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To compare the micropore structure of marine-continental transitional shale with marine shale, organic geochemical, field
emission scanning electron microscopy, and low-temperature nitrogen adsorption experiments were conducted on shale
samples from the Shanxi Formation in the eastern Ordos Basin and the Longmaxi Formation in the southern Sichuan Basin.
The results show that Shanxi Formation shale has a smaller specific surface area and pore volume than Longmaxi Formation
shale; therefore, the transitional shales fail to provide sufficient pore spaces for the effective storage and preservation of natural
gas. Both the transitional and marine shales are in an overmature stage with high total organic carbon content, but they differ
considerably in pore types and development degrees. Inorganic pores and fractures are dominantly developed in transitional
shales, such as intragranular pores and clay mineral interlayer fractures, while organic nanopores are rarely developed. In
contrast, organic pores are the dominant pore type in the marine shales and inorganic pores are rarely observed. The fractal
analysis also shows that pore structure complexity and heterogeneity are quite different. These differences were related to
different organic types, i.e., type I of marine shale and type III of transitional shale. Marine Longmaxi shale has experienced
liquid hydrocarbon cracking, gas generation, and pore-forming processes, providing good conditions for natural gas to be
preserved. However, during the evolution of transitional Shanxi shale, gas cannot be effectively preserved due to the lack of the
above evolution processes, leading to the poor gas-bearing property. The detailed comparison of the micropore structure
between the transitional and marine shales is of great importance for the future exploitation of marine-continental transitional
shale gas in China.

1. Introduction

After the shale gas successes in North America, China’s shale
gas exploration and development has achieved great achieve-
ments in marine shales, especially in the southern Sichuan
Basin [1–4]. In 2020, China reported total shale gas produc-
tion of 20 billion cubic meters. Marine shale gas in China is
mainly developed in the Upper Ordovician Wufeng-Lower
Silurian Longmaxi Formation, where the depositional envi-
ronment is stable and changes progressively from deep-sea
shelf facies to shallow-sea shelf facies, featuring large thick-
ness, vast distribution, and good continuity [5, 6]. Previous
studies have covered the depositional sediment, reservoir

characteristics, and main constraints for the enrichment
and high yield of the marine shale in the Sichuan Basin, espe-
cially about its pore development and relating mechanisms
[7–9]. In the Sichuan Basin, Wufeng-Longmaxi Formation
marine shale features high TOC, with the organic maturity
generally in the high maturity stage to the overmature stage
and the organic type commonly being type I or type II1,
promising good hydrocarbon-generating potential [10–12].
The mineral contents are principally quartz minerals and
secondarily clay minerals. Carbonate minerals are relatively
developed, and pyrite is developed in many layers. Shale
has good brittleness, which is beneficial to hydrofracturing
operation [13, 14].
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The field emission scanning electron microscope (FE-
SEM) images indicate that the marine shale has organic
nanopores of various shapes: irregular organic matter pores
are mainly developed in the primary organic matter, and
the spongy and dense round bubble pores are mainly devel-
oped in the solid bitumen [15–17]. The image quantitative
analysis method can be used to extract organic pores in FE-
SEM images and count their pore size distribution (PSD)
and surface porosity (SP), and it is found that mesopores
(2 nm-50nm) and micropores (<2nm) are mainly developed
in marine shale [18–20]. The shape of the low-temperature
nitrogen adsorption (LTNA) curve shows that the Longmaxi
shale is dominated by ink bottle pores and parallel plate pores
[21]. There are many factors affecting the development of
organic matter pores in marine shale. It is generally believed
that the higher the organic carbon content, the more devel-
oped the organic pores [22, 23]. Various minerals also have
different effects on the development of organic matter pores
[24–27]. As to the genesis of the organic nanopores, it is
assumed that they mainly come from gas generation by
kerogen pyrolysis [28, 29] and raw oil (bitumen) cracking
[30–32].

Compared with marine shale, less attention has been paid
to marine-continental transitional shale, which is mostly
found in delta facies where rapid microfacies changes have
caused the marine-continental transitional shale to be thin-
ner and less continuous, making it more difficult to be devel-
oped [33, 34]. However, the transitional shale gas resources
are large, about 19:8 × 1012 m3 [35], and marine-continental
transitional shale will be the future research highlight for
shale gas exploration and development in China. The estab-
lishment of a complete set of the marine-continental transi-
tional shale gas theory will fill the gap of the
unconventional oil and gas theory. At present, the organic
geochemistry, mineral composition, and micropore structure
characteristics of marine-continental transitional shale in the
Longtan Formation of the Sichuan Basin and the Shanxi For-
mation of the Ordos Basin have been studied. The research
shows that the transitional shale has high TOC, its organic
maturity varies from place to place, and it is usually in the
high maturity stage, and the kerogen type is mainly type III
or type II2 [36]. Clay minerals are the main components,
most of which are montmorillonite or illite/smectite mixed
layers [37–39].

Four types of pores are developed in the transitional
facies shale, which are clay mineral pores, organic matter
pores, brittle mineral pores, and microfractures. Clay mineral
pores are dominant, followed by brittle mineral pores and
organic matter pores [40, 41]. The LTNA curve shape of
the transitional shale is similar to that of the marine shale,
indicating that the mesopores with the ink bottle shape and
parallel plate shape are mainly developed [42, 43]. It can be
found that the main pore development types of marine shale
and marine-continental transitional shale are very different.
Some scholars think that it is caused by different types of ker-
ogen [44, 45]. Some researchers believe that the clay mineral
content is the main factor affecting the pore development of
marine-continental transitional shale [46].

Although some basic studies have been carried out on the
marine-continental transitional shale and the micropore
structure characteristics have been preliminarily understood,
few scholars have compared and analyzed the pore develop-
ment characteristics of the two types of shale. In particular,
the reason for their differences has not been deeply analyzed,
which is very important for the future exploration of transi-
tional shales. In the present study, we investigated the micro-
pore structure characteristics of marine-continental
transitional shale from the Shanxi Formation in the eastern
Ordos Basin by FE-SEM and LTNA tests and FHH fractal
analysis. And we also made some comparisons between tran-
sitional shales and marine shales, focusing on the pore devel-
opment of marine-continental transitional shale and its
geological significance.

2. Geological Settings

The Ordos Basin, located in the west of the North China plate,
is composed of six secondary structural units: Yimeng uplift,
Tianhuan depression, Northern Shanxi slope,Westernmargin
thrust belt, Weibei uplift, and West Shanxi flexural belt [47].
The Permian strata in the eastern margin of the Ordos Basin
were developed in marine-continental transitional facies
deposits, which can be divided into Shanxi, Benxi, and Tai-
yuan Formations. The Shanxi Formation is dominated by
delta facies, while the Benxi and Taiyuan Formations were
developed in delta, lagoon, tidal flat, and shallow shelf deposits
from north to south. In the vertical directions, mudstone is
distributed alternately with coal and sandstone, and pure
mudstone is rarely developed. The thickness of mudstone in
Benxi, Taiyuan, and Shanxi Formations is about 10–30m,
20–30m, and 70–100m, respectively. Therefore, the mud-
stone of the Shanxi Formation is preferred as the research
object of marine-continental transitional shale in this area.
The studied shale samples are from the Daning-Jixian block
in the southern end of the West Shanxi flexural belt and the
southern margin of the Yishan slope, Ordos Basin (Figure 1).
Its tectonic setting is relatively gentle and simple, and the fault
is not developed, which is characterized by “one uplift and one
depression and two slopes.” In the Shan-2 member of the
Daning-Jixian block, the mudstone thickness is primarily
ranging from 40m to 70m.

The Sichuan Basin is located on the western edge of the
Upper Yangtze Platform, surrounded by many orogenic belts
[48]. The marine Longmaxi Formation in the Sichuan Basin
is dominated by shelf facies with stable sedimentary facies
belts and wide distribution. The deep-water shelf sediments
are developed in the southern and northeastern Sichuan
Basin. The studied shale samples from the Longmaxi Forma-
tion in the Taiyang-Dazhai block belong to deep-water shelf
sediments, located in the low fold structural belt of the south-
ern Sichuan Basin, which presents a structural pattern of
“three sags, one uplift,” i.e., Luobu-Daba syncline, Yun-
shanba syncline, Baiyangping syncline, and Taiyang anticline
(Figure 2). The shale thickness of the Taiyang-Dazhai block
is about 100-170m, which is larger than that of the Daning-
Jixian block.
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3. Samples and Experiments

3.1. Samples. A total of 32 shale samples were collected from
the Shanxi Formation of well D5 in the eastern Ordos Basin
(16 samples) and from the Longmaxi Formation of well Y5
in the southern Sichuan Basin (16 samples). The locations
of the 2 wells are shown in Figures 1 and 2, respectively. Well
D5 is located in the Daning-Jixian block, and well Y5 is situ-
ated in the Taiyang-Dazhai block. These samples will be
tested as follows.

3.2. Field Emission Scanning Electron Microscopy (FE-SEM).
The shale samples were imaged with an FEI Helios 650 field
emission scanning electron microscope (FE-SEM). Backscat-
tering electron (BSE) mode images well discriminate differ-
ent minerals and organic matters (voltage 5 kV, current
1.6 nA, and maximum resolution 2nm), while secondary
electron (SE) mode images can well distinguish organic mat-
ters and pores (voltage 10 kV, current 0.4 nA, and maximum
resolution 2nm) [49]. The shale samples were cut into
approximately 1 cm thick pieces that are parallel between
the upper and lower parts. The observation surface was
ground with 400-, 800-, 1000-, and 2000-mesh sandpaper
to mirror-smooth, then polished again with diamond water,
cleaned, and kept in a 105°C incubator for 2 days. The obser-
vation surface of the sample was then polished and carbon-

plated with a PECS II 685 argon ion polisher to make the
observation surface smoother and enhance the electrical con-
ductivity of the sample.

3.3. Low-Temperature Nitrogen Adsorption (LTNA). The sur-
face area and porosity analyzer ASAP 2420 produced by
Micromeritics Company was used to conduct LTNA experi-
ments on shale samples crushed to 200-mesh sandpaper at
77K. The saturated vapor pressure p0 of N2 is 0.11117MPa,
and the maximum equilibrium pressure of the experiment
is the atmospheric pressure (0.1013MPa) to deliver a wide
N2 adsorption and desorption isothermal line
(p/p0 = 0:0095 – 0:995, where p is the equilibrium pressure).
The Barrett-Joyner-Halenda (BJH) method can be used to
analyze the mesopore distribution and calculate the average
pore size and PV [50]. The SSA of the sample can be derived
by the Brunauer-Emmett-Teller (BET) process [51, 52]. The
average pore size, total pore volume, and specific surface area
of the two shales were compared and analyzed to further
characterize their differences.

3.4. Fractal Method. The FHH fractal approach features a
simple model expression and operation principle, and it fol-
lows the classic theory of multilayer adsorption [53]. The
multilayer adsorption on the surface of mesopores in shale
can be explained by the following expression:

θ = V
Vm

= k · −ln p
p0

� �−f Dð Þ
= k · ln p0

p

� �−f Dð Þ
, ð1Þ

where θ is the surface coverage of adsorbed molecules; V is
the adsorption quantity at the equilibrium pressure, cm3/g;
Vm is the maximum adsorption capacity of the monolayer,
cm3/g; p is the equilibrium pressure, MPa; and p0 is the satu-
rated vapor pressure of the adsorbate, MPa. k is the charac-
teristic constant, and f ðDÞ is the expression of fractal
dimension D of mesopores. Take the logarithm on both sides
of Equation (1) to get

ln V = −f Dð Þ · ln ln p0
p

+ ln Vm + ln k: ð2Þ

In Equation (2), ln V is linear to lnlnðp0/pÞ, and –f ðDÞ is
the slope of a linear equation. According to Ismail and Pfeifer
[54], at the beginning of N2 adsorption, the number of
adsorbed molecular layers is less, and the relation of f ðDÞ
with fractal dimension D conforms to the following expres-
sion:

f Dð Þ = 3 −D
3 : ð3Þ

When there are more molecular layers, capillary conden-
sation will take place. Then, the relation of f ðDÞ with fractal
dimension D conforms to the following equation:

f Dð Þ = 3 −D: ð4Þ

So, the fractal dimension analysis of mesopores was made
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Figure 1: Daning-Jixian block in the eastern Ordos Basin.
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over two stages: initial N2 adsorption when there are fewer
adsorbed molecular layers and later N2 adsorption when
there are more adsorbed molecular layers and capillary con-
densation takes place.

4. Results

4.1. Organic Geochemistry and Mineral Compositions. The
TOC values of the transitional shale are 0.45%–15% with
an average of 3.92%. About 60% of the transitional shale sam-
ples have TOC content greater than 2%. The organic matu-
rity is 1.92%–2.60% with an average of 2.36%, suggesting a
gas-generating peak stage. As the organic type is type III, it
mainly produces gas. Among the marine shale samples, the
TOC is 1.07%–6.18% with an average of 2.89%. The organic
maturity is 2.47%–2.79% with an average of 2.59%, suggest-
ing an overmature gas-generating stage. The organic type is
mainly type I and partially type II1.

Shanxi Formation shale has a relatively high clay mineral
content and quartz content, with an average of 47.81% and
40%, respectively, but they fluctuate greatly. Only very few
samples contain carbonate minerals (Figure 3(a)). Kaolinite
is the main clay mineral, followed by illite and smectite mixed
layers; illite content is low; some samples contain a small
amount of chlorite. Longmaxi Formation shale has slightly
lower clay minerals than quartz minerals, with an average
of 29.40% for clay minerals and 34.60% for quartz minerals.
Carbonate minerals are very developed with an average of
27.80% (Figure 3(b)). The clay minerals are mostly illite/s-
mectite mixed layers and secondarily illite. Chlorite is well
developed, and kaolinite is not found.

4.2. Pore Morphology from FE-SEM. After argon ion polish-
ing and carbon plating on shale samples, their SEM images
were obtained by FE-SEM. The SE mode images can clearly
distinguish organic matters and organic pores. Organic
maters are darker than other minerals and grayish-black in
color. The halo generated on the edge of organic pores can
well determine the size of the organic pores. In Shanxi For-
mation shale, the organic matters are typically loose lumps.
A small amount of organic matter locally developed dense
bubble pores of different sizes (Figure 4(a)). Most of the
organic matters contain a few angular organic pores
(Figure 4(b)). In addition, some organic matter developed
marginal fractures or a small number of angular pores in
the part contacting with minerals (Figure 4(c)). The quartz
and feldspar minerals mostly contain angular and elliptical
intragranular pores (Figure 4(d)). Dissolution pores can be
seen in a few calcite and feldspar minerals. Inside the pyrite
framboids, angular intercrystalline pores are frequently
encountered (Figure 4(e)). Clay minerals represent the main
mineral type for Shanxi Formation shale, and they are pre-
dominantly smectite and illite/smectite mixed layers; hence,
slit clay mineral pores and clay mineral interlayer fractures
are very developed (Figure 4(f)). Marine-continental transi-
tional shale mainly features various types of inorganic pores,
with slit clay mineral pores and clay mineral interlayer frac-
tures being the most developed, followed by brittle mineral
intragranular pores.

Unlike Shanxi Formation shale, there are numerous
nanoscale organic pores with pore size mostly ranging from
dozens up to hundreds of nanometers inside the organic
matters of Longmaxi Formation shale. Most of the organic
matters contain large amounts of bubble pores about
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100nm in size (Figure 5(a)), and fused macropores com-
posed of a number of bubble pores contacted together are
very common. Irregular primary pores are developed in a
few organic matters. Pyrite is well developed in marine shale,
which is associated with organic matter. Organic pores inside
these organic matters are very developed and relatively small
in size (Figure 5(c)). As to mineral matrix pores, in addition
to angular intragranular pores in brittle minerals like quartz,
feldspar, and calcite (Figure 5(d)), slit-shaped or wedge-
shaped intergranular pores are often observed on the edge
of some brittle minerals (Figure 5(e)). Inside strawberry
pyrite, around 20μm in diameter, angular intercrystalline
pores are often detected (Figure 5(f)). Longmaxi Formation
shale mainly features organic bubble pores, followed by brit-
tle mineral intragranular and intergranular pores. On the
contrary, clay mineral pores are not well developed.

4.3. Analysis of Low-Temperature Nitrogen Adsorption. The
marine shale and the marine-continental transitional shale
display similar nitrogen adsorption isothermal patterns.
The curve is an anti-S type as a whole, belonging to the typ-
ical type IV isotherm, and the hysteresis loop is equivalent to
type H3 [21, 43] (Figure 6). At the beginning of adsorption,
micropore filling and single-layer adsorption are completed
quickly [55], and the adsorption quantity increases steeply.
When the relative pressure increases to 0.8, the adsorption
curve is relatively mild, suggesting the entry into a multilayer
adsorption stage, and the adsorption quantity increases
slowly by almost one time.When the relative pressure further
increases to 1, capillary condensation takes place, the adsorp-
tion quantity quickly rises and is unsaturated. The maximum

adsorption quantity of the marine shale is greater than that of
the marine-continental transitional shale.

On the desorption branch, when the relative pressure
decreases from 1 to 0.8, the gas in the half-open meso-
pores or macropores is quickly desorbed along the original
path, causing the adsorption quantity to drop steeply.
Then, the adsorption quantity drops slowly until the rela-
tive pressure decreases to nearby 0.5, when sudden evapo-
ration causes the adsorption quantity to drop steeply
again. After that, the adsorption curve almost coincides
with the desorption curve. A hysteresis loop on the iso-
therm suggests the existence of mesopores in the sample.
Obvious capillary condensation on the adsorption branch
occurs at a pressure nearby 0.8 with no adsorption satura-
tion, indicating that there are parallel plate pores with four
edges open. Yet sudden evaporation takes place on the
desorption branch at the relative pressure of 0.5, implying
that there are thin bottleneck pores or ink bottle pores
[35].

4.4. Analysis of Fractal. According to the FHH mesoporous
fractal model, a scatter plot with the logarithm of the N2
adsorption amount under a relative pressure (ln V) as the
horizontal axis and the double logarithm of the reciprocal
of the relative pressure (lnlnðp/p0Þ) as the vertical axis is
shown in Figure 7. Since capillary condensation begins to
appear when the relative pressure is greater than 0.5 (corre-
sponding to the hysteresis loop), the adsorption data were
divided into a low-pressure section with the relative pressure
smaller than 0.5 and a high-pressure section with the relative
pressure of 0.5-1, corresponding to Equations (3) and (4),
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respectively. For transitional shale, the fractal dimension in
the low-pressure segment (D1) is 1.7646–1.9944 with an
average of 1.8670, and that in the high-pressure segment
(D2) is 2.5936–2.6716 with an average of 2.6368. For marine
shale, D1 is 2.0253–2.1666 with an average of 2.0779 and D2
is 2.7260–2.7819 with an average of 2.7515 (Table 1).

5. Discussion

5.1. Pore Structure Characteristic Comparison. PSD curves
derived from the BJH adsorption method can be used to
determine the PSD of mesopores and some of the macro-
pores. PSD curves can be plotted in two ways. Their ordinates
are dV/dðDÞ and dV/d log ðDÞ, respectively. Given that both
shales contain few large pores and the second method can
highlight the distribution of large pores, the second method
was selected (Figure 8). The two shales differ obviously in
PSD. In Shanxi Formation shale, the PSD curves vary consid-
erably from one sample to another, but their general trend is

quite the same, suggesting that transitional shale is highly
heterogeneous. In Longmaxi Formation shale, the PSDs of
mesopores are tight while those of macropores are loose,
indicating that marine shale is less heterogeneous, but
macropore development differs obviously among different
layers. Comparison of the two shales shows that in terms of
mesopores, marine shale is more developed than transitional
shale, especially pores 2 nm–4nm in size. For macropores,
the two shales do not differ much, except that the change rate
of pore volume in Shanxi Formation shale increases faster
with the increase of pore size.

The BET specific surface area (SSA) and BJH total pore
volume (PV) were compared to further investigate the pore
structure differences between transitional shale and marine
shale. For Shanxi Formation shale, the SSA is 2.1m2/g–
12.4m2/g with an average of 9.1m2/g, the PV is
0.0049ml/g–0.0314ml/g with an average of 0.0245ml/g,
and the average pore diameter is 13.6 nm. In terms of Long-
maxi Formation shale, the SSA is 19.3m2/g–28.2m2/g with
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Table 1: Mesopore fractal dimension comparison.

Sample ID
Relative pressure

(0–0.5)
Relative pressure

(0.5–1) Sample ID
Relative pressure

(0–0.5)
Relative pressure

(0.5–1)
f Dð Þ D1 f Dð Þ D2 f Dð Þ D1 f Dð Þ D2

D5-4 0.3352 1.9944 0.3712 2.6288 Y5-1 0.2778 2.1666 0.2769 2.7231

D5-5 0.3521 1.9437 0.3862 2.6138 Y5-3 0.3249 2.0253 0.274 2.726

D5-6 0.3456 1.9632 0.3285 2.6715 Y5-5 0.3195 2.0415 0.2515 2.7485

D5-7 0.3809 1.8573 0.4064 2.5936 Y5-7 0.3213 2.0361 0.2695 2.7305

D5-10 0.3970 1.8090 0.3613 2.6387 Y5-9 0.3264 2.0208 0.2499 2.7501

D5-12 0.3771 1.8687 0.3663 2.6337 Y5-11 0.3187 2.0439 0.2499 2.7501

D5-14 0.3825 1.8525 0.3719 2.6281 Y5-13 0.3082 2.0754 0.2369 2.7631

D5-16 0.3907 1.8279 0.3393 2.6607 Y5-14 0.2963 2.1111 0.2308 2.7692

D5-18 0.4118 1.7646 0.3575 2.6425 Y5-15 0.2935 2.1195 0.2273 2.7727

D5-20 0.4039 1.7883 0.3439 2.6561 Y5-16 0.2870 2.1390 0.2181 2.7819
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Figure 8: Typical sample PSD graph of (a) Shanxi Formation shale and (b) Longmaxi Formation shale.
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an average of 22.6m2/g, the PV is 0.0269ml/g–0.0349ml/g
with an average of 0.0325ml/g, and the average diameter is
9.5 nm. The results indicate that the two shales differ consid-
erably in the pore structure. The SSA provided by most of the
transitional shale samples is smaller than 10m2/g, which is
about 1/2 of that of marine shale samples (Figure 9). The
PV of Shanxi Formation shale is mostly in the 0.020ml/g–
0.030ml/g range, while that of Longmaxi Formation shale
is mostly larger than 0.030ml/g (Figure 10). It suggests that
smaller-sized pores are more developed in marine shale than
in transitional shale, whereas the distribution of larger-sized
pores does not differ much, which is consistent with our
comparison of PSD.

5.2. Fractal Characteristic Comparison. The values of D1 and
D2 represent the complexity of the pore structure corre-
sponding to the low-pressure section and high-pressure sec-
tion, respectively. Comparing the two fractal parameters of
marine shale and marine-continental transitional shale, it is
obvious that the D1 and D2 values of marine-continental
transitional shale are smaller than those of marine shale
(Figures 11 and 12), indicating that the complexity of the
pore structure of marine-continental transitional shale is
lower than that of marine shale. Because the transitional
shale is dominated by mineral matrix pores, the marine shale
is mainly composed of organic pores. Generally, the pore
walls of organic pores are rougher than those of mineral
matrix pores [56]. The fluctuation range of D1 and D2 of
Shanxi Formation shale is larger than that of Longmaxi For-
mation shale, which indicates that the heterogeneity of
Shanxi Formation shale is strong.

Further analysis of the relationship between the pore
structure and the fractal dimension of marine-continental
transitional shale and marine shale shows that the D1 value
has no obvious relationship with the specific surface area,
but the D2 value has a good positive correlation with the spe-
cific surface area (Figure 13). This is because the nitrogen

adsorption in the low-pressure section involves a short
micropore filling process, and the corresponding mesopore
range in the low-pressure section is very small, which affects
the result of the D1 value. The more complex the mesopore
structure corresponding to the high-pressure section, the
larger the specific surface area and D2 value will be.

5.3. Pore-Forming Mechanism Comparison and Its Geological
Significance. Marine shale features well-developed organic
pores and less-developed inorganic pores. Its geochemical
data can verify that this shale has very good hydrocarbon-
generating potential. The generation of gaseous hydrocarbon
accompanies the entire process of organic matter evolution,
including biogenic gas in the premature stage, pyrolysis gas
(wet gas) in the mature stage, and cracked gas in the overma-
ture stage (dry gas) [28–32]. The vitrinite reflectance of
organic matter is mostly higher than 2.5% in Longmaxi For-
mation shale, indicating an overmature stage. In this stage,
the liquid hydrocarbon and heavy gaseous hydrocarbon are
cracked strongly to produce methane and bitumen. When
the bitumen is not solidified, the pressure of the natural gas
itself supports the bubble pores. Because the thickness of
the marine shale is large, the natural gas is not easy to migrate
out of the shale, and the bubble pores are the most affected by
the deformation (Figure 14(b)). After the bitumen solidifies,
these bubble pores are supported and protected by the solid
bitumen skeleton and become the storage space of gaseous
hydrocarbon [57].

The pore types of marine-continental transitional shale
are different from those of marine shale, dominated by clay
mineral slit pores and interlayer fractures and less developed
organic matter pores. Organic geochemical analysis shows
that the marine-continental transitional shale is also in the
over mature stage, but the type III organic matter means that
the marine-continental transitional shale directly generates
gaseous hydrocarbon in the form of kerogen degradation,
and only a small amount of liquid hydrocarbon is generated,
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then cracking to generate gaseous hydrocarbon. Therefore,
there are only a few organic matter bubble pores in the tran-
sitional shale [58, 59]. It can be seen that the type of organic
matter is one of the influencing factors of pore development.

The on-site gas content test shows that the field gas con-
tent of shale samples in well D5 is 0.21m3/t–3.71m3/t with
an average of 1.39m3/t, and that in well Y5 is 1.88m3/t–
6.18m3/t with an average of 2.92m3/t. The gas hydrocarbon
content of transitional shale is lower than that of marine
shale, but in the sandstone layer adjacent to the Shanxi For-
mation shale layer, the gas content is comparable to that of
the shale layer, suggesting that part of the gaseous hydrocar-
bon produced from the shale layer has been migrated to the
sandstone layer. This is because the depositional environ-
ment of Shanxi Formation shale in the eastern Ordos Basin
is deltaic facies featuring frequent sand-mud alternation

and high hydrocarbon expulsion efficiency in the stratum.
Large amounts of the natural gas produced from the shale
can easily be migrated into the adjacent tight sandstone to
form conventional gas reservoirs (Figure 14(a)). A large
number of connected clay mineral slit-like pores and inter-
layer fractures provide migration channels so that natural
gas can migrate to adjacent sandstone, resulting in the
organic matter pores not being preserved. At the same time,
the mineral matrix pores of shale also provide space for shale
gas preservation. Therefore, the sedimentary environment is
also an important factor affecting the pore development of
marine-continental transitional shale [34, 60].

Although a large amount of natural gas in the shale layer
migrated to the adjacent sandstone layer, the average gas
content of the shale reservoir is still 1.39m3/t, which not only
indicates that there are a large number of mineral matrix
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pores to provide storage space but also indicates that the
adjacent single shale and single sandstone provide better
sealing conditions for each other when the hydrocarbon con-
centration reaches a certain value so as to prevent the further
transportation of natural gas. Therefore, the exploration tar-
get of the Shanxi Formation in the eastern Ordos Basin
should not be limited to shale strata only. It is suggested that
the combination of interbedded mudrock and sandstone can
be taken as the key exploration target for the Shanxi Forma-
tion marine-continental transitional stratum in the eastern
Ordos Basin.

6. Conclusions

(1) The clay minerals of the Shanxi Formation are more
developed than quartz minerals, dominated by clay
mineral slit pores and interlayer fractures, followed
by brittle mineral intragranular pores. The quartz
contents of Longmaxi Formation shale are higher
than clay contents, mainly composed of organic mat-
ter nanopores, and mineral matrix pores are less
developed

(2) The shapes of the nitrogen adsorption curves of the
marine and transitional shales are similar, showing
parallel plate pores and ink bottle pores. Longmaxi
Formation shale with more mesopores has a larger
SSA and a more complex pore structure

(3) The type of organic matter (type I or III) and the sed-
imentary environment are important influencing fac-
tors of the development of organic nanopores.
Mineral matrix pores with good connectivity can also
affect the formation of organic pores to a certain
degree

(4) The transitional shale features frequent sand-mud
alternation and cannot completely preserve gaseous
hydrocarbon. Its exploration target can be focused
on the combination of interbedded mudrock and
sandstone
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