the
Sichuan Basin of China was investigated using field emission-scanning electronic microscopy (FE-SEM) with high resolution.
Low-pressure nitrogen adsorption experiments at 77 K were conducted to obtain the adsorption-desorption isotherms, BET-
specific surface area, pore size distribution, pore volume, and average pore diameter values. Research results show that pores of
the studied shales are at the nanometer scale, and the average pore diameter is between 3 and 5nm. The pore structure of
these shales is complicated, which is not only predominately mesopores (pore diameter at 2-50 nm) but also some micropores
(pore diameter < 2 nm) and macropores (pore diameter > 50 nm). The specific surface area of shales ranges from 13 to 30 m*/g.
The micropore volume and mesopore volume occupy the total pore volume highly up to 77%-92%, which indicates that
micropores and mesopores are the main storage place for shale gas. Through the analysis of adsorption isotherms and
hysteretic loops, there are mainly two kinds of pores in shales, including ink-bottle-like pores and slit pores. Micropores of
these shales are mainly related to organic matter, while macropores are mainly related to clay minerals. The estimation about
porosity using the combined physical model shows that organic matter and clay minerals contribute about 50% and 33% to the

porosity of these shales, respectively.

1. Introduction

Conventional reservoirs mainly refer to the sandstone reser-
voir and carbonate reservoir, whose pore diameter is always
beyond 1um [1-3]. However, with the development and
exploration of unconventional reservoirs, shales have
received lots of interest because of their emergence as hydro-
carbon reservoirs. Pore structure of shales is a fundamental
question during shale development. As a kind of supertight
hydrocarbon reservoir, the pore dimension of shales is com-
monly far below the that of sandstone or carbonate reser-
voirs, and the pores are mainly nanometer in scale [4-6].
Pore diameter of shales in the Fort Worth Basin is 5-
750 nm with an average pore diameter of 100 nm. The pore

diameter of shallow shales in the Beaufort-MacKenzie Basin
is 25-10 yum while that of deep shales is 2.5-25nm [7-9].
The pore diameter of shales in North America is 5-
160 nm, mainly 8-100 nm, while the pore diameter of matu-
rated shales in the Sichuan Basin is about 100 nm [10-12].
Pore structure characteristics have a great effect on gas stor-
age, adsorption capacity, and gas migration in the nanospace
[13-16].

The methodology used for the reservoir structure of con-
ventional reservoirs mainly includes thin section analysis,
mercury injection, and scanning electronic microscopy
(SEM). However, plenty of pores in shales cannot be clearly
observed by conventional analysis methods because of their
nanoscaled characteristics. The thin section analysis is
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commonly applied in conventional reservoirs. Mercury
injection is mainly performed on connected mesopores and
macropores. The optical microscope and SEM cannot effec-
tively detect pores at the nanometer scale in shales because
of their low resolution.

In this study, field emission scanning electronic micros-
copy (FE-SEM) with high revolution is applied to observe
the morphology of the nanopore structure of shales. Nitro-
gen adsorption experiments at low temperature are con-
ducted to obtain the adsorption-desorption isotherms.
Then, the chemical theory is used to analyze the
adsorption-desorption isotherms, and quantitative pore
structure parameters are obtained, such as specific surface
area, pore size distribution, pore volume, and average pore
diameter. The Horvath-Kawazoe (H-K) model is used to cal-
culate the adsorption isotherm at the low relative pressure
range. What is more, the relation between types of hysteresis
loop and the pore structure characterization are analyzed in
detail according to adsorption and condensation theory.

2. Samples and Experiments

2.1. Samples. Marine shale samples were collected from a
shale gas well drilled in the Jiaoshiba area of Sichuan Basin,
China. The Jiaoshiba area is the largest shale gas production
area in China. The accumulated amount of produced shale
gas was more than 300 x 108 m?, though it was only devel-
oped since 2013. Shale gas resources in the Jiaoshiba area
are mainly concentrated in the southern Paleozoic marine
shales with strong structural transformation, complex
ground stress, and deep burial [17, 18]. The Jiaoshiba tecton-
ically located in the eastern Sichuan block fold in the eastern
Sichuan Basin, and the west of the Qiyueshan fault [17]. The
Jiaoshiba structure is a narrow and steep anticline in the N/E
direction or nearly N/S direction. The structural deforma-
tion in the main body of the Jiaoshiba area is relatively weak.
It shows a box-like fault anticline; that is, the top of the
Jiaoshiba anticline is wide and slow, while the dip angle of
the stratum is small. Faults do not develop in the main body
of the Jiaoshiba area but develop in the two wings of the
anticline structure [19].

Shale samples were collected and subjected to the total
organic carbon (TOC) test and X-ray diffraction (XRD)
experiment. The tested TOC content of the samples is
between 1.0% and 5.4%, with an average value of 2.5%. Min-
erals in the samples contain quartz, orthoclase, plagioclase,
carbonates, and clay minerals (Table 1). Quartz and clays
are the main minerals in these samples. Quartz in the inves-
tigated sample is from 26% to 60%, with an average value of
37.2%. Total clay minerals vary from 25% to 59% and aver-
ages 41.7%.

2.2. Experiments. Low pressure nitrogen adsorption experi-
ment is conducted on the QUADRASORB SI surface and
porosity analyzer, which uses a static volumetric method to
measure the amount of adsorbed gas. This instrument can
measure the nanopores ranging from 0.35nm to 400 nm in
diameter. The minimum detectable specific surface area is
0.0005m?/g, and the minimum detectable pore volume is
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0.0001 cm’/g. Before nitrogen adsorption experiments, all
the shale samples were degassed at 105°C for more than 8
hours under a vacuum of 10 ym Hg, which ensures removal
of any bound and capillary water adsorbed with the clays
[11]. Reagent-grade nitrogen (99.999%) is used for adsor-
bent at 77.35K.

FEI field emission scanning electronic microscopy (FE-
SEM) was used to observe the microscope morphology and
pore structure of selected shales. FE-SEM provides “as
received” images on pore structure with the highest resolu-
tion of 1.2nm and the largest magnification of 25-200k.
The tests are preceded on a high vacuum environment.

Helium pycnometry was utilized to measure the porosity
of shale samples. Cylinder samples were dried at 105°C more
than 8 hours until the weight is stable. Then, the bulk density
of the cylinder samples was determined by using a caliper
and the dry weight. After that, the cylinder was put into a
helium pycnometer to measure the skeletal density. These
values were achieved by multiple helium expansions from
the reference cell to the sample cell. Then, porosity of the
shale samples is calculated according to the bulk density
and skeletal density values.

3. Results and Discussion

3.1. Porosity. Porosity of the studied shales ranges from 1.8%
to 4.8%with an average of 3.4% (Table 2). Porosity of these
shales increases with increasing TOC content. Shale samples
rich in organic matter have relatively high porosity.

3.2. Nitrogen Adsorption-Desorption Isotherms. Figure 1
shows the nitrogen adsorption-desorption isotherms of the
representative shale samples collected from the Jiaoshiba
area. Qualitative assessment of the porous structure can be
obtained based on the isotherms. Although there is differ-
ence in the adsorbed amount of nitrogen, the isotherms are
all like a reverse “S” in shape. The isotherms of shales belong
to type IV according to the International Union of Pure and
Applied Chemistry (IUPAC) classification [20]. This indi-
cates that the adsorption mechanism transforms from the
monomolecular layer adsorption to the multilayer adsorp-
tion because there is no restriction of adsorption space on
the surface of the adsorbent. The adsorption isotherm rises
slowly in low relative pressure and then bulges, while the
slop of the isotherms declines. When the relative pressure
increases to a special turning point, the isotherm nearly
becomes a straight line, and the slop becomes a constant.
These indicate the completion of monomolecular layer
adsorption and the outset of multilayer adsorption. The
adsorbance at the turning point is approximately equal to
the monolayer capacity [21]. After the linear stage, the iso-
therm goes up sharply with the increasing relative pressure.
When the equilibrium pressure approaches the saturated
vapor pressure of nitrogen, the adsorbed amount of nitrogen
still does not reach saturation, and the capillary condensate
of nitrogen commences at the surface of shales. The detec-
tion of the type IV adsorption isotherm means that multi-
layer adsorption has happened on the surface of the
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TasLE 1: TOC and mineral compositions of the investigated marine shale samples.

Sample Basin Stratigraphy TOC content Quartz Orthoclase Plagioclase Carbonates Total clays
(wt%) (wt%) (wt%) (wt%) (wt%) (wt%)
JY41 Sichuan S1l 1.00 34.70 1.10 3.60 5.90 53.00
JY51 Sichuan Sl 1.23 26.80 0.80 5.80 4.40 58.90
JY55  Sichuan Sl 1.38 29.80 0.90 5.10 5.20 56.50
JY61 Sichuan Sl 1.58 27.20 0.70 5.50 10.00 53.60
JY71 Sichuan Sl 1.02 26.00 1.10 7.30 27.00 35.80
JY85 Sichuan Sl 2.11 28.20 1.40 6.80 12.50 47.20
JYO91 Sichuan Sl 2.60 38.00 1.10 4.80 7.70 45.90
JY101 Sichuan Sl 2.15 38.10 1.20 3.30 13.10 38.60
JY105  Sichuan Sl 2.78 43.10 1.10 5.50 13.10 32.50
JY111  Sichuan Sl 3.29 45.50 1.20 4.20 10.60 32.20
JY115  Sichuan Sl 3.76 31.30 1.60 6.20 23.00 33.50
JY119  Sichuan S|l 5.36 55.30 1.50 4.40 7.60 28.70
JY121  Sichuan Sl 3.65 59.50 1.20 2.20 7.90 25.40
TABLE 2: Pore structure parameters of the investigated marine shale samples.
Sample Hel.ium Surfacze area Total pore di:r(r):;er Micropore volume  Mesopore volume  Macropore volume
porosity (%) (m*/g) volume (cm”/g) (nm) percentage (%) percentage (%) percentage (%)
JY41 1.81 2.79 0.0179 5.16 29.02 48.38 22.60
JY51 2.19 13.88 0.0190 4.83 30.87 50.66 18.47
JY55 3.90 15.68 0.0214 5.03 29.78 48.99 21.22
JY61 4.10 17.00 0.0214 4.52 33.18 49.35 17.48
JY71 4.49 18.96 0.0162 4.86 30.81 46.58 22.61
JY85 4.00 13.36 0.0229 4.75 31.48 47.18 21.34
JYO1 3.90 19.26 0.0225 4.42 33.87 48.98 17.16
JY101 3.30 20.36 0.0210 4.47 33.65 46.41 19.94
JY105 2.90 18.82 0.0217 4.57 32.86 46.02 21.12
JY111 2.70 19.04 0.0203 3.95 38.08 46.06 15.86
JY115 4.80 20.56 0.0244 3.84 37.50 44.43 18.07
JY119 4.80 25.44 0.0273 3.67 40.88 51.23 7.89
JY121 3.64 29.71 0.0216 4.16 35.97 54.05 9.99

adsorbent, whose pore dimension ranges from as small as a
molecular size to being relatively infinite.

3.3. Assessment of Mesopores. The Brunauer-Emmett-Teller-
(BET-) specific surface area is determined by applying the
BET theory (equation (1)) to the gas adsorption data in the
relative pressure ranging from 0.05 to 0.30 [22]:

P/P, 1 C-1 P

= + o —. 1
v(l-pr/py) Vv,C V,C P, (1)

According the BET theory, (P/P,)/V (1 — P/P,) versus P
/P, yields a straight line in the BET plot (Figure 2), and
the BET monolayer capacity V,, and BET constant C can
be derived from the slop and intercept of the linear line.

The BET-specific surface area can be calculated from the
following equation using the monolayer capacity (equation

(2)):

= VlNaw o, 2)

22400

Pore size distribution is determined from adsorption
isotherms using the Barrett-Joyner-Halenda (BJH) method
[23]. The BJH method is based on the Kelvin equation
and Halsey equation and behaves better in describing pore
size distribution of mesoporous material. The Kelvin equa-
tion provides the relationship between the pore radius and
vapor pressure. It is assumed that all the pores of the solid
adsorbent are rigid and cylindrical in shape, which func-
tions as capillary tubes in adsorption and condensation
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FIGURE 1: The nitrogen adsorption-desorption isotherms of the studied gas shales.
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FIGURE 3: Pore size distribution of shales derived from low-pressure nitrogen adsorption using BJH method.
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FIGURE 4: Main simplified pore structure in gas shales.

of liquid nitrogen. The critical Kelvin pore radius can be
described as

2yv,, cos ¢
ST R ®)
In the computation of the mesopore size distribution,
correction must be made for the effect of the multilayer
thickness. The most generally applied thickness emenda-
tion methods are those of the Harkin-Jura equation and
Halsey equation. In this paper, the Halsey equation is used
and can be written as

0.557

(log X)I/S !

(4)

By the combination of equations (3) and (4), the pore
radius of the adsorbent can be calculated as

(5)

As shown in Figure 3, the Jiaoshiba shale samples have
wide pore size distributions. Several different peaks appear
in the pore size distribution curves, which indicate that
these shales have a complicated pore system. The maxi-
mum peak values in the pore size distributions range from
2nm to 4nm, and the average pore diameter values are
mainly concentrated in the 4-10nm. According to the
pore width classification recommended by IUPAC
(micropores < 2 nm; mesopores, 2-50 nm; macropores > 50
nm), the average pore diameter of shale samples belongs
to mesopores. What is more, a certain amount of

r=r;+t.
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macropores also exist in shale samples, which cause a tail
in the pore size distribution.

Pore structure parameters of the investigated shales are
summarized in Table 2. The BET-specific surface area of
shales is between 13 and 30 m*/g. The total pore volume var-
ies from 0.016 to 0.027 cm’/g. Samples with high TOC con-
tent have a higher BET-specific surface area and higher total
pore volume, indicating that organic matter is a key control
on the pore development of these shales. Specifically, the
TOC content of sample JY41 is only 1.0%, and the corre-
sponding BET-specific surface area is 13.9m*/g. However,
for sample JY121 with a high TOC content of 3.7%, the spe-
cific surface area increases to 20.8 m*/g. The TOC content is
positively correlated with the surface area and micropore
volume percentage. Meanwhile, the TOC content is nega-
tively correlated with the macropore volume percentage.

These results indicate that organic matter mainly affects
the development of micropores.

3.4. Adsorption Hysteretic Loop. During the adsorption of
mesopores, when the relative pressure of the adsorption sys-
tem increases to the value corresponding to the Kelvin pore
radius, vapors in the pores condense, leading to a steep
increase in the adsorption isotherm. When the pressure is
lower, the filled pores will be emptied. However, when the
curvature of the meniscus of the liquid formed on the
adsorption process does not coincide with that on desorp-
tion, adsorption hysteresis loops are observed. Thus, the
shape of the hysteresis loop gives useful information of the
pore structure.

de Boer et al. studied the relationship between the pore
structure and the hysteresis loops and summarized five types
of hysteresis loops [24]. The IUPAC also recommended an
improved classification of hysteresis loops, which consisted
of four types. From Figure 1, we can see that the hysteresis
loops of the samples exhibit a mixture of type H3 and type
H2.

Type H3 is usually found in adsorption isotherms of
mesopores with a slit-like shape. As shown in Figure 4(a),
meniscus cannot produce before the pressure increase to
the saturated vapor pressure of nitrogen in the slit pore,
and obvious capillary condensation cannot be observed until
the pressure is close to the saturation pressure of nitrogen.
After that, the adsorbed films on the parallel plates meet
each other, and the pores are full of adsorbate. For the
desorption process, evaporation will commence at the rela-
tive pressure corresponding to the effective radius of the
meniscus until the pore is completely empty, resulting in
an abrupt decline in the desorption isotherm.

The hysteretic loop of type H2 is wide, and the desorp-
tion isotherm behaves steeply than the adsorption isotherm,
which indicates that the pores are ink-bottle-shaped, com-
posed of cylindrical pores closed on the one end and a nar-
row neck at the other (Figure 4(b)). In these ink-bottle pores,
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400 nm

FIGURE 7: Pore structure of gas shales using FE-SEM technology: (a) sample JY41; (b) sample JY71; (c) sample JY101; (d) sample JY111.

condensation with a hemispherical meniscus occurs at the
base and then fills the whole pore because the radius of cur-
vature of the body is less than that of the neck. Evaporation
from the full pore will commence in the neck. After that, the
pressure is already lower than the value for the body to evap-
orate, the pore will empty completely, and the desorption
branch has a sudden drop in medium pressure.

3.5. Analysis of Micropores. The Horvath-Kawazoe (H-K)
model is commonly used to calculate the micropore of shale
samples [25]. This model describes the microporous adsorp-
tion considering the interaction between the adsorbate and
the adsorbent. The H-K model can be expressed as

4 10 4 10
RTlnE =kNa1;\a+NsAs o - o - o . o |-
P, of(L-d) |3(L-dr2)’> 9(L-d2)’ 3(di2)> 9(di2)

(6)

Figure 5 represents the differential pore volume and pore
diameter curve calculated from the H-K model. It can be
seen that there are multipeaks in the micropore size distribu-
tion curves. The peak values in the micropore size distribu-
tions for sample JY41 are 0.45nm, 0.80 nm, 1.15nm, and
1.43nm and that for sample JY71 are 0.43nm, 0.77 nm,
and 1.13nm. Micropore size distributions of these shales
show the trend of decreasing slowly when the pore diameter
is above 1.5nm.

Figure 6 illustrates the ratio of the pore volume of micro-
pores, mesopores, and macropores to the total pore volume.
The average ratio of the micropore volume to the total pore
volume is around 34%, while the mesopore volume occupies
about 48% of the total pore volume. The ratio of the macro-
pore volume to the total pore volume averages 18%. This
indicates that the micropores and mesopores are well devel-
oped in gas shales and play an important role in the hydro-
carbon gas adsorption of shales.

3.6. The Morphology of Pores in Gas Shales. Figure 7 shows
FE-SEM images of selected shale samples. Sample JY41 has
a relatively high content of clay minerals (53%) and low
TOC content (1%), while sample JY101 and JY 111 have a
high TOC content (2.2% and 3.3%, respectively). Corre-
spondingly, sample JY41 has a lot of slit-like pores related
to clay minerals, while pores in sample JY101 and JY 111
have dominantly organic matter-related pores with an ellip-
tical cross-section, indicating that there are ink-bottle pores
inside. With the increase of TOC content, more and more
organic matter-hosted pores are developed. Pore size in
these shales varies from several to hundreds of nanometers.

4. Discussion

4.1. Geological Controls on Pore Structure of Shales. The pore
structure of gas shales is the basis for reservoir evaluation
and fluid production prediction. The pore structure of
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diameter of the studied gas shales using FE-SEM technology.

marine shales from the Sichuan Basin is affected by the
organic matter and inorganic matter minerals. As illustrated
in Figure 8, a moderate positive relationship exists between
the TOC content and the porosity of these shales. This
shows that the porosity of marine shales from this area is
controlled by organic matter. Organic matter mainly affects
the small pores of these investigated gas shales. There is a
positive relationship between TOC content and BET-
specific surface area and total pore volume. With the TOC
content increasing from 1.0% to 5.4%, the specific surface
area of the studied shales increases from 14 m?/g to 30 m?/
g. What is more, an excellent negative relationship exists
between the TOC content and the average pore diameter
(Figure 8(d)). These all emphasize the role of organic matter
on small pores. In the FE-SEM images, there are abundant
nanoscaled pores in organic matter particles (Figure 7).
The total pore volume is further divided into the micro-
pore volume, mesopore volume, and macropore volume to
analyze the controls on the development of different scale
pores. TOC content shows an excellent positive relationship
with the micropore volume percentage and a negative rela-
tionship with the macropore volume percentage (Figure 9).
This further underlines the effect of organic matter on the
development of small pores. On the contrary, the total clay
mineral content shows negative correlation with the micro-

pore volume percentage. What is more, the macropore vol-
ume percentage first increases with the increase of the clay
minerals and then decreases again. The macropore volume
percentage reaches a maximum when the clay minerals
increase to about 45%. These are probably related to the flex-
ibility of clay minerals. With the increase of clay minerals,
the macropores develop. However, this increase in ductile
clay minerals leads to the decrease in the relative content
of rigid minerals (such as quart and carbonates). The ductile
clay minerals have difficulty in resisting the compaction of
overlying formations; thus, excessive content of clay min-
erals will decrease the development of macropores.

4.2. Quantitative Contribution of Minerals to Total Porosity.
As stated above, the pore structure of shales is controlled by
many geological factors. Many investigators have reported
the main control of organic matter on pores of highly
matured and overmature marine shales. However, not only
organic matter but also clay minerals affect the porosity of
gas shales. Many interparticle pores even microfractures
are formed between the clay minerals and framework min-
erals. Thus, in order to semiquantitatively estimate the con-
tribution of organic matter and inorganic matter on the pore
structure of these gas shales, a simple combined physical
model is introduced to calculate the porosity of shales [11,
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26]. Shales are comprised of organic matter, framework
minerals (quartz, carbonate, etc.), and clay minerals. The
total pore volume of the shale matrix can be approximately
viewed as the sum of the pore volume of organic matter
(Vom)> pore volume of framework minerals (Vi,mework)>
and pore volume of clay minerals (V g, ):

Vpore = VOM + VFramework + VClay' (7)

Equation (7) can be expanded as

Vpore = Poulk * Vbulk : [wOM *VoMm T Weramework * VEramework T Wclay * VClay] .

(8)
Here, V. (cm?) is the pore volume of the shale; Vy
(cm’) is the bulk volume and p, ; (cm’/g) is the bulk den-
SitY; Wons Whramework» aNd Wy, are the mass fractions of
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organic matter, framework minerals (quartz, carbonate,
et al.), and clay minerals, respectively; and Vou, Verameworks
and vy, (cm’/g) are defined as the specific pore volume of
organic matter, framework minerals, and clay minerals,
respectively.

By introducing the relationship between porosity and
pore volume (¢=V_ ../V, ), equation (8) can be further
written as

pore

_ WYroc 5 _ N _
¢ = Poulk 0.85 *Yom T WEramework * VFramework T Wclay * VClay | -

©)

Combined with the bulk density (p,,) and mass frac-
tion of individual minerals (inorganic matter minerals and
organic matter), multielement nonlinear regression was
employed to obtain the specific pore volumes of individual

minerals (Vous Verameworke 204 Veyy)- For the investigated

gas shales, the fitted Vou, Veameworko and Vg, are
0.2853 cm’/g, 0.0042 cm®/g, and 0.0096 cm’/g, respectively.
The specific pore volume of minerals decreases in the follow-
ing order:  organic matter > clay minerals > framework
minerals.

The combined physical model can be employed to semi-
quantitatively calculate the contribution of major minerals
to the total porosity of shales. The helium porosity of the
studied gas shales ranges from 1.8% to 4.8%. The contribu-
tions of individual minerals to the total porosity can be esti-
mated using the ratio of p, ,, - w; - V; to the helium porosity
(Figure 10). The calculated contribution of minerals
decreases in the following sequence: organic matter (29%-—
73.1%, average 49.6%) > clay minerals (13.2%-52.8%, aver-
age 32.9%) > framework minerals (13.7%-28.9%, average
17.5%) (Figure 11). These results indicate that the total
porosity of the investigated shales is controlled by both
organic matter and clay minerals, which is consistent with
the relations between TOC content and clay minerals and
pore structure parameters (Figure 9).

5. Conclusions

The pore structure of shales is analyzed via nitrogen
adsorption-desorption isotherms associated with adsorption
hysteretic loops. The parameters used for characterizing the
pore structure are calculated, including the BET-specific
area, pore size distribution, pore volume, and pore diameter.
FE-SEM studies are also performed to observe the morphol-
ogy of the nanopore structure of shales.

(1) The adsorption isotherms of shales belong to the
type IV adsorption isotherm, which indicates that
the pore structure of shales is complicated and mul-
tiscaled, and the pore size ranges from as small as a
molecular size about 0.86 nm to being relatively infi-
nite. The adsorption hysteresis loops of Jiaoshiba
shales have mixture characteristics mainly of type
H3 and type H2. The morphology of the adsorption
hysteresis loop demonstrates that the shale samples
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are mainly parallel slit pores and ink-bottle-like
pores

(2) Porosity of the studied shales ranges from 1.8% to
4.8%. The specific surface area of these shales is
between 14 and 30 m’/g. There is positive relation
between TOC content and the specific surface area.
Micropore volume and mesopore volume occupy
the total pore volume highly up to 78%-92%, which
indicates that micropores and mesopores play an
important role in hydrocarbon adsorption and
storage

(3) Pore structure of the gas shales studied is mainly
related to organic matter and clay minerals. Organic
matter is mainly related to the micropores, as shown
in the positive relationship between TOC content
and micropore volume. Macropores are mainly
related to clay minerals. However, if the clay mineral
content is too high, it will decrease the pores due to
the fact that the ductile clay minerals cannot resist
the compaction of overlying formations

(4) The combined physical model offers a fast estima-
tion about the contribution of minerals to porosity
of gas shales with similar lithotypes. The results
show that organic matter contributes about 50% to
the total porosity, while clay minerals contribute
about 33% to the porosity of these shales

Nomenclature

P:  Equilibrium pressure

P,: Saturated pressure

S: Specific surface area

V,.: Monolayer capacity

C:  BET constant

a,;: Molecular cross-sectional area

K:  Avogadro constant, 6.023 x 10%

. Kelvin radium

y:  Surface tension of condensation liquid
v, Volume of condensation liquid

¢:  Contact angle

x:  Relative pressure

t:  Adsorption film thickness

R:  Universal gas constant

T:  Absolute temperature

d;:  Diameter of adsorbent atom, nm

d,: Diameter of adsorbate atom, nm

o: Distance between gas and solid atom when their

interaction energy is zero
L:  Pore diameter
Ns:  Number of atom in unit area
As:  Kirkwood-Moller coeficient
Aa: Kirkwood-Moller coeflicient.

Data Availability

The nitrogen adsorption experiment is conducted on the
QUADRASORB SI surface and porosity analyzer, which
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uses a static volumetric method to measure the amount of
adsorbed gas. This instrument can measure the nanopore
ranging from 0.35nm to 400 nm; the specific surface area
detected is 0.0005m*/g, and the pore volume is
0.0001 cm’/g. Before nitrogen adsorption experiments, all
the shale samples were degassed at 105°C for more than 8
hours under a vacuum of 10 ym Hg, which ensures removal
of any bound and capillary water adsorbed with the clays.
Reagent-grade nitrogen (99.999%) is used for adsorbent at
77.35K. FEI field emission scanning electronic microscopy
(FE-SEM) was used to observe the microscope morphology
and pore structure. FE-SEM provides “as received” images
on a pore structure with high resolution of 1.2nm and 25-
200k magnification, and the tests are preceded on a high
vacuum environment. The above experiments were com-
pleted at the Research Institute of Exploration and Develop-
ment, Jianghan Oilfield Branch Company, SINOPEC, and
the Key Laboratory of Tectonics and Petroleum Resources
(China University of Geosciences), Ministry of Education.
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