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ABSTRACT: Shale pore evolution and variation are very important for evaluating shale reservoirs. In this study, hydrous pyrolysis
experiments in a semiclosed system, low-pressure gas (N2 and CO2) adsorption, X-ray diffraction, organic petrography, and
geochemistry experiments were applied on upper Permian organic-rich shale from Dalong Formation, Sichuan Basin, to understand
the generation and evolution of nanometer-sized pores in shales. According to the pore structure parameters, most of the specific
surface area (SSA) is supplied by micropores (<2 nm), whereas macropores (>50 nm) supply the bulk of the total pore volume
(PV). The total PV and SSA are positively connected with thermal maturity (%Ro) and they share two peaks with corresponding %
Ro values between 0.79−1.05% (peak I) and 1.83−2.35% (peak II), representing the two major periods of pore development. Peak I
is associated with the late period of oil generation and the late period of kerogen cracking to gas, and peak II is associated with the
cracking peak of the extractable organic matter (OM) to gas. The evolution of porosity was slightly affected by the mineral
composition and total organic carbon (TOC) due to the main influence of thermal maturity, which masked the influence of mineral
composition and TOC. Shale porosity formation and development are primarily influenced by diagenesis and hydrocarbon
generation. Cementation can significantly reduce the overall porosity during diagenesis. It has been shown that OM pores are a
function of thermal maturity, which is highly associated with the thermal cracking of both kerogen and secondary OM into
hydrocarbon. During the overmaturity stage with %Ro > 2.67%, the porosity shows an increased trend due to the high gas generation
rate. This illustrates that during the high maturity stage, OM pores are better formed, which is crucial for expanding shale gas
exploration to more mature shale resources.

1. INTRODUCTION
Shale is an unconventional gas and oil reservoir with huge
petroleum potential.1−5 The pore structure is crucial for
controlling gas storage and flow rates as well as evaluating
shale gas resources.6−9 The characteristics of pores, including
their origin, morphology, quantity, structure, and distribution,
along with the factors that control pore evolution, such as the
content of total organic carbon (TOC), degree of thermal
maturity, kerogen type, solid bitumen, and mineralogical
compositions, play a significant role in the assessment of shale
reservoirs.6,10−19 Numerous studies have been carried out on
shale pore structure and distribution using different techniques,
i.e., direct imaging methods, small/ultrasmall-angle neutron
scattering (SANS/USANS), gas adsorption methods, mercury

intrusion analysis, atomic force microscopy (AFM), scanning
electron microscopy (SEM), as well as nuclear magnetic
resonance (NMR).8,20−25 Porosity development in shales is
influenced by various factors, but the degree of kerogen
maturation and secondary cracking of crude oil and/or bitumen
to gas are crucial.26 Therefore, it is necessary to investigate the
formation and development of nanopores in organic-rich shales
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during the hydrocarbon generation process. Hydrous pyrolysis
is the basic step to maturate and extract the hydrocarbons of
shale, and it has been shown to simulate natural petroleum
formation.27,28 Systems of pyrolysis experiments can be divided
into closed, open, and semiclosed parts, which will produce
different results of hydrocarbon generation and pore evolution
of shales.29 A semiclosed system, such as the experimental one
applied in this study, is closer to natural conditions, especially
the axial pressure of the apparatus, which can simulate the real
situation of organic matter (OM) evolution in geological burial
processes.29

Pyrolysis experiments on organic-rich shales revealed that the
abundance of OM pores varies depending on the stage of
thermal maturity (%Ro), which increases with increasing %Ro, as
a result of gas expulsion throughout the conversion of
OM.14,17,26,30−32 Feiyu et al.33 showed that the formation of
organic pores would occur at 1.3−2.0%Ro, while when %Ro is
greater than 2.0%, organic pores tend to diminish. However,
Fishman et al.34 claimed that the hydrocarbon generation
processes are not connected to the preserved OM pores in
shales, because it appears that the OM pores formed through the
hydrocarbon generation were not preserved owing to the
extremely flexible character of OMs and other components of
shale. Experimental outcomes of porosity evolution of the
immature shale pyrolyzed are still a debated issue. Hydrous
pyrolysis tests were carried out by Tang et al.35 on samples
collected from the lacustrine shale of the Ordos Basin, Late
Triassic Chang_7, in Northwest China and found that the
number of micropores and mesopores grow as the pyrolysis
temperature increases, whereas macropores remain unchanged
at the overmature stage. Wu et al.36 concluded that the highest
porosity of Chang_7 shale occurs with a %Ro value between 2.5
and 3.0%, while Liu et al.37 proposed that the porosity of shale
decreases slowly when thermal maturity is in the overmature
phase. Limited studies have been conducted on the evolution of
porosity using CO2 adsorption analysis. Cao et al.25 employed
the N2 adsorption method to investigate the evolution of
nanopores during thermal maturation on Dalong shale.

However, N2 adsorption cannot evaluate pores smaller than 1
nm in diameter, which is insufficient to examine the micropores.
In this study, N2 adsorption as well as CO2 adsorption, which is
more precise for examining the micropores, has been employed
to investigate the development of porosity and its relationship
with evolution in minerals during pyrolysis.

So far, the factors controlling porosity development in shale
resources are still controversial. Although numerous studies
have examined the influence of thermal maturity on pore
development utilizing naturally occurring shale samples or
samples that have been artificially matured, most of the
viewpoints are not consistent, e.g.,25,33,36,37 nano-scale pore
structure creation and evolution mechanisms upon increasing
thermal maturation still need to be investigated.

In this research, the marine organic-rich shale samples
containing type II1 kerogen were collected from the Late
Permian Dalong Formation, Northern Sichuan Basin, China,
and pyrolyzed in a semiclosed unit system. Gas adsorption,
organic petrography, and mineralogy analysis were performed to
identify the parameters influencing pore development in
organic-rich shales. The mechanisms of pore structure evolution
and porosity formation were studied. The outcomes can provide
important insights into the comprehensive understanding of the
processes of formation and evolution of nanopores of organic-
rich shale during hydrous pyrolysis.

2. SAMPLES AND METHODS
2.1. Samples and Geological Setting. To better understand the

mechanisms underlying the formation and development of marine shale
pores during the petroleum production process, immature marine
organic-rich shales were collected from the Shangsi part in the
Guangyuan region of the Late Permian Dalong Formation (P2d), in the
northwest portion of the Sichuan Basin (Figure 1A,B). The Sichuan
Basin is situated on the South China plate, particularly on the upper
Yangtze region (Figure 1), and it has deposited in a collection of
comparatively full stratigraphic sequences between the period of
Neoproterozoic to the Neogene, with a total thickness of 6−12 km.38,39

The Dalong Formation comprises black siliceous shale, gray-black
shale, limestone, and silty shale (Figure 1C).

Figure 1. Geographical map of the current work. (A) Geographical location; (B) research region displaying the location of the sample; and (C)
lithological column of the research region.
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The P2d shales ranged in thickness from 10 to 60 m and were
predominantly developed in the narrow basin between Guangyuan-
Wangcang and Liangping in the Sichuan basin (Figure 1B).32,40

Organic-rich shales in the Dalong Formation were deposited in deep-
water under an anoxic sedimentary environment with TOC values
varying from 0.3 to 12%.38,40−42 The OM is mostly Type II1 and δ13Corg
values range from −28.5 to −25.2‰.40,42

2.2. Methods. One block sample of P2d organic-rich shale was
collected and divided into 12 core samples and nine powder samples.
The 12 core samples were used for the hydrous pyrolysis experiment,
and the original and artificial pyrolysis samples were crushed for the
geochemical and low-pressure gas adsorption analysis in order to
investigate the pore evolution. The nine powder samples were
pyrolyzed to determine the hydrocarbon production rate.
2.2.1. Hydrocarbon Pyrolysis Experiment. The hydrocarbon

generation hydrous pyrolysis experiment under a semiclosed system
was carried out on an ejection thermal simulation device.43 The device
can simulate the hydrocarbon generation and expulsion under high
temperatures and high fluid pressure with formation water. The
instrument contains two major sections: the software system, which is
utilized to enter the experimental settings and data collection, along
with the hardware operating system. Approximately 40−60 g of core
samples were placed within a cylinder made of stainless steel (34 mm
i.d.). Every cylindrical sample was inserted into an autoclave and
subjected to the designated conditions for the simulation experiment.
Shale samples were placed between the plunger cores and an autoclave,
and a copper ring with good heat resistance was used to seal the
autoclave. The hydrocarbon generation system was performed with a
leakage test in advance before the hydrous pyrolysis experiment of each
temperature point. After making sure no leaks are present, the system
was vacuumed, and formation water was pumped into an autoclave.

Finally, the samples were heated to complete the process. The
temperatures used in this study for hydrous pyrolysis were 250, 275,
300, 325, 350, 375, 400, 425, 450, 475, and 500 °C. In order to reach the
desired temperature, a thermostatic furnace was heated at a rate of 5
°C/min. At each temperature point, the instrument was maintained for
48 hto guarantee complete pyrolysis for hydrocarbon production and
pore evolution. The hydrostatic pressure was initially set to 25 MPa,
with less than 1 MPa of deviance. The entire experimental process is a
semiclosed system. The device can expel hydrocarbons automatically
when its internal pressure rises above the preset pressure. After
completing each pyrolysis experiment, the expelled oil and water were
collected. The solid residues were collected after the autoclave cooled
naturally. The samples have been divided into different portions to
apply other experiments such as X-ray diffraction (XRD) analysis, Ro
measurement, TOC analysis, and low-pressure gas adsorption analysis.

The same pyrolysis experiment was conducted for hydrocarbon
generation. One origin core sample with a TOC content of 12.38% was
crushed to powder and then divided into nine parts (40−60 g). The
samples were pyrolyzed under a semiclosed system at temperatures of
250, 300, 325, 350, 375, 400, 450, 500, and 550 °C, with different
pressures, as shown in Table 1. Oil, gas, and residual products were
gathered after completing each pyrolysis experiment, and measure-
ments were made of the amount and composition of oil and gas. An
Agilent 6890N gas chromatograph (GC) device was used to measure
C1−5 hydrocarbons and C6−14 hydrocarbons. C14+ hydrocarbons were
extracted by dichloromethane (CH2Cl2) and then the quantity of gas
hydrocarbon (C1−5) and liquid hydrocarbon (C6−14, C14+) were
determined.
2.2.2. TOC,%Ro, andMineralogy.TheTOC contents were analyzed

by a rapid CS cube carbon and sulfur analyzer.41 A TOC test was
conducted on powdered shale samples between 10 and 100 mg. Soxhlet
extraction was carried out with a combination of acetone, trichloro-
methane, and methanol (0.38:0.32:0.30 vol/vol/vol) for 48 h, in order
to clean the samples from carbonate residues produced from pyrolysis.
The powder samples were treated with a diluted solution of
hydrochloric acid with a volume ratio of 1:7 to eliminate the inorganic
carbon from the shale samples. After being cleaned of the remaining
HCl with distilled water for roughly 24 h, the samples were dried. The
samples were placed in an oxygen flow at a high temperature (930 °C)T
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to burn, and the TOC content is calculated according to the CO2
content, which was measured by a CO2 infrared detector.

Vitrinite reflectance (VR) under oil immersion was examined by a
German Leica DM IL LED microscope to determine the thermal
maturity (%Ro) of the pyrolyzed samples. Two standard samples with %
Ro < 0.5% and %Ro > 3.5% were used to calibrate the microscope.
Twenty measurements on vitrinite particles were averaged to get the
VR values for every single sample at a temperature of around 23 °Cwith
a relative humidity of lower than 70%.31

The mineral composition was quantitatively determined using XRD
analysis.44 Core samples were mashed to fine-grained powders and
placed on a flattened glass plate with grooves. The powder samples were
then scanned from 5° to 80° (2θ) with a scanning velocity of 2°/min.
Finally, diffraction peak intensity was used to calculate the relative
content of mineral compositions.
2.2.3. Low-Pressure CO2 and N2 Gas Adsorption. An Autosorb-IQ3

specific surface area (SSA) and pore size analyzer was utilized to analyze
the pyrolyzed and original core samples in low-pressure and low-
temperatureN2 andCO2 gas sorption in order to quantitatively evaluate
porosity development in marine organic-rich shale with increasing
thermal maturity. Core samples were broken down into particles
ranging in size from 60 to 80 meshes. To eliminate volatile substances
and moisture, the particle samples were vacuum-dried and degassed at
105 °C for 8 h. N2 adsorption experiments were carried out in order to
investigate the properties of mesopores and macropores. N2 adsorption
and desorption isotherms were conducted under the following
conditions; a temperature of −195.6 °C (77.3 K) coupled with a
relative pressure (P/P0) range of 0.001−0.998 (saturated vapor
pressure of N2).

45 Analysis of N2 sorption yields information on
pores with a diameter of 1.7−350 nm. The SSA and average pore

diameter were assessed utilizing the model of Brunauer−Emmett−
Teller (BET), whereas pore volume (PV), SSA, as well as pore size
distribution (PSD) of mesopores and macropores were assessed by the
Barrett−Joyner−Halenda (BJH)model.46,47 The fractal dimension was
determined by the Frenkel−Halsey−Hill (FHH) model.48 The
micropore (<2 nm) measurements were carried out using a low-
temperature CO2 adsorption experiment. CO2 sorption isotherms were
carried out with relative pressures (P/P0) ranging from 0.00 to 0.03 at 0
°C, which can provide data of pores with a diameter of 0.3−1.5 nm. The
density functional theory (DFT) was used to determine the PV, SSA,
and PSD of micropores.21

3. RESULTS
3.1. Organic Geochemistry and Mineralogy. The TOC

content and mineral compositions of the original and simulated
samples are shown in Figure 2. The original P2d organic-rich
shale sample has a TOC content of 3.3% and a %Ro value of
0.79% (Figure 2). The original sample is primarily composed of
quartz (52.2%), calcite (28.2%), and clay minerals (14%). The
clay minerals primarily contain an illite and illite/smectite mixed
layer. Minor amounts of dolomite (2.2%), pyrite (1.1%), and K-
feldspar (1%) are present, whereas the plagioclase and siderite
contents are less than 1.1%. The TOC concentration fluctuates
with different simulated temperatures because the OM in shale
is heterogeneous (Figure 2). The values of %Ro increase with
increased pyrolysis temperature. The simulated samples show
variations in mineral composition with different pyrolysis
temperatures. The content of clay minerals and calcite dropped

Figure 2. Geochemical characteristics of organic compounds and mineral compositions of the P2d organic-rich shales with different thermal
simulation temperatures.

Figure 3.Hydrocarbon generation with increased thermal maturity (%Ro) at different thermal simulation temperatures for P2d organic-rich shale. (A)
Rate of oil generation and (B) rate of oil and gas generation. The maximum hydrocarbon generation rate is about 409.76 mg/g at 375 °C for 1.38% Ro.
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to a certain amount, indicative of participation in the
hydrocarbon production operations.49 The amount of illite/
smectite mixed layers dropped and the amount of illite increased
with increasing thermal maturity.
3.2. Hydrocarbon Generation. Table 1 and Figure 3 show

the analyzed results of hydrocarbon generation products with
the increased simulated temperature of the P2d organic-rich
shale. In the beginning, the hydrocarbon generation rates of
crude oil and residual oil show an increasing trend and then drop
down with the simulated temperature increase. The rate of oil
production shows a rapid raise at a %Ro of 0.69% with a
simulated temperature of 250 °C (Figure 3A). Themaximum oil
generation rate is about 376.56 mg/g at a temperature of 375 °C
corresponding to a %Ro of 1.38%. After going through the oil
window, the generation rate of expulsed oil gradually increased
with increasing thermal maturity. The maximum rate of oil
expulsion occurred at a %Ro of 1.38%, with a value of around 92
mg/g, and after this decreased slightly until a %Ro of 3.45%
(Figure 3A).

The varying trend of the residual oil production rate is similar
to that of the overall oil. While %Ro is about 1.38%, the residual
oil generation arrived at a peak value of 284.56 mg/g at a
temperature of 375 °C and then decreased with increasing

thermal maturity. The generation rate drops slightly and then
keeps almost constant when the %Ro exceeds 2.5%. The
measured %Ro values at each simulated stage are strongly
correlated with the simulated temperature (Figure 4).

During the whole hydrocarbon generation process, the rate of
total hydrocarbon and gas generation increases with increasing
%Ro values and pyrolysis temperatures (Figure 3B). The high
gas generation rate stage occurs at %Ro > 1.56%. The main oil
generation stage occurs at the oil and gas window when the
maturity is between 0.5 and 2%. Gas generation during the oil
window is minor and is mostly generated by the cracking of
kerogen. The gas generation content increases while the liquid
hydrocarbon content decreases when %Ro values exceed 1.56%.
The major stage of cracking crude oil into gas occurs when %Ro
is between 1.56 and 3.45%. The maximum hydrocarbon gas
production rate is 225.24 mg/g with a %Ro value of 3.45%
(Figure 3B).
3.3. N2 Adsorption. N2 sorption isotherms of original

samples and simulated samples belong to type IV according to
the classification of physisorption isotherms (IUPAC), whereas
the hysteresis loops belong to type H3 (Figure 5). The
appearance of hysteresis loops is a sign that mesopores and
macropores are present.50,51 Adsorption capacity has a positive
relationship with relative pressure. The N2 adsorption capacity
grows with the increasing P/P0 (Figure 5). The maximal N2
adsorption volumes exhibit a positive relationship with
increased simulated temperatures. When the relative pressure
exceeds 0.40, the capillary condensation causes the adsorption−
desorption isotherms to split, creating a hysteresis loop. The
hysteresis loop shapes are largely controlled by pore shapes, such
as plate or wedge-formed, slit formed pores, and ink bottle
pores.52 Based on the patterns of the hysteresis loops, the
investigated shales include assemblages of flexible platelike
particles (such as clays) and the macropores are not filled with
pore condensates.53

The BET surface area of the original and simulated shale
samples varies from 0.923 to 9.850m2/g with an average value of
4.45 m2/g (Table 2). Mesopores and macropores have a surface
area that varies from 0.9390−7.3800 to 0.1400−1.1500 m2/g,
respectively. The PSD versus incremental PV and surface area of
both original and simulated samples are illustrated in Figure 6.
The macropores were rarely developed during pyrolysis from
the original sample to 350 °C. For pore size <10 nm, the pores
were strongly developed during pyrolysis (Figure 6).

Figure 4. Appropriate relation between thermal simulation temper-
ature and %Ro values of P2d organic-rich shales during the whole
semiclosed pyrolysis experiment, showing that %Ro is strongly
correlated with temperature.

Figure 5.N2 adsorption and desorption isotherms of P2d organic-rich shale at different thermal simulation temperatures (A) 0−300 °C, (B) 325−400
°C, and (C) 425−500 °C, which belong to type IV based on the categorization of physisorption isotherms (IUPAC), and the hysteresis loops belong to
type H3. In this graph, the equivalent desorption curve is above the adsorption curve.
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The volumes of mesopores and macropores vary from
0.0024−0.240 to 0.0049−0.0352 cm3/g, respectively. PV and
surface area exhibit a negative relation with the pore diameter.
The PV and surface area decrease with the increasing pore
diameter, indicating that large-sized pores have a low PV and
surface area. Multiple peaks could be seen on the PSD curves
(Figure 6A−C). PV fluctuates considerably with pore size in the
range of 2−10 nm, indicating that mesopores are mostly spread
among this range and are more than macropores. Noteworthy is
the fact that both the original and pyrolyzed samples display
multiple peaks in the 50−100 nm pore diameter region,
indicating that the macropore volume in this range is developed.
3.4. CO2 Adsorption. Following the IUPAC classification,

the low-pressure CO2 adsorption isotherms can be categorized
as type I. The original sample has less adsorbed CO2 amounts
than that of the pyrolyzed samples with pyrolysis temperature
>350 °C, indicating that micropores were created abundantly
during pyrolysis. At relative pressures (P/P0) of 0.0290, the
maximum CO2 adsorption volume varies from 0.6182 to 2.8401
cm3/g (Figure 7). The maximum CO2 adsorption amount
increases from the original sample to 250 °C and then the values
decrease to the minimum point at 350 °C. After this, the CO2
adsorption amount increases from 350 to 450 °C, and finally, the
quantities decline at 475−500 °C. The CO2 adsorption
capacities of simulated samples exhibit a minimal value during
the peak oil generation and are higher than the original sample as
soon as the pyrolysis temperature is >350 °C.

The original sample has a surface area of 8.82 m2/g and a pore
volume of 0.0031 cm3/g. The PV and surface area vary at
different thermal maturity stages. The micropore volume varies
from 0.002 to 0.0075 cm3/g with an average value of 0.0051
cm3/g, whereas the surface area of the micropore varies from
6.08 to 27.88 m2/g with an average value of 16.59 m2/g, where
the maximum value was at a pyrolysis temperature of 450 °C
(Table 2).

The PSD of micropores with a range from 0.3 to 1.5 nm is
depicted in Figure 8. All the PSD curves, including both PV and
surface area, have a triple-peak feature, correlating to pore
diameters of 0.3−0.4, 0.45−0.65, and 0.82 nm, indicating that
the surface area and PV of micropores are mostly distributed in
these three segments (Figure 8). At a pore diameter of 0.34 nm
and a temperature of 450 °C, the highest values of dV(d) and
dS(d) are recorded (Figure 8), suggesting that the volume and
surface area of pores are significantly increased by pores with
relatively small sizes.

4. DISCUSSION
4.1. Pore Development with Increasing Thermal

Maturity. The pyrolysis of organic-rich shale is quite
complicated because several reactive processes concurrently
occur, including devolatilization, dehydration, and structural
regulation, leading to the generation of various organic and
inorganic compositions and nanometer-scale pores.54 Pore
structures of P2d organic-rich shale with increasing thermal
maturity are displayed in Figure 9. The PV is mainly provided by
macropores yielding a percentage of 39−67.5% with an average
value of 51.5%, mesopores yielding 21.2−40.6% with an average
value of 28.7%, and micropores yielding 10.6−35.6% with an
average value of 19.6% (Figure 9A,B). The SSA is mainly
provided by micropores accounting for 67.5−93% with an
average value of 80.9%, followed by mesopores yielding 5.6−
28.9% with an average value of 16.2%, and macropores with aT
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minor contribution between 1.2 and 4.4% with an average value
of 2.7% (Figure 9C,D).

The PV and SSA were associated with thermal maturity to
describe the evolution of pore structure with increasing thermal
maturity (Figure 10). The total PV and SSA increase with
increasing thermal maturity. The increasing thermal maturity
also causes both the micropore surface area and mesopore
volume to rise. However, the PV and SSA have low values at a
thermal maturity %Ro of 1.32% (Figure 10A,B). With increasing
thermal maturity, there is no discernible change in the
macropore surface area or micropore volume. The macropore
volume has two low-value points at a %Ro of 1.32 and 2.67%.
The variations in the total PV andmacropore volume are similar,
showing an increasing trend when %Ro > 1.32%. The total
surface area has a similar trend to that of the micropore surface
area, displaying an increasing trend when %Ro exceeds 1.32%
(Figure 10). Two peaks can be seen in the PV and SSA with %Ro
values of 0.92 and 2.35%. Peak I is lower than peak II. The drop
of PV macro and total PV at the stage of %Ro less than 1.3% was
likely caused by oil filling, which reduced inorganic pores.15,55

The growth of the macropore volume and total PV with a
maturity >1.3% was possibly connected to mineral dissolution
by organic acids and organic pore development as a result of the
cracking of oil.15,56 This is also confirmed that numerous organic
pores can develop during the thermal cracking of kerogen and

liquid hydrocarbon to gas.18,57 In general, marine shale is known
to exhibit a more pronounced pore structure compared to
transitional shale,58 and this phenomenon is also observed in the
current study. The comparison of the pore structure and fractal
dimension between the marine P2d organic-rich shale from
Sichuan Basin and the transitional shale from the east margin of
the Ordos Basin, China, at the same level of maturity, shows that
P2d organic-rich shale has higher PV and surface area.59 Both
marine shale and transitional shale have fractal dimensions
greater than 2 with little increase for transitional shale, indicating
that their pore surfaces are complex and irregular.48 The
increased PV and surface area in marine shale can be attributed
to the presence of higher OM pores.60 Consequently, the gas
capacity of marine shale is generally higher than that of
lacustrine and transitional shale.
4.2. Factors Controlling Nanopore Evolution. Previous

research studies demonstrated that the TOC content signifi-
cantly affects the evolution of nanopores as a result of the
transformation of the OM to gaseous and liquid hydro-
carbons.13,21,61,62 Porosity increases with increasing TOC
content.15,63,64 Figure 11 displays the relationship between
TOC and PV and surface area for both the original and
pyrolyzed samples. TOC contents have no relationship with
pyrolysis temperature with %Ro increasing from 0.69 to 3.18%,
demonstrating that the formation of nanopores is not primarily

Figure 6. PSD versus incremental PV (A−C) and surface area (D−F) at different thermally simulated temperatures. The PSD curves show amultipeak
characteristic with a diameter in the range of 2−10 and 50−100 nm, indicating that pores are mainly distributed in this range.

Figure 7. CO2 adsorption isotherms of P2d organic-rich shales at various thermally simulated temperatures (A) 0−300 °C, (B) 325-400 °C, and (C)
425−500 °C, which are categorized as type I following the IUPAC classification.
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influenced by the TOC content. The difference in TOC
contents could be attributed to the shale rock heterogeneity.25,65

For instance, the TOC content of the original sample is 3.34%,
whereas the pyrolyzed samples have a TOC content range from
2.55 to 14.47% (Figure 2). For P2d organic-rich shale, there is
no clear relationship between TOC, SSA, and PV (Figure 11),
which is probably due to the strong influence of thermal
maturity. The thermal maturation of the OM results in the
formation of a significant number of micropores, and this could
substantially influence the SSA and PV.26,66,67 P2d organic-rich
shale could not be described by OM alone due to these weak
correlations of TOC with SSA and PV. High-mature shale
samples typically have high porosity.22,68 Our result implies that
shale porosity significantly increases with increased thermal
maturity. The TOC content is a second important factor to
control the organic porosity evolution during hydrous pyrolysis
because a significant amount ofOMpores were produced during
pyrolysis.50,69−71 The lately created pores in P2d organic-rich
shale were generated mostly by the thermal cracking of OM
during the simulation procedure.

Mineralogical composition is a potential factor affecting
nanopore evolution with increased thermal matur-
ity.12,13,17,18,26,72,73 The mineral compositions of P2d organic-
rich shale are depicted in Figure 2, and the predominant
minerals are quartz, calcite, and clay. Figure 12 depicts the
evolution of minerals and the properties of the pore structure
during the pyrolysis process. Clay minerals and calcite only had a
relationship with micropores, while the other pore structure
parameters did not show a clear relationship with these minerals
during hydrous pyrolysis. Clay minerals and OM are favorable
for gas adsorption. The nature and content of clay minerals
varied with diagenesis leading to different pore structures and
capacities of adsorption.74 The degree of conversion of clay

minerals is influenced by the maturity of the shale, and the
transformation progresses as maturity levels rise.74 During the
pyrolysis process, the content of illite−smectite mixed layers
gradually decreases, and the content of illite increases (Figure 2).
Clay minerals and the micropore volume and surface area are
positively correlated with maturity %Ro < 1.59%, and at this
stage of maturity, illite/smectite pores increase gradually in size
with increasing temperature. Originals are connected by new-
born fractures and the connectivity of the whole system
improves (Figure 12A,E). However, no obvious relationship is
observed when thematurity is higher than 1.59% (Figure 12A,E)
demonstrating that clay mineral evolution may take place in the
maturity stage of %Ro < 1.59% and contribute to increase the
porosity.75 With increasing maturity, the diagenesis degree of
clay minerals increases. Diagenesis of clay minerals mainly
includes the dehydration andmicrostructural change resulting in
an obvious decrease of the porosity, as well as the transformation
of the mineral type (typically smectite to illite through a mixed-
layer illite−smectite). As catagenesis changes to metagenesis,
illite crystallinity increases, resulting in the development of
hydromicas and mica and a decreased contribution to
porosity.76,77 Both the micropore volume and the surface area
have a negative association with calcite (Figure 12A,E). The
negative associations of calcite with porosity could be from the
thermal maturity impact. The organic acid-generated associa-
tion with the hydrocarbon generation could cause several brittle
minerals, including feldspar and calcites, to dissolve, causing the
calcite concentration to drop and the formation of new pores.78

4.3. Effect of Thermal Maturity on Pore Evolution. P2d
organic-rich shales with high OM and high %Ro typically have
high surface areas and pores volumes, exhibiting a slightly
positive connection with TOC contents (Figure 11). TOC
content has a certain impact on pore evolution, whereas the

Figure 8.Micropore size distribution of PV (A−C) and surface area (D−F) for P2d organic-rich shale at various thermal simulation temperatures. The
PSD curves include a tribal-peak feature, corresponding to pore diameters of 0.3−0.4, 0.45−0.65, and 0.82 nm, which show that micropores are mainly
distributed in these ranges.
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evolution of the pore system in shale is still significantly
influenced by thermal maturity. To illustrate the evolution of
pore structure, the pore structure parameters including SSA and
PV of marine shales were standardized to TOC content and
associated with %Ro (Figure 13). The development of shale
porosity may be more accurately described without the effect of
TOC.

The evolution pathways of the surface area and PV have
almost the same trend with increasing maturity. Every parameter
of the pore structure, in particular, the micropore volume and

micropore surface area in addition to SSA, display two distinct
peaks with matching %Ro values in the ranges of 0.79−1.05 and
1.83−2.35%, respectively. These two peaks correspond to the
best stage of pore development generated from kerogen, and the
optimal periods of gas generation from the cracking of
extractable OM.57,79 When %Ro is between 1.1 and 1.83%, the
volume and surface area of micropores decline, most likely as a
result of extractable OM partially filling some micropores.15

As thermal maturity increases, the mesopore and macropore
volume and surface area exhibit three peaks at %Ro values of

Figure 9. Volume and surface area of each type of pore, including macropores, mesopores, and micropores, both in absolute terms (A, C) and as a
percentage (B, D) of P2d organic-rich shales. The PV is chiefly supplied by macropores, and the surface area is chiefly supplied by micropores.

Figure 10. Development of (A) PV and (B) SSA with increased %Ro of P2d organic-rich shale. The total PV and SSA grow with increased thermal
maturity. The lowest value of porosity occurs with the corresponding %Ro value of 1.32%. Two peaks in the PV and SSA are present, with the
corresponding %Ro values of 0.92 and 2.35%, respectively.
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0.92, 1.32, and 2.11%, respectively. The increasing trend of the
PV is attributed to pore development and generation. In
contrast, the decreasing trend could be owing to oil-filling pores
and cementation. As a result, the PV and SSA share two peaks;
corresponding to %Ro values for peak I being in the range of 0.79
to 1.05% and peak II being in the range of 1.83 to 2.35% (Figure
13D,H). Peak I is associated with the last stages of oil generation
and the latter stage of kerogen conversion to gas, while peak II is
associated with the peak of gas generation created by the
conversion of liquid hydrocarbons.52,80,81 The PV of peak II is
greater than that of peak I, showing that the best stage for
porosity development is during the thermal conversion of oil to
gas. This is mostly explained by the copious OM pores produced
by oil cracking, which greatly increases the total PV.57,82,83

Hence, the liquid hydrocarbon cracking into gas is the ideal stage
for pore development. The second crucial stage for pore
development is represented by the latter stage of kerogen
cracking to gas. It is worthwhile to note that the evolution of
shale pores was multistaged rather than increasing gradually.36

4.4. Porosity EvolutionModel. Prior research studies have
concentrated on the development of shale pores with increasing
thermal maturity.13,15,31,34,79,84 However, most of these research
works ignore the process of pore evolution with maturity above
2.0%Ro. Topoŕ et al.57 illustrated the porosity development with
%Ro between 0.4 and 3.5% for the Silurian shales from the Baltic
basin. However, the lack of samples with %Ro > 2.0% raises
questions regarding the pore evolution tendency. Figure 14
depicts a model of the full hydrocarbon generation process along
with shale pore evolution based on a thorough examination of

hydrocarbon formation and pore structure development with
increasing thermal maturity. It is suggested that the porosity at
the immature stage (%Ro < 0.5%) is higher than the porosity at
the stage of early kerogen cracking.15

Between the late immature and early mature stages (%Ro =
0.3−0.7%), the PV decreases rapidly because of the impact of
early compaction and cementation, whereas immature oil and
early gas are the main generated hydrocarbons. During the
mature stage with %Ro = 0.7−1.0%, a significant volume of oil
and a negligible amount of related gas are generated. The total
PV significantly increases, with a moderately clear growth trend
in the macropore volume and a considerable increase in the
micropore volume because of the hydrocarbon generation from
kerogen cracking. Little organic pores are developed due to the
maturation of kerogen owing to the production and expulsion of
hydrocarbons within kerogen.79,84 Clay mineral transformation
and dissolution pores resulted from unstable minerals reacting
with organic acid leading to a porosity increase. During the
mature stage with %Ro = 1.0−1.2%, the PV shows a slightly
decreasing trend because the generated liquid hydrocarbons
cannot be expelled completely from the source rock and thus are
filled within pore space.

The stage of maturity of %Ro = 1.1−1.6% represents the main
stage of kerogen breaking into gas. The porosity significantly
increases due to kerogen cracking into a gas.15 The porosity
decreases due to the cementation, especially with a %Ro of 1.6−
1.83%. The porosity increased during the late stage of high
maturity with %Ro = 1.83−2.1% as a result of the cracking of oil
and kerogen to gas. A significant amount of organic pores are

Figure 11. Associations between TOC content and (A) total PV, (B) micropore volume, (C) total surface area, and (D) micropore surface area for
P2d organic-rich shale at different thermal simulation temperatures. The weak relation between TOC, SSA, and PV is probably due to the strong
impact of thermal maturity that could reduce the effect of TOC impact; consequently, samples with higher maturity have higher porosity.
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created, which can compensate for the lack of pores brought on
bymetagenesis, causing the porosity to continuously increase. In

the overmature stage, the PV progressively grows due to pore
development resulting from dry gas generation from the

Figure 12. Relationships of pore structure including PV (A−D) and surface area (E−H) to clay minerals and calcite for P2d organic-rich shale at
different thermal simulation temperatures. Calcite and clayminerals show a slight relationship withmicropores and no clear connection was foundwith
other pore structure characteristics. The micropore volume and surface area have favorable correlations with clay minerals and negative correlations
with calcite (A, E).
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occluded oil cracking. In the period of the highest gas generation
rate (%Ro = 1.83−2.35%), the maximum peak of porosity occurs
at a thermal maturity of 2.11 %Ro. A significant quantity of dry

gas was generated by occluded oil or bitumen conversion during
this period. ManyOMpores were created during gas generation,
greatly increasing the porosity of the shale. At the overmature

Figure 13. Evolution of the PV (A−D) and surface area (E−H) as thermal maturation increases. The pore parameters were normalized to TOC. The
total PV and SSA increased with thermal maturity. The PV and SSA share two peaks with corresponding %Ro values of 0.92 and 2.35%, respectively.
Peak I is associated with the last stages of oil production and the latter stage of kerogen conversion to gas, whereas peak II is related to the peak of gas
generation created by the conversion of liquid hydrocarbons, which is the optimal pore formation period.

Figure 14. Schematic diagram of the porosity evolution of P2d organic-rich shale throughout the full hydrocarbon generation process; (A)
hydrocarbon generation model (reproduced from Wang et al.52 copyright 2019 American Chemical Society) and (B) porosity evolution model. In
comparison to the original sample, pyrolysis samples have a higher porosity, which is associated with the development of organic pores throughout the
conversion of kerogen to oil and bitumen. During the mature stage with %Ro = 1.0−1.2%, the porosity decreased due to the filling impact of oil
formation. During the stage of maturity of %Ro = 1.1−1.6%, the occluded oil is cracking to gas and these filled pores are released leading to a porosity
increase. Then, the porosity decreased owing to cementation. During the overmaturity stage %Ro > 2.0%, a large amount of dry gas was produced, and
porosity increased continuously, while the micropores transformed into macropores.
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stage with a %Ro of 2.11−2.35%, the gas generation rate of
residual oil or bitumen is low. As a result of oil filling, the
macropores and total PV decrease. Cementation has a slight
influence on porosity evolution during the overmaturity stage %
Ro > 2.35%. The porosity shows an increasing trend with the
highest PV at a %Ro of 3.18%, illustrating that the gas generation
capacity of residual oil or bitumen is high, leading to the
generation of abundant OM pores during the overmaturity
stage.

5. CONCLUSIONS

1. With shale thermal maturation increasing, the parameters
of oil and gas generation exhibit substantial differences.
The crucial oil generation period of kerogen happens
mostly when %Ro < 1.56%, with a maximum generation
rate of 376.5 mg/g at %Ro of 1.38%. Thermal cracking
from kerogen to gas occurs at %Ro ranging between 1.15
and 2.56%. When %Ro > 1.56%, the generated hydro-
carbon gas content increases while the generated liquid
hydrocarbon content decreases because residual oil starts
to crack into gas. The major stage when immature oil
cracks into gas occurs at a %Ro range between 1.56 and
3.45%.

2. Macropores are the primary source of PV for shales at
various phases of thermal maturity, and mesopores and
micropores come next. The SSA is offered by micropores,
mesopores, and macropores, respectively. The overall PV
and SSA increase with increasing thermal maturity. The
PV and SSA share two common peaks with %Ro values of
0.92 and 2.35%, respectively. Peak I is associated with the
last stages of oil generation and the latter stage of kerogen
conversion to gas and peak II is associated with the
cracking peak of liquid hydrocarbon to dry gas, which is
the optimal pore formation period.

3. The porosity of P2d organic-rich shale is barely impacted
by the TOCdue to themain influence of maturity that can
neutralize the influence of TOC. This means that the
pores of shale increase significantly with thermal maturity,
and the TOC content is a supporting factor because the
numerous pores of OM were formed through the thermal
cracking of liquid hydrocarbons to gas.

4. Porosity development is slightly influenced by minera-
logical composition. Calcite content has a negative
relationship with porosity due to the effect of maturation,
while claymineral has a positive relationship with porosity
when %Ro < 1.59%. This indicates that clay mineral
transformation has a moderate effect on pore structure at
the low maturation to early oil window stage of P2d
organic-rich shale.

5. Diagenesis and hydrocarbon generation processes are the
main factors controlling shale pore formation and
evolution. During the early diagenetic stage, porosity
decreases due to cementation and filling by migrated
organic materials. During the late diagenetic stage, the
total PV increases dramatically due to the formation and
development of OM pores created by the thermal
cracking process of extractable OM and kerogen.
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