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Abstract: The quantitative evolution pattern of pore space and genetic pore types along the maturation
process in organic-rich shale reservoirs is unclear, which affects the assessment of shale storage
capacity and petroleum production. A black shale outcrop sample from Kansas that is of Permian—
Pennsylvanian age was collected and subjected to thermal simulation experiments at 10 different
maturity stages to understand the pore sizes and pore types. Scanning electron microscopy (SEM)
and image processing were used to characterize the full-scale pore-size distribution and volume
evolution of this shale sample by combining low-temperature gas (CO, and Ny) physisorption and
mercury intrusion porosimetry (MIP) in order to discuss the effects of hydrocarbon generation and
diagenesis (HG&D) on pore development at different pore sizes. The study showed that the original
shale sample is dominated by slit-like pores, with mainly organic matter (OM) pores distributed
in 0-100 nm, intraparticle pores (Intra-P) of clays distributed in 30-100 nm, and interparticle pores
(Inter-P) distributed in 100-1000 nm. With the increase in maturity or Ro, the OM pores increased
gradually, and the OM pore-size distribution diverged to the two poles. In the oil generation stage,
the OM pores were distributed in the range of 30-100 nm, while in the gas generation stage, the OM-
hosted pores were mainly distributed in the range of 10-20 nm and 100-500 nm. Further into the
over-maturity stage, the OM pores were mainly distributed in the range of 0-10 nm and >100 nm.
The pore volume distribution across the whole pore sizes showed that the pore volume of low-
maturity shale samples was mainly provided by 100-1000 nm (macropores), and the pore volumes
of 0-2 nm, 30-100 nm and 1000+ nm pores gradually increase with increasing thermal maturity,
with the final pore-size distribution having four peaks at 0-2, 30-100, 500-1000 nm, and 10-100 um.
Hydrocarbon generation mainly affects the pore volume in the 0-2 nm and 100-1000 nm intervals,
with a positive correlation. The 2-30 nm and 30-100 nm pores were likely controlled by diagenesis,
such as mineral transformation, illitization, and cementation during the maturation process.

Keywords: quantitative pore evolution; shale; thermal simulation experiments; pore-size distribution

1. Introduction

Shale oil and gas are unconventional resources generated and stored in the interlayers
of organic-rich mud or shale, mainly present in the adsorbed and free states [1-4]. With the
increasing success of shale oil and gas development in North America and China [5,6],
it has become an important component of future fossil fuels. For shale petroleum systems,
shales themselves are source rocks that produce hydrocarbons during the process of con-
tinuous deep burial [7]. However, shales are reservoirs as well, where pores generated
by the diagenesis of minerals and thermal evolution of organic matter provide sites for
hydrocarbon storage [8,9]. Due to the features of source-reservoir integration, the joint
effects of hydrocarbon generation and diagenesis (HG&D) on pore evolution have become
the hotspot for geological studies of shale oil and gas [10,11].
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According to the classification of the International Union of Pure and Applied Chem-
istry (IUPAC), pore sizes are classified into micropores (<2 nm), mesopores (2-50 nm),
and macropores (>50 nm) by diameter [12], but there is a mismatch between the classifi-
cation and pore types developed during shale maturation, and it is difficult to elaborate
the intrinsic connection between HG&D and pore evolution. Loucks, Reed, Ruppel and
Jarvie [13] first classified the genesis type of shale pores using Ar-ion milling and SEM imag-
ing. With the development of computing resources and image recognition techniques (IRT),
it has been possible to quantify pores in images from ~1 nm up, but the small observational
area and the strong heterogeneity of shale make the quantification of pores by SEM images
still limited [14-18]. For the quantitative characterization of the whole pore-size distribution
of shales, pores of the three sizes (0-2, 2-50 and >50 nm) are mostly characterized by the
combined method of mercury intrusion porosimetry (MIP), low-temperature N, and CO,
physisorption, and nuclear magnetic resonance [19-23], but the inability to observe the
pore morphology and certain assumptions-based processing make the characterization
results less meaningful for geological theories and exploration practice.

Thermal simulation experiments carried out at a succession of consecutively high
temperatures are regarded as a feasible way to model the longtime low-temperature ge-
ological development process in a relatively short experimental period, according to the
time-temperature compensation theory put forward by Connan [24]. Originally, thermal
simulation experiments were mainly used to reveal the hydrocarbon potential and diagene-
sis of source rocks [25,26]. With the growing interest in micro- and nano-pores in shales,
thermal simulation experiments have been expected to be used to study the evolution of
shale oil and gas reservoirs in recent years [10,11]. However, because shale oil and gas
reservoirs were always highly mature and ancient rocks that had undergone long-term
burial, the organic matter, minerals and fluids within them had already undergone thermal
evolution and exchange, making most shales unavailable for thermal simulation experi-
ments. Scholars have used contemporaneous outcrop samples or shallowly buried samples
as substitutes [10,11,27-29], but many of them have undergone the early oil generation
stage, resulting in loss of oil and cessation of early diagenesis.

Combining thermal simulation experiments, SEM and IRT, and whole pore-size char-
acterization methods will help to explore multi-scale pore evolution from pore genesis
classification and clarify the effects of HG&D on pore evolution. In this study, imma-
ture shale samples (Ro = 0.64%) in Permian—-Pennsylvanian were collected on gold tube
thermal simulation experiments with water-bearing closure conditions, SEM, MIP and
low-temperature gas adsorption (LTGA, using N> and CO;) were used to characterize the
pore structure and whole pore size (0-1000+ nm in dia.) -pore volume distribution of shales
at different maturity stages based. The pore evolution was quantified in the intervals of
0-2 nm, 2-30 nm, 30-100 nm, 100-1000 nm, and 1000+ nm, and the effects of HG&D on
multi-scale pore evolution were discussed.

2. Geological Setting

Pennsylvanian black shales, pervasive across the central continental United States,
have been extensively examined in outcrops as the principal unit of the classic Midcon-
tinent cyclothem (Figure 1). These shales were formerly regarded as exhibiting a high
condensation profile within the stratigraphic sequence geological paradigm [30]. In Kansas,
they are often thinly bedded but widely distributed as distinctive lithologic outcrops.
The organic-rich black shale is consistently present, characterized by its limestone richness,
and deposited under open oceanic conditions. Most were formed offshore in deep water
under calm, stagnant conditions [31]. Shale samples exhibit elevated levels of total organic
carbon (TOC) and low maturity characteristics due to their deposition in deep offshore
waters and shallow burial depths (Table 1). Their similar composition to the Barnett and
Woodford Shales, primarily comprising calcite, quartz, and clay [32-34], renders them
suitable for thermal simulation experiments and pore evolution studies of marine shales.
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Figure 1. (A) Sample location in Kansas; (B) stratigraphic position of the Upper Pennsylvanian black
shale studied.

Table 1. Basic information of the original shale sample.

Sample ID Ro (%) TOC (wt.%) S2 (mg/g) Kerogen Type
ye33 0.65 5.52 22.32 1,
3. Methods

3.1. Thermal Simulation Experiment

Hydrothermolysis in a closed system was used to simulate the formation conditions
and to cover the water consumed by OM pyrolysis and water-rock interactions. First,
the sample was divided into 11 subsamples of 1 g in weight, each of which was ground
to 10-15 mesh. The first sample was the original sample and was tested for TOC and
vitrinite reflectance (Ro). The other 10 subsamples were separately sealed into gold tubes
under the protection of argon and placed in an autoclave filled with water. To facilitate
the kinetic reactions involved in organic matter hydrocarbon generation and mineral
transformation [35], a heating rate of 20 °C/min was chosen as the experimental heating
rate. The samples were heated to 200, 250, 300, 350, 400, 450, 500, 550, 600, and 650 °C under
20 °C/min heating rate and a 50 MPa confining pressure. After heating, the gold tube
was punctured to release the gas into the vacuum system. A GC-6890 gas chromatograph
(Purui Instruments, Beijing, China) was used to quantify the gaseous hydrocarbons (C1-C5),
and then the liquid light hydrocarbons (C6-C14) were quantified using the internal standard
method [28]. The solid residue was filtered, and the organic solvent was evaporated,
followed by the weighing of heavy hydrocarbons (C14+). The procedures and details
of the thermal simulation experiments can be found in Wang and Guo [28], Yang and
Guo [36]. The solid residue was dried at 60 °C and then tested for X-ray diffraction (XRD),
low-temperature gas physisorption, MIP, and Ro analyses.

3.2. Vitrinite Reflectance (Ro)

The solid residue adhered to the surface of the plate and was polished. The Ro was
measured with a Leica DMRX microscope equipped with a 3Y Post Pro V.2.0.0 microspec-
trophotometer (Leica Instruments, Wetzlar, Germany). Twenty particles of vitrinite were
measured at least in each sample, and the final vitrinite reflectance was obtained according
to the average value.
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3.3. X-ray Diffraction

The whole-rock minerals were analyzed using a D8 DISCOVER X-ray diffractometer
(Brooke Scientific Instruments, Billerica, MA, USA). The shale samples were crushed and
ground to particle sizes below 40 um, made into tablets using the back compression
method, and uploaded to the instrument to obtain a diffraction pattern from 3° to 45° at
room temperature and 35% humidity [37]. The relative content of minerals was calculated
using the area of the main peak corresponding to each mineral and Lorentz polarization
correction [38].

3.4. Pore-Size Characterization Methods

The pores of the subsamples after thermal simulation were measured by LTGA
(N; and CO;) and MIP, respectively. The subsamples were screened by a 100 mesh sieve
before testing.

An Autopore IV9500 automatic mercury injection meter (Huapu General Technology
Co., Ltd., Shenzhen, China) was used for MIP tests. The mercury was slowly pressed into
the pores of the evacuated sample as the pressure was slowly increased from a vacuum
(~0 MPa) up to 400 MPa and then reduced to atmospheric pressure (0.11 MPa), during which
the mercury volume change was recorded. The relationship between capillary pressure
and area was calculated based on the Young-Dupre equation and Washburn equation,
which was then used to characterize the pore volume distribution by the correspondence
between pore diameter and pressure [39,40].

A Quadrasorb SI analyzer (Quantachrome Instruments, Boynton Beach, FL, USA)
was used for low-temperature N, adsorption analyses. The sample was incrementally
contacted with N at 77.37 K until the mass remained constant at each relative pressure
(P/Pg) from 0.01 to 1.0. The adsorbed N; volume is a function of the relative pressure, and
the pore volume distribution was calculated by the BJH model [41], which established the
relationship between the relative pressure (P/Py) and the pore size.

A NOVA4200e analyzer (Quantachrome Instruments, Boynton Beach, FL, USA) was
used for the low-temperature CO, adsorption tests. The maximum balanced pressure
was 0.1 MPa at 273 K. Since the saturation vapor pressure (Py) of CO; is 3.48 MPa at this
temperature and pressure, the relative pressure variation range was 0~0.03. The pore-size
distribution was calculated based on density functional theory (DFT) [7].

3.5. SEM and IRT

FEI Quanta 200F FESEM (FEI company, Hillsboro, OR, USA) was used to observe the
subsamples after thermal simulation. The samples were polished with 3000 grit sandpaper,
milled with argon ion and sprayed with gold before observations. The SEM images were fil-
tered to remove noise, and the pores were binarized using grayscale thresholding. The num-
ber, area and proportion of pores were counted by Image] software (version 1.8.0) [42—44].

4. Results
4.1. Maturity and Hydrocarbon Yield

Ro is the classic indicator of maturity, and our discussion on pore development
will revolve around different Ro values from 10 thermally matured samples (Table 2).
The Ro of the subsamples gradually increased from 0.71%-2.65%, with increasing final
thermal simulation temperature (Figure 2). Liquid hydrocarbons (C6+) are generated at
the beginning, peaking at Ro = 1.19% and then gradually decreasing until its exhaustion.
Gaseous hydrocarbons (C1-C5) begin to be generated in small amounts at Ro = 0.8% and
increase rapidly when liquid hydrocarbons begin to decrease. After Ro > 1.98%, the rate of
gaseous hydrocarbon generation slows down. Total hydrocarbons were generated rapidly
at the beginning up to Ro = 1.19% and then increased slowly.



Minerals 2024, 14, 392 5 of 20
Table 2. Ro and hydrocarbon yields of the simulated subsamples.
Final Temperature Ro Gaseous Hydrocarbons  Liquid Hydrocarbons  Total Hydrocarbons
Sample ID o o
O (%) mg/g mg/g mg/g
ye33-200 200.0 0.71 0.00 2.62 2.62
ye33-250 250.0 0.75 0.00 2.88 2.88
ye33-300 300.0 0.79 0.03 347 3.50
ye33-350 350.0 1.1 0.25 9.77 10.02
ye33-400 400.0 1.19 1.68 17.02 18.70
ye33-450 450.0 1.56 6.21 14.11 2031
ye33-500 500.0 1.78 13.57 7.08 20.65
ye33-550 550.0 1.98 19.13 3.39 22.52
ye33-600 600.0 2.13 20.51 221 22.72
ye33-650 650.0 2.65 21.55 1.25 22.80
25
- —&8— Gaseous hydrocarbons
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%” 20 Liquid hydrocarbons
_5 Total hydrocarbons
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=
E
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B
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Figure 2. Yields of hydrocarbons at different maturities from the thermal maturation experiments.
4.2. Whole-Rock Mineral Composition
The samples were mainly composed of quartz, clay minerals and calcite, with the total
amount of these three components being greater than 95% (Table 3). Calcite was the most
dominant mineral at 45.4%—62.3%, followed by clay minerals at 20.6%-30.5% and quartz at
10.1%-18.7%. With the increase in thermal maturity, the calcite content first increased to
the highest when Ro = 1.10%, then decreased to the lowest when Ro = 1.78%, and finally
gradually increased. The trend of clay minerals content was opposite to that of calcite,
and the quartz content is relatively stable (Figure 3).
Table 3. Whole-rock mineral composition by XRD analyses.
Sample ID Whole-Rock Mineral Content (%)

P Clay Quartz Potassium Feldspar Plagioclase  Calcite Dolomite  Pyrite Siderite
ye33-200 27 12 0.4 1.7 56.9 0.9 0.4 0.7
ye33-250 27.4 14.3 0.8 1.4 54.1 0.6 0.7 0.7
ye33-300 29.9 12 0.5 1.3 53.7 1 0.7 0.9
ye33-350 234 10.1 0.4 1.1 62.3 1.1 0.7 0.9
ye33-400 20.6 13.6 0.8 1.6 61.2 1 0.3 0.9
ye33-450 244 15 0.5 1.6 55 1.2 0.7 1.6
ye33-500 30.5 18.7 0.9 1.4 454 1.8 0.3 1
ye33-550 27.3 13.5 0.8 1.5 54.2 14 0.3 1
ye33-600 30.1 13.8 0.5 1 52.8 0.8 0.1 0.9
ye33-650 28.4 13.4 0.5 0.9 54.6 1 0.3 0.9
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Figure 3. Changes in the compositions of quartz, clays, and calcite at different maturities.

4.3. Pore Volume and Structure Characterization

The CO, adsorption capacity of 10 subsamples gradually increased with the relative
pressure (Py/P), and the adsorption quantity was 0.054-0.140 mmol/g at P/Py = 0.03
(P = 0.1 MPa), with ye33-650 (sample obtained from the artificial maturation experiment at
a temperature of 650 °C) having the highest adsorption quantity (Figure 4A), according to
the BET equation [12].

P 1 L &= 1P
Q(PO - P) ch ch Py

P is the balance pressure, MPa; P is the saturated vapor pressure of the adsorbent
(COy), MPa; Q is the actual adsorption quantity of the sample, mmol/g; Qn, is the mono-
layer saturated adsorption quantity, mmol/g; and c is a constant related to the adsorp-
tion capacity.

Therefore, P/Py has a linear relationship with ﬁ based on Equation (1), which was
a good fit for the 10 subsamples (Figure 4B). The Qy, was 0.086-0.178 mmol/g, which re-
flected the sample’s specific surface area. The term ¢ indicates the adsorption capacity of the
samples, which was 34.5-124. The c of the 10 samples keeps increasing with an increasing
maturity (Table 3), which represents a gradually increasing adsorption capacity, which may
be the superposition of adsorption potential due to the increasing micropores (<2 nm) and
pore surface complexity of the samples in the maturation process. The cumulative pore
volumes (Figure 4C) of 0.36-1.06 nm micropores of the samples were calculated based on
DFT theory [45] as 0.00131-0.0048 cm®/g.

According to the IUPAC classification, the N adsorption-desorption curves of the
sample belonged to type IV (Figure 5A), representing a porous medium rich in mesopores
and micropores. The hysteresis loops and capillary condensation are the most typical
features of type IV curves [46], and the hysteresis loop type is type H4, which was domi-
nated by narrow-sized slit pores. Capillary condensation occurred at a P/Py of 0.45-0.5,
corresponding to a pore size of 3-4 nm. When the relative pressure was less than 0.45,
a small quantity of nitrogen remained stagnant in the shales, indicating that the shales
have a complex micro- and meso- (<4 nm) pore structure and matrix dissolution [47,48],
with the stagnant quantity ranging from 0-0.73 cm®/g (Table 3) at standard temperature
and pressure (STP, 273.15 K and 101.3 kPa). The cumulative pore volumes for 2-200 nm
pore sizes were calculated from the BJH equation [23] as 0.033-0.052 cm3/ g (Figure 5B).

1)
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Figure 4. Low-temperature CO, adsorption curves (A), BET equation fitting results (B) and DFT
cumulative pore volumes (C) for 10 subsamples.
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Figure 5. Low-temperature N; adsorption-desorption curves (A) and BJH cumulative pore volumes
(B) for 10 subsamples.

MIP has a wide pore-throat size characterization range [22,49]; the mercury intrusion
curve increases slowly at pressures less than 1 MPa, the mercury intrusion volume increases
rapidly when the pressure is higher than the breakthrough pressure, and then the mercury
intrusion rate slows down as the pressure increases (Figure 6A). The maximum mercury
intrusion volume of the samples varied widely, from 0.141 to 0.239 cm®/g. The mercury-
extrusion curves were flat at high pressure (>40 MPa), followed by rapid mercury discharge
from the sample. After the pressure was reduced to atmospheric pressure (101 kPa), there
was still a large amount of mercury that could not be discharged, and the mercury retention
efficiency was as large as 55.5%-74.8% (Table 3). The high mercury retention efficiency
represents mercury retained in shale samples with poor sample pore connectivity and a
large number of single-channel pores. The cumulative pore volumes of 3 nm-300 um pore-
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throat sizes were calculated (Figure 6B) based on the Young-Dupre equation, the Washburn
equation and the cylindrical pore assumption [39], but the irreversible destruction of pores
by high-pressure intrusion may lead to the destruction of tiny pores and unreliable results
less than 50 nm.
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Figure 6. Mercury intrusion-extrusion curves (A) and MIP cumulative pore volumes (B) for
10 subsamples.

With the increase in Ro, the ¢ value and adsorption capacity of the shale increased;
the mercury retention efficiency gradually increased, representing that the pore structure
became more complex; the breakthrough pressure decreased, indicating that the pore size
of macropores grew larger (Table 4).

Table 4. Statistics of key parameters of pore-size characterization methods.

CO, N, MIP
Scheme 2 Om c Q Stagnant N, Q Retention Breakthrough Injection Volume
(mmol/g) (mmol/g) (cm®/g STP) (cm3/g STP)  Efficiency (%)  Pressure (MPa) (cm3/g)
ye33-200 0.115 34.47 0.062 0.40 25.60 64.30 2.26 0.17
ye33-250 0.121 36.74 0.067 0.29 24.54 62.94 2.26 0.14
ye33-300 0.100 43.91 0.060 0.26 21.09 69.21 1.85 0.18
ye33-350 0.107 48.98 0.067 0.12 21.95 60.27 2.27 0.17
ye33-400 0.086 48.55 0.054 0.00 2247 60.56 2.26 0.18
ye33-450 0.109 74.80 0.080 0.26 25.52 60.57 1.19 0.24
ye33-500 0.128 91.06 0.099 0.73 30.98 55.52 2.26 0.20
ye33-550 0.149 107.64 0.119 0.70 27.48 60.26 1.85 0.22
ye33-600 0.149 123.77 0.123 0.66 34.55 61.56 1.85 0.21
ye33-650 0.178 100.48 0.140 0.57 28.61 74.82 1.53 0.23

4.4. Pore Characteristics from SEM Imaging

The morphology of minerals, OM, and pores of ye33 were observed at 20 k times
and 0.2 kV (Figure 7A). The rigid minerals (quartz and calcite) are off-white and gran-
ular in the image, with clean surfaces and a few Intra-P. The clay minerals are narrow
lamellar, with slit interlayer pores inside. The organic matter was dark and amorphous,
with round and oval pores commonly found inside its particles. The size of Inter-P was
larger than that of the other pores. Based on the pore processing (Figure 7B) and statistical
results (Figure 7C,D), the original ye33 sample had a plane porosity of 13.02%, represent-
ing medium compaction [36]. Less than 30 nm pores were round and elliptical and are
mainly distributed in organic matter and clay; the count accounted for 76.33% but only
provided 0.88% porosity (Figure 7E). The 30-100 nm pores were mostly in the form of
narrow slits, dominated by Intra-P of clay minerals, providing 2.88% porosity (Figure 7D).
Pores larger than 100 nm were irregularly shaped, and most of them were Inter-P, providing
9.26% porosity.



Minerals 2024, 14, 392

9 of 20

(A) Total area: 21,807,142 nm?

(B)

Poro

Area of pores: 2,839,290 nm’ (D

sity: 13.02%_
- AL - . «.x

Area of 0-30nm pores: 193,086 nm*
(E) Porosity: 0.88%

\ 4

Calcite

120.00%

100.00%

(F) Area of 30-100nm pores: 631,728 nm*
so0o% Porosity: 2.88%

60.00%

Counts

40.00%

20.00%

0 0.00%
DMD 10-20 20-30| 30-40 40-50 50-100[100-500500-1g00

PorH diameter (nh1

12000% A

100.00%
80.00%
60.00%
“0.00%

20.00%

(G) Area of 100+nm pores: 2,014,476 nm’
L Porosity: 9.26%

=
o

Pore diameter (nm)

Figure 7. (A) SEM image of the ye33 sample; (B) Binarized images for pore recognition; (C) Dis-
tribution of pore counts by statistics from (B); (D) distribution of pore volume by statistics from
(B); (E) Features of pores in 0-30 nm, (F) Features of pores in 30-100 nm and (G) Features of pores
in 100+ nm.

5. Discussion
5.1. Pore-Size Polarization during Thermal Maturation
5.1.1. Evidence from SEM and IRT

OM pores are formed inside or around OM during thermal maturation due to mass and
density reduction and volume contraction in the process of hydrocarbon generation [50,51].
The gas genetic pores inside OM were round and elliptical in the image. Through com-
parative analyses of OM pore recognition results of samples with different maturities
(Figure 8), under the same magnification, it was found that when Ro = 1.1%, the number of
intra-OM pores mainly existed in two peaks of 3040 nm and 50-100 nm in diameters, and
the most pore volume was provided by 50-100 nm pores (accounting for 44.62%). A total
of 672 pores were recognized, and the plane porosity was 5.67% (Figure 8A). When Ro
increased to 1.56%, more tiny OM pores were generated, and the number peaks shifted
down to 10-20 nm and 50-100 nm, respectively, while the most pore volume was provided
by 100-500 nm pores (accounting for 59.34%). In addition, a total of 910 pores were recog-
nized, and the plane porosity was 9.57% (Figure 8B). When Ro was further increased to
2.65%, some pores continued to expand and connect together, the number peaks changed
to 0-10 nm and 50-100 nm, and its main pore volume was provided by 50-500 nm pores
(accounting for 72.25%). Furthermore, a total of 514 pores were recognized, and the total
plane porosity was 18.21% (Figure 8C). As a whole, the plane porosity of the intra-OM
pores increases with an increasing maturity, generating more micropores and mesopores.
Adjacent gas genetic pores were interconnected and merged into larger pores while gener-
ating more tiny pores in residual organic matter. These two effects cause polarization in the
pore-size distribution of organic matter.
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Figure 8. Characterization, recognition, and distribution of pores inside OM of subsamples at the simulated temperatures of 350 °C (A), 450 °C (B) and 650 °C (C).
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(A)

Ve33-4350

Calcite

In low magnification and a large field of view of SEM imaging, the surrounding pores
of OM and Intra-P and Inter-P of minerals were observed (Figure 9). The Intra-P and Inter-P
of clay minerals are always dominated by slit-shaped pores with an increasing thermal
maturation, which was closely related to the lamellar structure of clays [52]; however, the
pores are widened, which may be related to hydrocarbon expulsion. Regardless of the
maturation stage, the surfaces of rigid minerals (e.g., quartz, calcite, dolomite) are clean,
with only a few dissolved pores and fractures, providing negligible pore volume (Figure 9A).
The same phenomenon of polarization of pore sizes at 50-100 nm with increasing maturity
was found at low magnification, with the formation of pores smaller than 10 nm and more
pores larger than 100 nm (Figure 9B,D). At the over-maturation stage, large shrinkage
fractures formed at the surrounding edge of the OM. The 100+ nm pores in ye33-650 were
dominated by OM shrinkage fractures (Figure 9C), which was different from the original
sample (ye33), where the 100+ pores were dominated by Inter-P (Figure 7D,G).

Calcite

8ye33-650

Sporgy pores

Figure 9. (A) Characterization and distribution of the pores of the ye33-450 sample in a large field
of view; (B) Characterization and distribution of the pores of the ye33-650 sample in a large field of
view; (C) Recognition results and features of the 100+ nm pores of the ye33-650 sample; (D) Spongy
OM pores and perimeter shrinkage fracture of the ye33-650 sample.

5.1.2. Evidence from LTGA and MIP

Based on the different methods and associated observational scales [53], the whole
pore-size volume distributions of samples with different maturities were characterized
(micropores from CO, adsorption, mesopores from N, adsorption, and macropores from
MIP). At a maturity of less than 1.10%, there was only one peak in the pore-size volume
distribution, and 100-1000 nm pores dominate (Figure 10), which is also consistent with
our SEM observations of the original sample when the pore volume was mainly provided
by intergranular pores. When Ro reached 1.19%, a second peak appeared in the 30-100 nm
range, proving that the increase in pore space in this range corresponds to the increase
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in pores inside OM and pores of clay minerals. When Ro further increased to 1.56%,
the volume of less than 2 nm pores and greater than 1000 nm pores increased, corresponding
to the formation of micropores and surrounding shrinkage fractures of OM. Ultimately,
there are four peaks (0-2, 30-100, 500-1000 nm, and 10-100 pum) in the whole pore-size
volume distribution (Figure 10).
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Figure 10. Pore-size volume distribution of subsamples with different maturities. (Arrows represent
new peaks generated compared to the previous stage).
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Along the increasing temperature and maturation levels, there are different changing
patterns of pore development for the following five pore-size intervals (Figure 11): 0-2 nm
pores increase continuously with the increase of Ro; 2-30 nm pores decrease first and
reach the minimum at Ro = 1.19%, then gradually increase; 30-100 nm pores increase
rapidly at Ro = 1.10%~1.56%, then stabilize; 100-1000 nm pores increase with the increasing
maturity; 1000+ nm pores fluctuate with Ro, and increase faster in the high over maturity
stage (Ro > 1.78%). Therefore, the whole pore-size distribution of the shale also exhibits
polarization, with pore volumes of 0-30 nm and 100+ nm gradually increasing after Ro
exceeds 1.5%.
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Figure 11. Evolution of pore volume at different pore scales. (Arrows indicate the trend of pore
volume variation with maturity at different scales).

5.2. Effects of Hydrocarbon Generation and Diagenesis

The results showed that the yield of hydrocarbons was closely related to the degree of
pore development. The gaseous hydrocarbon yield had an extremely positive correlation
with the volume of 0-2 nm pores (Figure 12A), representing micropore-level pores in
organic matter produced by the generation and expulsion of small molecule hydrocarbons.
Due to quality conservation, OM shrank to form macropores and fractures as the total
hydrocarbon yield increased and 100-1000 nm pores increased (Figure 12B).
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Figure 12. (A) Correlation between 0-2 nm pores and the yield of gaseous hydrocarbons; (B) correla-
tion between 100-1000 nm pores and the yield of total hydrocarbons.

Based on the characteristics of HG&D and pore evolution, the evolution of organic-rich

shale was divided into the following three stages (Figure 13):

@

@)

®)

Ro at 0.7%-1.2%, in the initial stage, kerogen decarboxylated and formed organic
acids [54], calcite was dissolved in the acidic environment, and the Inter-P (100-1000 nm)
increased. Subsequently, high-calcium fluids were redeposited in the Inter-P to pro-
duce calcium cementation [55], resulting in a decrease in Inter-P (100-1000 nm).
The space of loose clay minerals (mainly kaolinite) is compressed, leading to a reduc-
tion in the Intra-P of clay minerals (2-30 nm). As the OM matures, the OM begins
to generate large amounts of liquid hydrocarbons and 30-100 nm OM inside pores
(30-100 nm) [56,57]. However, the generated liquid hydrocarbons and bitumen en-
tered and blocked the Inter-P [58,59], resulting in a large reduction of 100-1000 nm
pores. Some microcrystalline authigenic quartz generation also has a negative effect
on the pores [60,61].

At 1.2%-2.0%, many gaseous hydrocarbons were generated, bitumen and OM shrank,
spongy pores were formed in OM [62,63], and the OM pore size started to polarize,
generating a large number of micropores (<2 nm) and a large volume of macropores
(100-1000 nm). Illitization and recrystallization [64,65] of clay minerals increased the
Inter-P and Intra-P of clay minerals, while gaseous hydrocarbons entered the pores,
and high fluid pressure made the pores of clay larger, so the volume of 30-100 nm
pores increased considerably.

When Ro was higher than 2.0%, the yield of hydrocarbons gradually decreased,
so the change in the 0-100 nm pore volume was small. Most hydrocarbons have been
expelled, and the density of the reduced OM resembles a sponge, with many pores
developed in it. The OM then continued to shrink, forming shrinkage fractures at
the perimeter of the organic matter [29,66], resulting in a continuous increase in the
100-1000 nm pores.

In conclusion, hydrocarbon generation controls organic pore development, diagenesis

controls inorganic pore development, and both jointly control the shale pore
evolution process.
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5.3. Compared to Continental and Transitional Shales

Upon categorizing the evolution of sample pores and analyzing the types of pores
formed at various maturity stages, it was observed that as marine shale surpasses the oil
generation peak (Ro > 1.2%), there is a noticeable rise in the overall pore volume across vari-
ous pore sizes. This observation suggests a gradual enhancement in the reservoir’s porosity
and permeability, thereby fostering favorable conditions for shale gas fracturing [67]. Com-
parison with published thermal simulation experiments-based pore evolution results [36]
shows differences between marine, continental and transitional shales (Figure 14). Marine
OM comprised of sapropel-rich organisms such as algae and foraminifera [68,69], which are
more capable of oil production and earlier hydrocarbon production than the large amount
of plant debris contained in the terrestrial and transitional phases [70-72]. In marine shales,
a lot of pre-oil bitumen generates and fills the pores, resulting in a sudden drop in pore
volume (e.g., mesopores). Marine shales also cross the oil production peak earlier, which,
on the one hand, allows the organic matter pores to reappear [58], and on the other hand,
new spongy organic matter [73,74] pore generation due to the cracking and degradation of
organic matter (e.g., kerogen and pre-oil bitumen) into gaseous hydrocarbons. The microp-
ores were more abundant in the marine shale after the oil peak, which was favorable to
increase the specific surface area and methane adsorption in the future [75,76]. Prior to the
oil peak, complex diagenesis (dissolution, cementation, replacement), clay mineral transfor-
mations (kaolinization, authigenic chlorite), and compositional differences (quartz origin,
calcareous content, clay composition) complicated the macropores volume variation of the
three shales [77,78]. Thus, differences in organic matter types and sedimentary mineral
components were thought to dominate the differences in pore evolution among the three,
which will require more abundant samples for detailed studies in the future. The findings
of this study are constrained by the sample size. Moreover, the kerogen type present in
the samples is classified as type II, rather than type I, leading to notable disparities in the
pore evolution process compared to certain marine strata. Additionally, the absence of
investigation into various diagenetic processes during experimental design has resulted in
unclear identification of influencing factors.
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Figure 14. Comparison of thermal simulation results for marine, continental and transitional shales
(A) variation of normalized liquid hydrocarbon yield with simulation temperature (at oil peak,
normalized liquid hydrocarbon yield = 1); (B) variation of 0-2 nm pore volume with simulation
temperature; (C) variation of 2-50 nm pore volume with simulation temperature; (D) variation of
>50 nm pore volume with simulation temperature [29,36].

6. Conclusions

This study quantified shale pore evolution using IRT and SEM-assisted pore character-
ization experiments. The original triple classification of pores based on the pore scale was
re-classified into six intervals (0-2, 2-30, 30-100, 100-1000, and 1000+ nm) based on the pore
genesis. This classification helps to discuss and distinguish the specific effects of HG&D
on pores at different scales during the thermal maturation processing of shales. Hydrocar-
bon generation was strongly correlated with 0-2 nm and 100-1000 nm pores, which was
attributed to the polarization characteristics of OM-hosted pores during thermal evolution
observed in SEM. Diagenesis (e.g., dissolution, mineral transformation, illitization and
cementation) affected 2-30 nm, 30-100 nm, and 100-1000 nm pores at different stages,
respectively. In addition, the bitumen filling and formation of shrinkage fractures affected
100-1000 nm or even 1000+ nm pores. Further, we also explored some of the differences
and reasons for the thermal simulation experiments-based pore evolution of marine shales
from those of continental and transitional shales published in the past. This study serves as
a reference for future studies of shale pore evolution and provides a basis for multi-scale
studies of genetic pores, especially for the prediction of reservoir space and beneficial stages
of shale oil and gas in the underground.
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