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Abstract: The pore structure and the petrophysical properties are essential parameters during the
marine and continental shale reservoir evaluation. In order to the reveal the mechanism of the pore
parameters differences and discuss whether the controlling factors of pore structure have extensive
influence in different lithologies. Based on the analysis of N2/CO2 isotherm adsorption, FE-SEM,
and geomechanical test for the marine shale samples of Longmaxi Formation and continental shale
samples of Yanchang Formation are undertaken. The results indicate that (1) Continental shale is
a typical transversely isotropic, while marine shale can be considered a homogeneous rock on a
centimeter scale. The lithological stratification is the main reason for the difference in petrophysical
properties. (2) The thermal evolution degree has significant influence on the pore structure in shale
samples except for TOC content, particularly for the micropores structure. (3) Since the matrix
strength of shale is much greater than the strength of bedding planes, the continental shale tends to
crack and fail along the weak surface of the bedding during the axial compression, showing a lower
peak strength, while the marine shale presents main crack along the principal stress direction without
activating the bedding crack.

Keywords: marine shale; continental shale; pore structure; petrophysical properties

1. Introduction

After the marine shale gas in China has achieved industrial production, the devel-
opment of continental shale oil has also become a key target of unconventional energy
sources [1]. The shale refers to the fine-grained sedimentary rock that is composed of
clasts, clays, and organic matter with a particle size of less than 0.0039 mm, which has a
dense laminated structure [2,3]. Moreover, the marine shale is mainly deposited in the
deep-water shelf, whereas the continental shale is deposited in lake faces [4,5]. The marine
shale is represented by the Longmaxi Formation in the Sichuan Basin and its surrounding
areas (Figure 1a), and is characterized by high brittle mineral content, low porosity, and
low permeability [6,7]. Furthermore, the continental shale is represented by the Yanchang
Formation in the Ordos Basin (Figure 1b), mainly consisting of gray-black laminas shale.
Different from the Longmaxi Formation, the content of brittle minerals in the Yanchang
Formation is relatively low, with a high content of clay minerals [8,9]. At present, hydraulic
fracturing is an essential technology for shale oil and gas development to increase reservoir
permeability [10,11]. However, conventional hydraulic fracturing methods are challenging
to obtain industrial production because of the high content of clay minerals, rich laminas,
and the strong sedimentary heterogeneity in continental shale. The main restriction of
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fracture propagation in shale is the microstructure and geo-mechanical properties [12,13].
Studying the micro-mechanism of the difference in macro-physical properties of two kinds
of shale is crucial for developing and utilizing shale resources.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 2 of 19 
 

challenging to obtain industrial production because of the high content of clay minerals, 
rich laminas, and the strong sedimentary heterogeneity in continental shale. The main 
restriction of fracture propagation in shale is the microstructure and geo-mechanical prop-
erties [12,13]. Studying the micro-mechanism of the difference in macro-physical proper-
ties of two kinds of shale is crucial for developing and utilizing shale resources. 

The current research methods for pore structure mainly include N2/CO2 isotherm ad-
sorption and FIB-SEM. The former is an indirect method which indirectly uses gas ad-
sorption data to characterize the complexity of the pore structure [14,15]. In contrast, FIB-
SEM can accurately obtain the proportion of organic matter with the help of image pro-
cessing methods and perform threshold segmentation according to the distribution of the 
pores [16]. The geomechanical properties are mainly compressive strength, elastic modu-
lus, and Poisson’s ratio. Besides the reservoir properties parameters, including porosity 
and permeability, all these parameters are critical for hydraulic fracturing and reservoir 
numerical simulation [17,18].  

At present, recent developments in unconventional shale oil and gas resources have 
heightened the need for understanding in the pore structure of reservoirs. Previous stud-
ies have reported the basic parameters of marine shale and continental shale [4,19–21], 
and the pore parameters control factors also have been discussed, including the thermal 
maturity, mineral composition, and TOC content [14,22–25]. However, there are few com-
parative studies between marine and continental shale [26,27]. In particular, the mecha-
nism of the pore structure difference remains to be further explained. And whether the 
above controlling factors still have extensive influence in different lithologies needs to be 
further discussed. 

This report focuses on the pore structure and petrophysical properties differences 
among marine and continental shale. Forty shale samples were selected from the 
Longmaxi Formation and Yanchang Formation. The CO2 & N2 isotherm adsorption were 
conducted, combing with the SEM analysis and petrophysical experiments, and the mech-
anism of the pore parameters differences has been comprehensively discussed. 

 
Figure 1. Location of Longmaxi Formation in Sichuan Basin (a) and Yanchang Formation in Ordos 
Basin (b); The location map of the Sichuan and Ordos Basin in China (c). 

  

Figure 1. Location of Longmaxi Formation in Sichuan Basin (a) and Yanchang Formation in Ordos
Basin (b); The location map of the Sichuan and Ordos Basin in China (c).

The current research methods for pore structure mainly include N2/CO2 isotherm
adsorption and FIB-SEM. The former is an indirect method which indirectly uses gas
adsorption data to characterize the complexity of the pore structure [14,15]. In contrast,
FIB-SEM can accurately obtain the proportion of organic matter with the help of image
processing methods and perform threshold segmentation according to the distribution
of the pores [16]. The geomechanical properties are mainly compressive strength, elastic
modulus, and Poisson’s ratio. Besides the reservoir properties parameters, including
porosity and permeability, all these parameters are critical for hydraulic fracturing and
reservoir numerical simulation [17,18].

At present, recent developments in unconventional shale oil and gas resources have
heightened the need for understanding in the pore structure of reservoirs. Previous studies
have reported the basic parameters of marine shale and continental shale [4,19–21], and the
pore parameters control factors also have been discussed, including the thermal maturity,
mineral composition, and TOC content [14,22–25]. However, there are few comparative
studies between marine and continental shale [26,27]. In particular, the mechanism of
the pore structure difference remains to be further explained. And whether the above
controlling factors still have extensive influence in different lithologies needs to be fur-
ther discussed.

This report focuses on the pore structure and petrophysical properties differences
among marine and continental shale. Forty shale samples were selected from the Longmaxi
Formation and Yanchang Formation. The CO2 & N2 isotherm adsorption were conducted,
combing with the SEM analysis and petrophysical experiments, and the mechanism of the
pore parameters differences has been comprehensively discussed.
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2. Samples and Experimental Methods
2.1. Samples

In this paper, a total of forty samples (twenty for the Longmaxi Formation in northern
Guizhou and twenty for the Yanchang Formation in the Ordos Basin) were collected,
including 12 outcrop samples and 28 well samples (well-XK1, 2, 3 for the marine shale
samples and well-JK1, 2, 3 for the continental shale). The outcrop samples were collected
from a newly excavated stratum with a lateral sampling depth of approximately two to
six m to prevent the weathering of organic matter. And the well samples were vacuum-
sealed until further sample processing. All forty samples were tested for TOC and XRD
(Table 1), and two typical shale samples were selected to obtain detailed mineral structure
and composition based on the AmicSCAN software. Besides, twelve well samples in the
gas-bearing layer and oil-rich layer were selected, which represent the typical lithology
during hydraulic fracturing, to study the mineral pore structure (by N2 and CO2 isotherm
adsorption and FE-SEM) and conduct petrophysical tests, including density, porosity,
permeability, and rock uniaxial compressive strength.

Table 1. Sample information of well, burial depth, and TOC content.

Sample ID Burial Depth
(m) TOC (wt.%)

Sample ID Burial Depth
(m) TOC (wt.%)

#Well #Well

MS-1(XK-1) 135.2 4.21 MS-11(XK-3) 589.1 0.27
MS-2(XK-2) 341.8 3.88 MS-12(XK-3) 617.3 1.17
MS-3(XK-3) 644.1 3.72 MS-13(XK-3) 627.1 1.29
MS-4(XK-3) 653.4 5.14 MS-14(XK-3) 635.9 1.34
MS-5(XK-2) 374.5 4.19 MS-15 outcrop 1.04
MS-6(XK-1) 118.3 4.06 MS-16 outcrop 0.23
MS-7(XK-1) 64.1 0.58 MS-17 outcrop 1.27
MS-8(XK-1) 92.2 1.49 MS-18 outcrop 0.35
MS-9(XK-2) 332.1 0.88 MS-19 outcrop 1.03
MS-10(XK-2) 347.5 1.14 MS-20 outcrop 1.12

Average TOC of marine shale: 1.92 wt.%
CS-1(JK-1) 111.5 7.68 CS-11(JK-2) 44.5 3.14
CS-2(JK-1) 124.9 5.87 CS-12(JK-3) 53.8 4.36
CS-3(JK-2) 64.5 7.58 CS-13(JK-3) 62.4 3.36
CS-4(JK-3) 105.6 6.94 CS-14(JK-3) 63.6 6.21
CS-5(JK-2) 71.6 4.98 CS-15 outcrop 1.42
CS-6(JK-3) 112.9 5.63 CS-16 outcrop 2.34
CS-7(JK-1) 54.6 3.14 CS-17 outcrop 0.87
CS-8(JK-1) 61.1 3.99 CS-18 outcrop 1.36
CS-9(JK-1) 125.8 8.91 CS-19 outcrop 0.98
CS-10(JK-2) 20.3 4.35 CS-20 outcrop 3.38

Average TOC of continental shale: 4.32 wt.%

2.2. Geochemical and Mineral Investigation

The Rapid CS Cube analyzer (Bremen, Germany) was used for the TOC test. All forty
samples were crushed into 250 mesh and a select 1 g for pretreatment. First, 30% dilute
hydrochloric acid was used to remove the inorganic components in the samples, and we
then used deionized water to centrifuge five times and dried at 60 ◦C for 48 h. After that,
the pre-treated samples were put into the combustion chamber for complete combustion
at a high temperature of 950 ◦C. The TOC content of the sample can be calculated by the
amount of CO2 gas produced.

The mineral components were tested by D8 Discover (Bremen, Germany) and the
Automatic Mineral Identification and Characterization System (AmicSCAN, Bremen, Ger-
many). The powder sample of 200 mesh was irradiated with Cu Ka of 100 mA at 40 kV.
The relative mineral percentages were estimated by the semi-quantified area of the major
mineral component peaks with correction for the Lorentz polarization. And AmicSCAN
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cooperated with the ZEISS Crossbeam 540 can automatically match the mineral compo-
sition in the database through X-ray diffraction, while the imaging accuracy can reach
1µm. During the test, forty samples were divided into eight groups, and each group was
analyzed by AmicSCAN (results within 0.1% absolute accuracy) and compared with XRD
data (results within 5 wt.% absolute accuracy).

2.3. CO2 & N2 Isotherm Adsorption

According to the IUPAC classification scheme, the pores size classification is divided
into micropores (<2 nm), mesopores (2–50 nm), and macropores (>50 nm) in our paper [28].
And N2 and CO2 isothermal adsorption can be used to study the pore structure of shale
and obtain parameters such as specific surface area and pore volume. Specifically, CO2 can
be used to test the pore parameters of micropores less than 2 nm in length according to
the DFT (density functional theory) model [29], and the data were measured at 273 K with
0.0003 to 0.03 relative pressure (P/P0, tested adsorption pressure/saturated pressure). In
contrast, N2 adsorption is mainly used to interpret the pore parameters of 2–200 nm size
according to the BJH (Barrett-Joyner-Halenda) model [30], and the tests were performed at
77 K ranging from 0.001 to 0.999 relative pressure.

Both N2 and CO2 isothermal adsorption were tested in a Micromeritics ASAP 2020
(Norcross, GA, USA). Twelve marine and continental shale samples were ground into
60–80 mesh to ensure that sufficient pore information is retained and the adsorption gas
can fully contact the samples. First, 0.5 g of the samples were put into a vacuum heater at
150 ◦C for 24 h to remove moisture and other gases. Subsequently, the adsorbed gas will be
gradually injected into the sample test tube. The adsorption pressure will slowly increase
with time until it equals the saturated pressure, and then the samples enter the desorption
branch, which will take about 16 h. The software will automatically record the difference
between adsorption and desorption branches under different relative pressures, which
also represents the hysteresis loop because of the principle of capillary agglomeration. The
data was processed by the ASAP 2020 Plus Physi software. And the detailed introduction
of the CO2 and N2 isotherm adsorption method has been explicitly reported by previous
studies [15,31,32].

2.4. FE-SEM

A total of eight samples of the marine and continental shale were selected, and the
Leica EM TIC 3C (Wetzlar, Germany) mill was first used for polishing under the conditions
of an accelerating voltage of 8 kV and a current of 3 mA. The samples were abraded by the
argon beam for 6 h to get a smooth surface for SEM observation. Subsequently, a ZEISS
Crossbeam 540 (Los Angeles, CA, USA) at 1.2 kV was used for pore structure analysis, and
its maximum resolution could reach 10 nm/Pixel.

The software imageJ (Version 1.53c, created by Center for Open Bioimage Analysis,
Madison, WI, USA) was used to measure the orientation and length of clay minerals. First,
the SEM image of the shale has been rotated to ensure the same bedding angle before
measurement. The scale of each picture was then reset according to the SEM image. After
that, the length and angle are measured by the Angle Measurement Tool, with 181 sets of
data measured for each shale. Besides, the length has been processed to 0–1 relative length
to present the relative ratio.

Lrelative =
Li − Lmin

Lmax − Lmin
(1)

2.5. Petrophysical Tests

To avoid artificial damage to the internal structure of the sample due to the core
vibration of the traditional drill, a wire-cutting processing device was used to perform
low-speed cutting at a speed of 5 mm/h. The samples were processed into a 25 × 50 mm
cylinder and then placed in an oven to remove moisture, and the temperature was set at
80 ◦C to avoid damage to physical properties caused by the high temperature [33]. The
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samples were weighed every 4 h until there was no change in weight. First, the bulk density,
porosity, and permeability were tested in the PoroPDP-200 (Houston, TX, USA) equipment.

The porosity was measured by the Gas Research Institute (GRI) helium method
based on the principle of helium expansion [34], and the calculation is carried out using
Boyle’s law. Moreover, the permeability was measured by the pulse depressurization
method, which took almost 15 h per sample to reach the stable pressure [35,36]. After
the above tests were finished, the rock mechanics parameters were performed on the
TAW-2000 microcomputer-controlled electro-hydraulic servo rock triaxial testing machine
(Changchun, China) to obtain the uniaxial compression rock strength and elastic modulus.
The tests were based on the constant strain growth rate (10−5/s), and the load was applied
continuously until the shale samples failed. Furthermore, the axial and radial deformation
were recorded by the extensometer.

3. Results
3.1. Mineral Compositions and Organic Content

The results show that marine shale exhibits high brittle mineral content (quartz, pyrite,
calcite, dolomite) and low clay mineral content (Figure 2, Table 2), which is related to the
sedimentary environment of deep-water shelf face with low water energy, and the source
of the sediment is mainly sandstone of quartz-rich in Xishui Block [37]. On the contrary,
continental shale exhibits high clay content and low brittle mineral minerals (Figure 2),
which was deposited in the lacustrine face, and there are intense volcanic activities during
the shale depositional period [38], leading to the high content of volcanic rock fragments in
the sediment sources. Besides, the continental shale presents obvious micron-scale litho-
logical stratification, whereas the marine shale shows a relatively homogeneous mineral
structure (Figure 3).

Besides, the TOC components of marine and continental shale show obvious differ-
entiation. Due to the intense volcanic, hydrothermal, and seismic activities during the
deposition in the Ordos Basin, the lake has formed a eutrophic and high productive water
environment, resulting in the higher TOC of continental shale than marine shale.
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Table 2. Mineral composition of marine shale (MS) and continental shale (CS).

Sample ID
Mineralogical Composition Relative Percent (wt.%)

Quartz Feldspar Calcite Dolomite Pyrite Clay

MS-1 62.5 6.0 11.0 5.9 3.5 11.1
MS-2 73.6 3.1 2.7 7.1 1.9 11.6
MS-3 54.1 8.6 7.8 6.4 2.4 20.7
MS-4 66.9 3.5 12.7 6.7 1.8 8.4
MS-5 45.1 3.9 5.8 11.1 18.7 15.4
MS-6 49.4 7.6 8.8 10.6 2.2 21.4
CS-1 14.6 28.4 0.1 1.7 10.1 45.1
CS-2 19.2 10.4 5.9 7.1 14.2 43.2
CS-3 25.1 5.9 9.9 7.9 9.9 41.3
CS-4 11.4 13.4 8.2 14.7 16.4 35.9
CS-5 20.2 8.4 8.4 5.7 25.2 32.1
CS-6 14.9 8.4 11.3 11.1 17.9 36.4
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3.2. Pore Characteristics from FE-SEM

The pore types of Longmaxi Formation can be divided into organic pores (30%), intra-
particle pores (20%), interparticle pores (35%), and microfracture pores (15%) (Figure 4a–c).
The organic pores are mainly distributed in the rigid mineral (quartz, raspberry pyrite)
framework, narrow micro-cracks, and pores closely combined with clay minerals; Intra-
particle pores include the internal pores of clay minerals, the authigenic pores of quartz,
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and the dissolution pores of carbonate; Interparticle pores are mainly secondary evolution
pores surrounding rigid minerals that are not compressed and filled by clay minerals.
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Figure 4. SEM images of marine shale samples (a–c) continental shale samples (d–f). OM = Organic
matter, InterP = interparticle, IntraP = intraparticle, Py = pyrite, Qtz = Quartz. In detail, micro
fracture developed in the marine shale (a); OM pores supported by the detrital quartz (b); OM pores
distributed in rigid quartz framework (c); the lithological stratification of clay layer, OM layer, and
pyrite layer (d); interparticle pores developed along with clay and quartz (e); the oriented direction
of clay minerals and the main pore type (inorganic pore in clay mineral) in the continental shale (f).

The pore types of the Yanchang Formation are mainly inorganic pores, including
interparticle pores (55%), intraparticle pores (20%), fissure pores (20%), and a few organic
pores (5%) (Figure 4d–f). Interparticle pores and microfracture pores are mainly distributed
around rigid minerals (quartz, pyrite, calcite). Some interparticle pores also include pores of
clay that have not been completely compacted under the support of rigid mineral grids; the
intraparticle pores are mainly secondary evolution pores developed in carbonate minerals
due to dissolution and a small number of authigenic pores of quartz, which is similar to
the marine shale; However, due to the low degree of thermal evolution (Ro: 0.79–1.1) [4,39],
only a few of the organic pores can be observed at the edges of the brittle minerals.

3.3. Quantitative Analysis of Isothermal Gas Adsorption

According to the N2 (BJH desorption branch) isotherm adsorption data (Figure 5a,b),
the mesopore and macropore parameters could be calculated, combining with the micro-
pore parameters derived from CO2 (based on DFT density functional theory) isotherm
adsorption (Figure 5c,d). The average micropore and mesopore volume of marine shale are
0.00877 cm3/g and 0.03066 cm3/g (Table 3), respectively. In contrast, the micropores and
mesopores of continental shale are lower than that of marine shale, only 0.00595 cm3/g
and 0.02304 cm3/g, respectively. The average macropore volume of continental shale is
0.01166 cm3/g, which is higher than that of marine shale by 0.00932 cm3/g. The specific
surface area of micropores and mesopores of marine shale is larger than that of continental
shale, while the specific surface area of macropores is smaller than that of continental shale.
Furthermore, the total specific surface area of marine shale is 1.93 times that of continental
shale, which is consistent with the average pore width of the two types of rocks (7.13 nm
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for marine shale and 16.56 nm for continental shale). According to the classification of
IUPAC [28], all the hysteresis loops of marine shale and continental shale belong to type
IV(a), which manifest that the complexity of the pore structure leads to the phenomenon of
capillary condensation.

Based on the total pore volume and total specific surface area of different pore diame-
ters, the mesopores of 2–50 nm are the main pore types of marine and continental shale,
accounting for 63% and 56%, respectively, and correspondingly contributing 60% and 77%
specific surface area (Figure 6). In addition, the micropore volume in marine shale only
accounts for 18% of the total pore volume but contributes 38% of the specific surface area.
In contrast, the micropore volume in continental shale accounts for 14.5% of the total pore
volume but only contributes 18% of the specific surface area. It shows that marine shale has
a more complicated microporous spatial structure at the nanoscale than continental shale.
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3.4. Petrophysical Properties

Compared with marine shale (2.55 g/cm3), continental shale has a significantly lower
density, with an average of only 2.12 g/cm3. The average uniaxial compressive strength
(157.75 MPa) and elastic modulus (25.202 GPa) of marine shale are 2.4 times and 4.3 times
that of continental shale (Table 4), respectively. However, the porosity and permeability of
continental shale are greater than that of marine shale. The average porosity of continental
shale is 6.3%, which is 1.75 times that of marine shale. The average permeability of
continental shale is 0.00596 mD, 10.9 times that of marine shale.
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Table 3. Pore structure parameters of marine and continental shale based on isothermal adsorption
of N2 and CO2.

Sample
ID

Pore Volume (cm3/g) Specific Surface Area (m2/g)
Pore Width

(nm)
Micropore Mesopore Macropore

Total
Micropore Mesopore Macropore

Total
<2 nm 2–50 nm 50–300 nm <2 nm 2–50 nm 50–300 nm

MS-1 0.00882 0.02574 0.00873 0.04329 12.636 19.778 0.741 33.155 7.196
MS-2 0.00827 0.03342 0.00987 0.05156 10.177 17.114 0.413 27.704 8.214
MS-3 0.00784 0.03144 0.01123 0.05051 9.129 16.874 0.541 26.544 9.114
MS-4 0.00941 0.03749 0.00788 0.05478 14.005 21.843 0.648 36.496 5.587
MS-5 0.00933 0.02941 0.00841 0.04715 12.873 18.414 0.545 31.832 5.967
MS-6 0.00895 0.02648 0.00982 0.04525 11.991 17.557 0.652 30.201 6.712
CS-1 0.00594 0.01913 0.01445 0.03952 3.046 11.114 0.774 14.934 20.147
CS-2 0.00584 0.01455 0.01412 0.03451 2.016 9.411 0.598 12.025 18.471
CS-3 0.00678 0.02816 0.01301 0.04795 4.798 16.724 0.823 22.345 12.698
CS-4 0.00494 0.02249 0.01221 0.03964 2.441 10.971 0.623 14.035 17.411
CS-5 0.00637 0.02841 0.00941 0.04419 3.394 12.441 0.549 16.384 15.982
CS-6 0.00584 0.02554 0.00854 0.03992 2.147 13.549 0.811 16.507 14.661
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Table 4. The petrophysical parameters and organic content of marine shale (MS) and continental
shale (CS). Bedding angle with 0◦ refers to samples that are cut parallel to the bedding, while 90◦

means that the samples are cut perpendicular to the bedding.

Sample ID Bedding
Angle

Density
(g/cm3)

Porosity
(%)

Permeability
(mD)

UCS *
(MPa)

E *
(GPa)

Strain at
Peak Stress

MS-1 90◦ 2.551 3.25 0.00025 175.319 22.986 0.768
MS-2 90◦ 2.612 2.00 0.00067 160.656 27.714 0.539
MS-3 90◦ 2.642 2.14 0.00039 164.822 33.291 0.629
MS-4 90◦ 2.435 5.41 0.00045 144.399 20.103 0.758
MS-5 0◦ 2.449 5.35 0.00065 159.323 20.273 0.679
MS-6 0◦ 2.597 3.36 0.00087 141.956 26.844 0.738
CS-1 90◦ 2.022 6.87 0.00242 77.552 7.393 0.554
CS-2 90◦ 2.271 5.98 0.00299 64.353 4.152 0.693
CS-3 90◦ 2.212 6.01 0.00416 72.067 5.696 0.647
CS-4 90◦ 2.013 6.74 0.00366 69.515 5.168 0.651
CS-5 0◦ 2.147 5.44 0.00893 53.457 5.918 0.493
CS-6 0◦ 2.069 6.84 0.01362 55.972 6.723 0.557

* UCS represents uniaxial compressive strength, and E represents Elastic modulus.
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4. Discussion
4.1. The Mechanism of Pore Structure Differences
4.1.1. The Evolution Stage of Organic Matter

Shale pore structure parameters in our study mainly include four parameters: pore
volume, porosity, specific surface area, and pore size distribution. There have been many
studies on the pore structure of marine shale [20,40,41]. Previous studies attribute the high
micropore volume and specific surface area to the high TOC content [42,43]. Although the
positive relationship has also been discovered in our research of marine shale (Figure 7a),
micropore volume and specific surface area are not significantly related to TOC in conti-
nental shale (Figure 7a). Comparing marine shale and continental shale showed that TOC
content is not the only control factor for the pore structure difference. Instead, another
possible reason for the difference is the evolution stage of organic matter. The thermal
evolution degree of continental shale is generally low (Ro: 0.7–1.1%) [4,39]. Many liquid
hydrocarbons were generated within the oil generation window, filling the original inor-
ganic pores. The continuous compaction during the diagenesis process makes the original
pore space gradually squeeze and disappear, further reducing the overall pore volume. It
also leads to the fact that although continental shale has a high TOC, it contributes little to
the overall pore volume and specific surface area (Figure 6). However, with the continuous
evolution of organic matter in higher formation temperature, the organic matter is in the
gas window, and the solid bitumen is gradually cracked. Finally, with increasing thermal
maturity, the organic matter in marine shale is in the over-mature stage (Ro: 2.1–2.8%),
and many gas hydrocarbons will be generated [22,44], resulting in abundant micropores
and mesopores [40]; the above evolution process also can be testified by the Pyrolysis
experiment, the newly generated micropore, and mesopore volume show a positive rela-
tionship with temperature [45]. Moreover, due to the effect of thermal maturity difference
on micropores, the contribution rate of the organic micropores of marine shale to overall
pores is 1.7 times that of continental shale. On the other hand, there is a weak correlation
between macropore volume and specific surface area and TOC content (Figure 7c,f), which
is related to the organic matter pores mainly consisting of micropore and mesopore [46].
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4.1.2. The Mineral Composition and Fabric

Except for the control effect of organic matter on pore structure [43], recently inves-
tigators have proved the positive effect of quartz and the negative effect of clay minerals
on pore structure [22,39]. However, previous research also point out that the clay mineral
pores could occupy 22.7–75.5% (average 48.4%) of the total pores in the shale pore system
and the positive correlation of clay mineral on macropore volume [27]. And by comparing
shale from two different depositional environments, it can be discussed whether mineral
composition and fabric have extensive control over pore structure in different lithologies.
As Figure 8c presents, there is a positive relationship between macropore volume and clay
mineral, and the correlation gradually decreases in the mesopore (Figure 8b). Furthermore,
there is no obvious relationship between micropore volume and clay mineral (Figure 8a).
Therefore, the mineral composition is the control factor in the macropore structure, while
the organic matter shows more influence on the micropore and mesopore structure. Also,
the inorganic pore of clay mineral is the main reason for the difference in macropore volume
of marine shale and continental shale
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The specific surface area can reflect the connectivity and complexity of the pores [47].
However, unlike the strong positive relationship between the macropore volume and clay
content, there is no significant correlation between the macropore specific surface area
and the clay content (Figure 8c). The main reason is that the micropores and mesopores
are the main contributors to the specific surface area, and the macropores contribute little
to the total specific surface area. For example, macropores account for 23% of the total
pore volume in continental shale but only 3% of the specific surface area, which greatly
reduces the correlation between the macropore specific surface area and clay content.
Another possible reason relates to the ductility of clay minerals, and most clay minerals
are distributed in plates. These pores are prone to be compressed under high overburden
pressure [41], which also leads to the reduction of the specific surface area.
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4.1.3. Pore Size Distribution

The pore size distribution can more intuitively reflect the dominant pore size interval
of the rock, and its distribution characteristics can be presented as cumulative, incremental,
or differential pore size curves [48]. The differential pore size curve (dV/dlog(D)) was used
to compare the pore structure, as shown in Figure 9, which can more directly indicate the
degree of contribution of different pore sizes to the pore volume. Also, the complexity of
pore structures could be revealed by the differential curve. Marine shale presents both
significant bimodal and unimodal distribution, while continental shale only presents a
unimodal increasing distribution. The results show that almost all micropores in continental
are not developed, while both micropore and mesopore contribute significantly to the total
pore volume. By comparing the MS-3 and MS-4, the pore size over 100 nm presents a low
contributing rate to the pore volume in MS-4, whereas there is a high rate in MS-3, which
mainly relates to the content of the clay mineral difference for the positive relationship
between macropore volume and clay minerals (Figure 8c). Previous research also pointed
out the significant resistance to the compaction of quartz content [41]. A lot of primary pores
could be preserved because of the rigid framework of high strength minerals. Therefore,
the peak in pore sizes of marine shale is 0–10 nm and 20–30 nm. However, it is reported
that the clay mineral content has a negative effect on the primary pores because of the
ductility [20], and only a few OM pores can be preserved during the primary deposition in
clay-rich shale. Furthermore, the main pore size in clay minerals is about 40 nm [27], which
leads to the peak pore size of 30–50 nm inorganic pores in continental shale.
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shale, and all samples present unimodal distribution in continental shale.

4.2. The Mechanism of Petrophysical Differences
4.2.1. Density and Porosity

The density and porosity evolution of shale is a comprehensive and complex pro-
cess under sedimentary compaction, mineral composition, and organic matter [49]. It is
generally acknowledged that compaction is brought about through the closer spacing of
grains [50]. And the increase of clay content could result in the decrease of pore spaces
between brittle mineral grains. On the contrary, the thermal evolution of the organic matter
would generate much liquid hydrocarbon in the low maturity, leading to the oil saturation
of about 70~80% with an oil density of 0.78~0.89 g/cm3, or generate dry gas in the high to
the over-maturity stage with many organic pores [1,51].

The continental shale has much higher clay content (41.3% on average) and lower
organic maturity (Ro: 0.7~1.1%) compared to the marine shale [27]. However, the conti-
nental shale has a significantly lower density (2.12 g/cm3 on average) than the marine
shale (2.55 g/cm3 on average). It is obvious that the high content of clay minerals did not
significantly increase the density and decrease the porosity of the continental shale, which
is mainly related to the following two reasons: (1) Based on pyrolysis experiments of shale
samples from the Yanchang Formation, the total oil yield is 6.98 mg/g on average, and the
formation oil density is 0.75 g/cm3 [52]. After calculation, the volume of liquid hydrocar-
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bon (0.00933 cm3/g) could occupy 23% of the total pore volume of the continental shale
(0.0404 cm3/g), effectively preventing further compaction. In contrast, the organic matter
in the marine shale with high maturity eventually produced large amounts of organic
pores, which were easily compacted and disappeared during the depositional, leading to
the increase of the rock density. (2) Different types of kerogens have various activation
energy values to transform bitumen and then crack into hydrocarbon. The initial pyrolysis
temperature of type II kerogen is lower than that of type I, leading to the hydrocarbons
being generated earlier in the source rock with type II kerogen during the deposition [53].
The kerogen in the continental shale of the Yanchang Formation is mainly type II [54], while
the type I kerogen is mainly distributed in the marine shale of the Longmaxi Formation [55],
indicating that continental shale could generate hydrocarbons at a lower temperature [56].
Hence, continental shale can produce liquid hydrocarbons earlier to resist compaction
during compaction, which contributes to lower density.

4.2.2. The Influence of Laminas Structure on Permeability

Previous research results show that the permeability perpendicular to the bedding of
laminas shale is higher than that of homogeneous shale, and the difference in permeability
can reach two to eight times [57,58]. The influence of laminas structure on permeability can
be better explained by comparing the mineral structure of marine and continental shale.
As Table 4 presented, the permeability of 0◦ marine shale samples is 1.39 times that of the
90◦ samples, whereas the permeability of 0◦ continental shale samples is 3.41 times that of
the 90◦ samples. The possible reasons are: (1) As mentioned above, the continental shale
consists of high density and frequency of developed laminas, showing more heterogeneity
compared to marine shale. In addition, the lithological stratification in millimeter-scale is
prone to become the dominant migration pathway, leading to increasing the cross-bedding
permeability; (2) The clay mineral structure also has an influence on the permeability. The
clay minerals in the continental shale show strong orientation along with the bedding,
while the clay minerals of marine shale are mostly distributed randomly or around rigid
minerals without significant orientation (Figure 10). The complex structure of the clay
matrix in marine shale results in a reduction in permeability.
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Figure 10. The relative length and angle of clay minerals distributed in marine and continental
shale (the relative length is calculated based on Equation (1)). The angle represents the clay mineral
orientation based on the same calibrated bedding plane. Moreover, the degree of sparsity represents
the dominated orientation (60–110◦ and 238–285◦ are the dominated orientation for continental shale,
whereas there is no dominated orientation of clay mineral in marine shale).
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4.2.3. The Effect of Rock Structure on Strength

There have been many studies on the influence of bedding angle on uniaxial compres-
sive strength. The bedding angle of shale has a significant influence on the strength of the
sample. The shale strength is the highest when the bedding dip is 90◦ and the weakest
when the bedding dip is 30–45◦ [59]. However, research on the subject has been mostly
restricted to comparisons of the same lithology [60,61], and the effect of beddings angle and
density on shale strength can be further studied by comparing marine shale and continental
shale because of the more obvious laminar structure differences. In this paper, samples
were processed at 90◦ and 0◦ to analyze the difference in bedding density and angle in the
failure mechanism of marine and continental shale. As shown in Figure 11, the marine
shale samples have higher uniaxial compressive strength and elastic modulus than the con-
tinental shale. However, the strength of the sample at 0◦ is only 12% lower than that at 90◦

in marine shale, while the strength of the continental shale sample at 0◦ is reduced by 22%,
which shows the minor strength difference between different directions of marine shale.
Furthermore, the fracture failure morphology also presents different types. For the marine
shale with homogeneity at the centimeter scale, the fracture propagates through the main
axial stress with vertical splitting tensile damage. On the contrary, the continental shale
could be regarded as a typically transversely isotropic rock [21,59], and intensive lithologic
stratification can be observed at the centimeter scale (Figure 12c), including shale layer,
siltstone layer, carbonatite layer, and lenticular structure. The fracture initially propagates
through the principal axial stress, and there will be a cross crack due to the activation of the
weak laminas. And the steplike development of continental shale in the stress-strain curves
specifically presented the process (Figure 11b). A similar stress-strain curve trend has been
observed before [59]. With the increase of the load stress, the microcrack will gradually
form and grow, and the stress will temporally decrease when the main crack is extended
to the laminas. The crack will then continue to grow and activate the weak laminas until
the effective stress exceeds the strength of the lamina’s matrix, leading to the destruction
of the sample (Figure 12d). This process also explained that the strength of the rocks with
high density laminas will be significantly lower than the homogeneous rocks. Since the
strength of the marine shale matrix is much greater than the strength of the laminas, the
continental shale is easily fractured along the weak surface of the bedding and the strength
mostly depends on the weakest laminas strength, while the homogeneity marine shale has
a high matrix strength to ensure its high peak strength.
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Figure 12. The cylinder marine shale, which shows homogeneity in centimeter scale (a); the fracture
pattern of marine shale, where the crack propagates along the principal stress direction until failure (b);
the cylinder continental shale, showing obvious lithological stratification (c); the fracture pattern of
continental shale, where the crack propagates along the principal stress direction and activates the
bedding, then shows continued growth until failure (d). The red line represents the principal stress
cracks and the green line represents the activating bedding cracks.

Furthermore, the initial compacted section of continental shale is longer than that of
marine shale (Figure 11). In addition, the marine shale samples presented longer linear
elastic deformation, while the continental shale samples showed higher plastic strain,
mainly related to the density and mineral composition. The average density of continental
shale is only about 80–85% of marine shale, and the porosity of continental shale is about
twice that of marine shale. The mineral composition of marine shale is mostly brittle
minerals (65.65% on average), while the average brittle mineral composition of continental
shale is only 22%. The high content of clay minerals contributes to the plastic strain. Hence
the required strain during compacting is more significant.

5. Conclusions

Muti-methods (FE-SEM, N2/CO2 isothermal adsorption, porosity, permeability, and
rock mechanics parameters) have been utilized to characterize the pore structure and
petrophysical properties of marine shale and continental shale. The following are the main
conclusions from our research:

1. The mesopores of marine shale and continental shale are the main pore spaces. Ma-
rine shale is mainly composed of organic matter pores, including micropores and
mesopores (2–30 nm), while continental shale is mainly composed of inorganic pores,
including mesopores (30–50 nm) and macropores. In addition, the contribution rate
of organic pores in marine shale to the total pore volume is much higher than that of
continental shale.

2. Except for TOC content, the thermal evolution degree also controls the pore structure
in shale samples, particularly for the micropores structure, and organic matter matu-
rity also affects rock density. On the other hand, the mineral composition and fabric
present more influence on the macropore volume.

3. The bedding plane structure caused by the lithological stratification is the main reason
for the difference in petrophysical properties of marine and continental shale. Conti-
nental shale is a typical transversely isotropic, while marine shale can be regarded as
a homogeneous rock, leading to low permeability and high strength.
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4. Bedding structure is the main reason for the crack propagation difference. Since
the matrix strength of shale is much greater than the strength of bedding planes,
continental shale tends to crack and fail along the weak surface of the bedding during
the axial compression, showing a lower peak strength, while the cracks in the marine
shale tend to propagate along with the principal stress.
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