www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Impact of micromechanical
properties of organic matter on the
micro-mesopore structures of the
over-mature shale in the Niutitang
Formation

Hang Lei, Wenjibin Sun**?, Yujun Zuo?, Zhonghu Wu?, Qichi Dai', Wei Lv?, Yueqin Li &
Xionggang Xie!

The micromechanical properties of organic matter (OM) and organic pore structures in the over-mature
stage are crucial for determining shale reservoir quality and assessing shale gas resource potential.
However, there is still debate about the influence of micromechanical properties of OM on the micro-
mesopore structures in over-mature shale. In this study, shale cores from the Niutitang Formation have
been specifically chosen for OM isolation, adsorption testing, atomic force microscopy examination,
and focused ion beam scanning electron microscopy (FIB-SEM) analysis to assess the micromechanical
properties of OM and pore structures. The findings indicate that organic micropores and mesopores
predominantly exhibit elliptical, circular, or irregular shapes. Organic pores mainly provide pore
volume (PV) and specific surface area (SSA) of shale. In the over-mature stage, residual kerogen and
pyrobitumen transition towards a graphite structure, increasing Young’s modulus of OM. Additionally,
as thermal maturity increases, the absence of a rigid mineral framework and pore fluid pressure

results in the compaction of pores, leading to a decrease in PV and SSA. The organic micropores are
more vulnerable to collapse and compaction because of the increased brittleness of OM. The organic
micropores and mesopores gradually evolve from regular circular and elliptical shapes to irregular
shapes during the over-mature stage. The research findings provide valuable insights into the
micromechanical mechanism of pore evolution in over-mature marine shale within complex structural
regions.
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Shale gas has undergone extensive exploration and development, achieving significant success in southern areas
of China and northern America!~>. The successful exploitation of marine shale within the complex structural
regions of southern China has brought about significant breakthroughs in the Chinese shale gas industry*°. The
northern region of Guizhou Province, adjacent to the Sichuan Basin, exhibits considerable potential for further
development®. The Niutitang Formation, located north of Guizhou and characterized by several distinctive
advantages, has become a favorable stratum for marine shale exploitation.This is attributed to its considerable
reservoir thickness, high total organic carbon (TOC) content, high thermal maturity, and dry gas stage 7.
Analyzing the pore structures of shale, particularly OM pores, is crucial since they significantly influence the
storage capacity of shale gas reservoirs and play a significant role in enhancing gas exploration efficiency®!’. OM
pores serve as the primary shale gas reservoir, playing a critical role in gas enrichment and migration!. The level
of OM pore evolution substantially impacts the total porosity, permeability, and gas adsorption behavior of shale
formations. Therefore, a comprehensive analysis of pore structure characteristics of shale reservoirs is essential
to optimize development strategies and increase the efficiency of shale gas exploration.

OM pores serve as the primary storage area for shale gas, contributing significantly to gas enrichment
and migration'?~!%. The development of OM pores significantly influences the overall porosity, permeability,
and gas adsorption characteristics of shale reservoirs. To gain a deeper understanding of the characteristics
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of OM pores, researchers have explored various methods for OM isolation, including OM removal methods,
field emission scanning electron microscope (FE-SEM) image extraction methods, and chemical extraction
techniques'>~1°. Applying these methods can accurately reveal the structural features of OM pores, providing
theoretical support for efficient shale gas exploration. In recent years, there has been extensive discussion on the
impact of geochemical parameters on OM pores, particularly focusing on thermal maturity®°. The migration and
storage capacities of shale gas are profoundly affected by thermal maturity®2?2. Most studies have concentrated
on the impact of thermal maturity on pores structures'>?*-2>. OM pores expand extensively when the Ro value
is between 1.5 and 2.5%. When the Ro value reaches 2.5-3.0%, the pore system reaches optimal, generating
favorable conditions for shale gas and oil exploration®®. OM pores in shale reservoirs undergo a five-stage
hydrocarbon production and evolution process?’. In the Wufeng-Longmaxi and Niutitang formations, the
generative capacity of OM pores is nearing its peak; Increased thermal maturity will lead to a decrease in the
PV and SSA of OM pores, while inorganic pores remain relatively unaffected®. At the over-mature stage, due
to increased thermal maturity, mesopores and micropores expand and their prevalence increases compared to
stages of lower maturity?. However, the complex reactions of pores within other minerals and their response
to thermal maturity might explain the relatively weak association found between macropores and thermal
maturity*. Therefore, the primary objective of this study is to investigate organic micro-mesopores in the over-
mature stage.

The micromechanical properties of OM are the primary manifestation of the impact of OM thermal maturity
on organic micro-mesopores. Many experts and scholars employ nano-indentation and AFM to examine the
micromechanical properties of various shales. Among these methods, AFM is particularly favored due to its high
spatial resolution, precise data output, shallow indentation depth, and minimal damage to the sample surface?! .
Studies have shown that as thermal maturation increases, the Young’s modulus of OM also rises, leading to
the progressive collapse and merging of internally generated nanoscale pores, which ultimately may vanish.
Additionally, inertinite exhibits the highest Young’s modulus at comparable levels of thermal maturity, while
bitumen displays the lowest. As the Ro value increases, there is a corresponding increase in Young’s modulus across
different types of OM3*. Consequently, a comprehensive analysis of the relationship between micromechanical
properties, OM pore structure, and thermal maturity is essential for understanding the evolution of OM pores
in marine shale. Although prior research has extensively discussed factors influencing shale pore structure and
its correlation with OM thermal maturity, there is limited research on the micromechanical properties of OM in
over-mature marine shale and their impact on pore structure. The effect of OM micromechanical properties on
over-mature marine shale pore characteristics is still debated.

To explore the impact of micromechanical properties of OM on pore structure characterization in over-
mature marine shale, physics experiments were conducted on shale cores extracted from Wells FC1, TM1, and
TXI1 in the northern Guizhou Niutitang Formation. The study focused on OM isolation and t utilizing AFM to
determine the relationship between thermal maturity and the characteristics of both bulk shale and OM pores.
Furthermore, an analysis was performed to clarify the relationship between the characteristics of organic micro-
mesopore structures and the micromechanical properties of OM. These findings enhance our understanding
of the evolution of micromechanical properties in over-mature marine shale pores within complex structural
regions.

Geological setting
The research location is situated within the northern Guizhou Province of southwest China (Fig. 1a,b). This
region exhibits a high degree of similarity in geological structure and evolutionary history to the Yangtze
Platform, which influences the distribution and production patterns of shale gas resources?*?3. It is unique
because of the wide distribution of the Cambrian Niutitang Formation, which serves as favorable reservoir
conditions, a high TOC, and a high thermal maturity. These geological conditions make the northern Guizhou
region an optimal target for marine shale exploration. The geological structure of northern Guizhou is complex,
with multiple folds and faults developing in various directions, particularly in the north-south and northeast
directions® (Fig. 1c). Predominantly, these folds exhibit a “compartmentalized” structure, mainly aligned in the
northeast, with additional folds occurring in other directions®®*”. The reservoir within the Niutitang Formation
ranges from 40 to 107 m in thickness and is primarily composed of siliceous and carbonaceous shales>%.
Shale cores from FC 1, TM 1, and TX 1 wells were selected for the study. Fine-grained shale from the Mingxin
Temple Formation forms the reservoir’s roof, while the Dengying and Laobao Formations make up its bottom.
The bottom of Wells FC1 and TM1 consists of the dolomitic shale of the Dengying Formation (Fig. 2a), while the
bottom of Well TX1 comprises the siliceous shale of the Laobao Formation (Fig. 2b).

Samples and methods

Samples

Shale core samples of the Niutitang Formation were chosen for this investigation from several geographic
locations within the complex structural regions of northern Guizhou. After careful selection, six samples were
selected from three Wells in Fenggang and Cengong in the Qianbei area for various experiments, each originating
from different depths and blocks (Table 1). Various tests were conducted to investigate the mineral composition,
TOC, thermal maturity, OM pore structure, micromechanical properties of the shale cores, and OM isolation.
These tests included X-ray diffraction (XRD) analysis, TOC testing, vitrinite reflectance measurement (EqVRo),
FIB-SEM and FE-SEM observations, N, and CO2 adsorption, chemical extraction method, and AFM testing
(Fig. 3).
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Fig. 2. Stratigraphic maps of three Wells : (a) Wells FC1 and TM1; (b) Wells TX1.

The mineral composition, TOC, and Ro
The mineral composition of the core samples was determined using a Rigaku D/MAX-2600 X-ray diffractometer
after the samples were crushed to a mesh size of 200. The instrument was operated at a scanning speed of 2°/min
over a range of 2°-90°. The total organic carbon (TOC) content was analyzed using an Elementar vario TOC
select instrument, with sample sizes ranging from 100 to 200 mesh. Thermal maturity was evaluated through
vitrinite reflectance measurements obtained with a Leitz MVP-3 microscope photometer. Initially, epoxy resin
was mixed with the shale samples and stored at 60 °C for 12 h. The samples were then processed by grinding and
polishing, followed by calibration against two standard reflectance boards. Reflectance values were determined
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Samples | Depth/m | Clay (%) | Quartz (%) | Feldspar (%) | Carbonate (%) | Pyrite (%) | EQVRo (%) | TOC (wt.%)
FC181 2480.9 8.9 71.1 10.9 3.6 55 3.65 5.63
FC1S2 2500.5 10.2 72.2 8.1 4.1 5.4 3.72 5.41
TM1S1 1440.5 24.7 51.9 8.3 4.9 10.2 2.32 7.31
TM1S2 | 1450.8 235 49.8 9.1 5.1 12.5 2.40 5.46
TX181 1775.7 19.6 54.2 9.8 59 10.5 2.57 5.65
TX1S2 1780.2 16.5 55.3 7.7 5.0 15.5 2.85 5.44

Table 1. Organic characteristics and composition of minerals of shale cores from different wells.
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Fig. 3. Experimental procedure and purposes.

through the comparative method. In the absence of vitrinite in the Niutitang Formation, the reflectance of
bitumen (Rb) was utilized to calculate the equivalent vitrinite reflectance (EqVR0)*.

EqVRo = Rb/1.0495 (1)

OM isolation

To investigate the characteristics of the organic matter (OM) pore structures in the cores, OM isolation was
carried out separately. The samples were crushed to a particle size of less than 2 mm for isolation. A solution of
6 mol/L HCl and 40% HF was employed to remove carbonates. To prevent the influence of pyrite, the residue
was treated again with 6 mol/L HCL. An oscillator was used to separate the OM from the heavy liquid, and the
separated OM was washed with distilled water to eliminate any remaining halide ions, which could interfere
with subsequent analyses. The isolated OM was frozen for six hours at 5 °C and subsequently dried at 60 °C.

FIB-SEM and FE-SEM

The organic pore structures and morphological characteristics were investigated using a ZEISS Crossbeam 540
FIB-SEM. Observations were conducted at magnifications ranging from 2.5 to 1,000,000. The organic pore
structures were performed with a ZEISS Sigma 300 FE-SEM, using magnification settings from 1.2 to 200,000.
For sample preparation, a small quantity of powdered sample was affixed to a conductive adhesive and then
coated with gold via a Quorum SC7620 sputter coater for approximately 45 s at 10 mA. Finally, the morphology
of the samples was observed using FE-SEM at an accelerating voltage of 3 kV. In addition, imaging was carried
out at a spatial resolution of 1.0 nm and a minimum working distance of 8.5 mm.

N, adsorption and CO, sorption experiments

The N, adsorption was conducted using the Quantachrome Autosorb IQ for precise characterization of the shale
core samples. Initially, the bulk shale samples were ground to a mesh size of 80 and vacuum-degassed for 12 h.
Subsequently, the samples were subjected to low-temperature conditions at 77.3 K to obtain the corresponding
isothermal adsorption curve. The SSA of the samples was calculated using the Brunauer-Emmet-Teller (BET)
equation®!. Meanwhile, the CO, sorption experiments were conducted using the Quantachrome Autosorb
IQ. The samples were crushed to less than 100 mesh and decontaminated in a vacuum for 12 h before CO,
adsorption at 273.15 K (0 °C). Applying the density functional theory (DFT)*? and Barrett, Joyner, and Halenda
(BJH) models*’ to obtain the PV and pore size distribution (PSD) curves.
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AFM

Before testing the micromechanical properties of OM in shale, bulk shale core samples were extensively polished
using sandpaper with grit sizes ranging from 400 to 5000, achieving relatively smooth experimental surfaces.
Subsequently, experiments were conducted using the Bruker Dimension Icon AFM instrument, which was
equipped with a cantilever beam with a 2 kHz oscillation frequency and a high scanning resolution of up to
256 x 256 pixels. This mode significantly reduced the load, improved resolution, and accelerated scanning speed,
ensuring precision and efficiency in the experimental results*’. In the experiment, the Peak Force Tapping
Quantitative Nanomechanical Mapping (PF-QNM) mode was employed to comprehensively capture the
morphology and micromechanical properties of the shale core (Fig. 4). Initially, a detailed scan of a 5 um x5 um
surface area of the shale core was conducted using the microscope on the AFM to locate OM. Subsequently, the
scanning procedure was then improved in Peak Force mode by modifying the maximum force applied by the
probe to the sample surface, ensuring the probe tip remained at least 150 nm away. Pressure was then applied to
the surface to bring the probe into contact with the sample, gradually increasing the force in the z-axis until a
stable peak force value was reached. Throughout this process, the maximum adhesion force value when the probe
exited the sample surface was meticulously recorded, and the detector was repositioned to a distance of 150 nm
from the sample surface in preparation for the next cycle?>. Through this series of precise operations, critical
surface characteristics of the shale core, including surface roughness and modulus, were obtained, contributing
to a deeper understanding of shale pore structures and their mechanical properties. Finally, import the data
into NanoScope Analysis software for filtering analysis, excluding the values of inorganic minerals with Young’s
modulus exceeding 50 GPa. Derjaguin-Muller-Toporov Er was used to calculate the simplified modulus Er :

4 * /
Ftip - gE Rd3 + Fadh (2)
_ 02 1—03
RIS S )
E* E Eiip

The Egs. (2) and (3) above Fy;p, is the force on the tip, Fiqp is the adhesion force, R stands for the tip radius,
and d signifies the sample deformation. After obtaining the reduced modulus E*, the Young’s modulus E of the
sample can be determined by combining E* with Poisson’s ratio v where Ey;;, and vy;p represent the Young’s
modulus and Poisson’s ratio of the probe, correspondingly.

A common way to figure out the root-mean-square hardness (Rq) and median roughness (Ra) of the OM is to
import the AFM data via the NanoScope Analysis software. These parameters describe the variability in surface
morphology and the standard deviation from the baseline plane to the surface. The formulas for calculating Rq
and Ra are as follows:
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In the Eq. (4), (5), (6), N and N, represent the number of scan points with the x-axis and y-axis, respectively;
z (%, j) denotes the height of the measurement point; and Zpean is the mean height for all measurement points.

Results

Mineralogy and organic geochemistry

The results of the organic geochemical and mineralogical compositions are summarized in Table 1. The quartz
proportion in the three Wells ranges from 49.8 to 72.2%, with an average of 59.08%. The percentage of clay
minerals varies from 8.9 to 24.7%, averaging 17.23%. The proportion of feldspar ranges from 7.7 to 10.9% with an
average of 8.98%, and the average pyrite content is 5.4-15.5%, with an average of 9.93%. Among these samples,
TM1S1 exhibits the highest clay mineral content at 24.7%, while FC1S1 has the lowest at 8.9%. Thus, quartz
and clay are the predominant minerals across all three Wells, with lower proportions of feldspar and pyrite. The
clay mineral composition, determined by XRD tests, includes illite, montmorillonite, and illite-montmorillonite
mixed layers. The combined contents of these three minerals constitute the total clay mineral content.

The average TOC content is 5.95%, ranging from 5.41 to 7.31%. The average Ro is 2.92%, with values varying
from 2.32 to 3.72%. The FC1S1 sample shows the highest thermal maturity, while TM1S2 exhibits the lowest.
Based on the TOC content and Ro values, it was concluded that all three of the Well samples were over-mature
dry gas stage, organic-rich shales.

OM pores

The development of OM pores varies across the northern Guizhou region, and these pores are the primary
focus of our research. Notably, the TOC content is above 2% in all three Wells of the Niutitang Formation.
Figure 5 illustrates the pore characteristics observed using FIB-SEM. The Well FC1 developed honeycomb-like
OM pores characterized by irregular, elliptical forms, bordered by intragranular pores (Fig. 5a,b). The Well TM1
displays fewer OM pores, primarily circular, with quartz and adjacent intragranular pores surrounding the OM
(Fig. 5¢,d). Meanwhile, the Well TX1 exhibits a rich diversity of OM pores that include numerous circular and
irregular shapes (Fig. 5e,f).

Figure 6 illustrates characteristics of OM pores observed using FE-SEM. In Well FCl, large pores are
embedded with smaller pores, exhibiting elliptical and irregular shapes, creating a sponge-like distribution
(Fig. 6a,b). The OM pores in Well TM1 are primarily elliptical and circular (Fig. 6¢,d), while those in Well TX1
show irregular, circular, and elliptical shapes (Fig. 6e,f). The presence of large pores embedded within smaller
ones facilitates the occurrence and migration of shale gas in all three Wells. Notably, the slight variation in pore
morphology observed in Well TM1 suggests significant heterogeneity in the development of shale OM pores.
Furthermore, the honeycomb-like pattern of OM pores in Wells FC1 and TX1 indicates a strong relationship
between the appearance of OM pores and the bulk shale.

Bulk shale and OM pore structure characterization

N, adsorption and CO, sorption analysis

Figure 7 illustrates the PSD curves of OM and bulk shales for N, and CO, adsorption, providing insights into
the gas storage capacity of these samples. The isothermal CO, sorption curves (Fig. 7c,d) show an increase in all
samples with relative pressure. In contrast, the N, adsorption curves reveal that at relatively high pressures (P/
P,=0.989), the absorbed gas volume reaches its maximum value. All curves exhibit hysteresis loops at higher
pressures, but these loops close at lower relative pressures (Fig. 7a,b). By analyzing low-temperature nitrogen
adsorption data, we can conclude that micropores demonstrate a strong adsorption capacity under low relative
pressure conditions. As pressure decreases, these micropores release gas rapidly, resulting in a sudden closure
of the hysteresis loop. This phenomenon extends to and can reach the lowest pressure*®. This phenomenon may
be triggered by incomplete desorption of N,, irreversible molecules being absorbed in pores with approximate
adsorbate molecular widths, or OM expansion during adsorption?’. Importantly, in all three Wells, FC1, TM1,
and TX1, the N, and CO, adsorption curves of OM show higher gas adsorption volumes than those for bulk
shale, indicating better development of OM pore.

SSA and PV

Typically, pore structure characteristics include PV, SSA, PSD, and pore connectivity. To comprehensively
describe the multiscale pore development of both the bulk shale and OM, the BET model (2 nm <® <50 nm)
and the DFT model (0 nm <® <2 nm) were used to calculate the SSA of samples. Subsequently, the PV of the
samples from the three Wells were obtained using the BJH and DFT model, as shown in Table 2.

The average SSA values for Wells FC1, TM1, and TX1 are 13.144 mz/g, 12.786 mz/g, and 17.713 mz/g,
respectively. The average SSA of OM pores values is 59.159 m?/g, 51.921 m?*/g, and 37.643 m?/g for three Wells.
Furthermore, relying on the DFT model. Firstly, an appropriate atomic model needs to be constructed. Secondly,
suitable exchange-correlation functionals and basis sets are chosen. The atomic structure is then optimized to
reach the system’s lowest energy state, and the total energy and adsorption energy are calculated. Finally, the
calculated adsorption energy is compared with experimental data to obtain the corresponding pore structure
parameters. The SSA values for bulk shales at Wells FC1, TM1, and TXI are 29.910 mz/g, 36.752 mz/g, and
20.640 m?/g, respectively, while OM SSA values are 53.831 m%/g, 152.019 m*/g, and 105.208 m?/g. TM1 has the
highest SSA among these Wells, followed by TX1 and FC1. The comparison between SSA from N, and CO,
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TX1S2.

adsorption tests on bulk shales reveals that the SSA from CO, sorption tests is significantly larger, indicating
a substantial contribution of micropores to the overall SSA in shale. The average SSA of OM pores in all three
Wells is greater than that of bulk shales. Organic mesopores account for 67% to 83% of the entire mesopore SSA,
while organic micropores account for 67% to 82% of the entire micropore SSA.

The average mesopore volumes for bulk shales in Wells FC1, TM1, and TX1 are calculated using the BJH
model as follows: 0.022 cm?/g, 0.018 cm?/g, and 0.060 cm?/g, respectively. The average PV of OM pores is 0.078
cm®/g, 0.069 cm®/g, and 0.049 cm?/g. When calculated using the DFT model, the PV for bulk shales in Wells
FC1, TM1, and TX1 are 0.004 cm®/g, 0.019 cm?/g, and 0.007 cm*/g, while the average PV of OM pores are 0.017
cm’/g, 0.046 cm®/g, and 0.032 cm?/g, respectively. The Wells TM1 and FC1 have the largest average mesopore
volumes calculated based on the BJH model, while the Wells TM1 has the largest average micropore volume
calculated using the DFT model. Of the entire mesopore volume, organic mesopores account for 44-82%, and
of the entire micropore volume, organic micropores account for 68-93%.
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PSD curves

The PSD curves are computed using the DFT and BJH models, based on experimental data on N, and CO,
adsorption, respectively. For pores with a diameter over 2 nm, the BJH model is typically utilized‘*s"&’, whereas
the DFT model is employed for pores smaller than 2 nm®*>!. Figure 8 illustrates the PSD obtained by the BJH
method for bulk shales and organic mesopores across the Wells studied. For Well FC1, the PSD mainly ranges
from 3.8 nm to 43.8 nm for bulk shales and from 3.4 to 30.2 nm for organic mesopores. For Well TM1, the
corresponding ranges are 3.4-43.5 nm for bulk shales and from 3.4 nm to 29.6 nm for organic mesopores.
Similarly, Well TX1 shows ranges from 3.4 nm to 32.1 nm for bulk shales and from 3.1 to 28.5 nm for organic
mesopores. The presence of comparable peaks in the trends of bulk shales and organic mesopores indicates that
organic mesopores significantly contribute to the overall mesopore volume. The PSD of bulk shales and organic
micropores is computed using the DFT method. For Well FC1, the PSD mainly ranges from 0.3 to 1.47 nm and
0.3 to 1.47 nm, for Well TM1 ranges from 0.3 nm to 1.48 nm and 0.3 nm to 1.47 nm, and for Well TX1 ranges
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Fig. 7. N, and CO, adsorption curves of bulk shale and OM from three Wells; (a) N, of bulk shale adsorption
curves; (b) N, of OM adsorption curves; (c) CO, of bulk shale sorption curves; (d) CO, of OM sorption
curves.

Bulk shale (N,, CO,) OM (N,, CO,)

Samples | SSA (m%/g) PV (cc/g) SSA (m?%/g) PV (cc/g)

FC1S1 13.525 | 29.910 | 0.025 | 0.002 | 66.304 | 59.820 | 0.082 | 0.028
FC182 12.763 | 16.072 | 0.019 | 0.005 | 52.014 | 53.841 | 0.073 | 0.025
TM1S1 12.743 | 36.752 | 0.018 | 0.012 | 63.152 | 110.256 | 0.080 | 0.035
TM1S2 12.829 | 69.666 | 0.017 | 0.026 | 40.689 | 193.783 | 0.058 | 0.056
TX1S1 19.371 | 23.942 | 0.064 | 0.007 | 42.214 | 105.424 | 0.053 | 0.032
TX1S2 16.054 | 22.841 | 0.056 | 0.006 | 33.071 | 104.991 | 0.044 | 0.031

Table 2. Parameters of SSA and PV based on N, adsorption and CO, sorption.

from 0.3 nm to 1.47 nm and 0.3 nm to 1.48 nm. Given the similarity of the peaks in the trends of variation of
OM and bulk shales, it can be inferred that the primary source of micropores as a whole is organic micropores.

In conclusion, the PSD curves of bulk shales and OM show similar trends, indicating the feasibility of
isolating organic pores from bulk shale. Firstly, the analysis of the CO, PSD curves for all samples reveals multi-
peak distributions across all samples, indicating a complex pore structure. Secondly, a comparison of the N,
adsorption PSD curves indicates that as pore size increases, dV/dD gradually decreases. Lastly, the mesopore
PSD curves for the three Wells display similar or parallel patterns. Analysis of micropore PSD curves reveals that
Wells FC1 and TM1 exhibit higher pore peak values compared to TX1, which may enhance gas storage capacity
in these Wells.

Surface roughness and Young'’s modulus of OM

By using AFM, we obtained micromechanical surface pore structure and micromechanical properties of OM
parameters in the samples and analyzed their surface roughness. The Young’s modulus of OM and the three-
dimensional surface roughness of Wells FC1, TX1, and TM1 are shown in Figs. 9, 10 and 11. The surface
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Fig. 8. PSD curves of three Wells based on DFT and BJH models.

roughness parameters Ra, Rq, and the average Young’s modulus of OM are shown (Table 3). Wells FC1, TM1,
and TX1 have average Ra values of 50.85 nm, 40.3 nm, and 30.25 nm, accordingly. The average Rq values are
65.9 nm, 51.8 nm, and 50.4 nm, and the average modulus values are 13.39 GPa, 15.54 GPa for Well FC1, 6.48
GPa, 7.75 GPa for Well TM1, and 8.19 GPa, 13.12 GPa for Well TX1. The thermal maturity ranges from 2.32%
to 3.72%, and the Ro values for well FC1 are 3.65% and 3.72%, with maximum values of Young’s modulus for
OM being 25 GPa and 28 GPa, respectively (Fig. 9a2, a4). For well TM1, Ro values are 2.32% and 2.40%, with
maximum values of Young’s modulus for OM being 14 GPa and 16 GPa (Fig. 10b2, b4). In well TX1, Ro values
are 2.57% and 2.85%, with maximum values of Young’s modulus for OM being 19 GPa and 23 GPa (Fig. 11c2,
c4). Across the three Wells, the average Young’s modulus increased from 6.48 GPa to 15.54 GPa.

Discussion

Relationship between thermal maturity and pore structure of OM

When OM begins to dissolve, generates an increased number of hydrocarbons, leading to the formation of
numerous pores. Consequently, the PV and SSA of the micropores have a positive relationship with the
TOC content (wt.%), increasing the SSA and PV of the shale matrix (Fig. 12b,d). Furthermore, the SSA in
OM is significantly higher than in bulk shale, suggesting that organic micropores primarily contribute to total
micropores. However, there is no correlation between TOC and the PV and SSA of mesopores, as these may
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Fig. 10. Different morphological characteristics and Young’s Modulus of TM1 wells.

contain clay minerals and other mineral components (Fig. 12a,c). Thus, the thermal maturity of OM must be
taken into account®>>3,

Some OM pores are filled with bitumen, resulting in a reduction in pore volume. Consequently, with
increasing thermal maturity, OM pores tend to compact and collapse. The PV and SSA of organic micropores
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Fig. 11. Different morphological characteristics and Young’s Modulus of TX1 wells.

FC181 2480.9 €ln 3.65 13.93 64.7 84
FC1S2 2500.5 €1n 3.72 15.54 37 47.8
TMI1S1 | 1440.5 €1ln 2.32 6.48 70 90
TM1S2 | 1450.8 €ln 2.40 7.75 10.6 13.6
TX1S1 1775.7 €1n 2.57 8.19 46 82
TX1S2 1780.2 €ln 2.85 13.12 14.5 18.8

Table 3. Young’s modulus values of OM and roughness parameter.

show a positive relationship with TOC. Furthermore, Fig. 12 illustrates that the correlation between TOC
content and the organic micropore PV and SSA is larger than that of mesopores, suggesting that TOC content
has a more substantial impact on organic micropores compared to mesopores.

A gradual decrease in the organic PV and SSA is observed as OM solidifies and its Young’s modulus improves
with thermal maturity. Consequently, the organic micropore PV and SSA show an inverse relationship with the R |
(Fig. 13b,d), while the mesopore SSA and PV display no correlation with R , (Fig. 13a,c). The correlation between
R, and the PV and SSA of organic micropores is stronger than that observed for mesopores (Fig. 13), indicating
that R has a more significant impact on the PV and SSA of micropores than on mesopores. Additionally, the
relationships between the PV and SSA of organic mesopores with TOC and R, are not particularly significant
(Figs. 12a,c, 13a,c), suggesting that the pore structure is influenced not only by organic geochemistry but also by
the micromechanical properties of OM and the heterogeneity of shale.

Evolution of micromechanical properties of OM in the over-mature stage

Shape standards are instrumental in distinguishing between kerogen and solid bitumen, which constitute the
majority of OM in the over-mature stage®, under microscopic observation, kerogen displays a finely laminated
structure characterized by densely packed organic particles, which form alternating layers with clay mineral
layers. In contrast, bitumen exhibits a more homogeneous structure with a tight bond between bitumen and
mineral particles, and it lacks a distinct laminated structure®.

The Young’s modulus of kerogen increases with R, (Fig. 14), primarily due to alterations within the internal
chemical structure of kerogen. The chemical structure formation of kerogen occurs in two distinct phases: the
production of dry gas and the formation of condensate oil and wet gas®. During the condensate oil and wet
gas development phase, there is a significant structural shift characterized by an increase in the proportions
of bridging and aromatic carbons. Conversely, the structural changes during the dry gas generation phase are
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Fig. 12. Relationship between bulk shale and OM pore structure and TOC content.

comparatively minor, marked by a slight increase in aromatic carbon and bridging carbon proportions®”. With
increasing thermal maturity, the internal C-H structure of kerogen decreases, while the level of aromaticity
rises, leading to an increase in kerogen density. This transformation results in kerogen gradually converting into
solid bitumen, thereby increasing the Young’s modulus and brittleness of OM>®. Consequently, with increasing
thermal maturity, the Young’s modulus of OM rises. Furthermore, a variety of factors, including the lithology of
shale formations, the types of OM, and the expansion of OM pores, significantly influence the micromechanical
properties of OM.

Relationship between micromechanical properties of OM and OM pore structure at the over-
mature stage

The presence of OM pores in shale may be influenced by the micromechanical properties of OM. In the
Woodford Shale (Ro=0.5-6.36%), Young’s modulus values for kerogen with well-formed pores vary from 6
to 15 GPa, whereas those with less developed pores range from 1.9 to 2.2 GPa®. This evidence suggests that
thermal maturity impacts both the pore structure and micromechanical properties of OM. As thermal maturity
increases, residual kerogen and pyrobitumen gradually evolve towards a graphite structure, leading to an increase
in the Young’s modulus of OM. This structural evolution causes brittle graphite fractures, which contribute to
the collapse of internal OM pores. Therefore, there is a negative relationship between the SSA and PV of OM
micro-mesopores and Young’s modulus values (Fig. 15a-f). During the immature to oil generation stages, crude
oil derived from kerogen cracking blocks mineral and organic mesopores. However, at a high stage of maturity,
the development trend of mesopores remains relatively constant. Thus, the relationship between the organic SSA
of mesopores and Young’s modulus is weak (Fig. 15b), as is the relationship with PV of mesopores (Fig. 15d).
Additionally, compared to mesopores, organic micropores are significantly more affected by changes in Young’s
modulus.

As thermal maturity increases, the absence of support from rigid mineral frameworks and pore fluid
pressure results in the overlying strata or structural deformation compressing the organic pores, leading to pore
compaction and a reduction in PV and SSA. This effect is particularly pronounced in shales with high clay
mineral or OM enrichment, the plasticity of shale is increased, contributing to a decline in the number of OM
pores and ultimately leading to their compaction and collapse. Concurrently, kerogen shape becomes more
regular (Fig. 16). Additionally, brittle minerals, closely cemented with OM, exert pressure on the OM during
diagenesis as thermal maturity increases® 2. With increasing thermal maturity, the organic micropores and
mesopores are influenced by the rising of Young’s modulus of OM, evolving from regular circular and elliptical
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shapes to irregular shape distributions, and the number of OM pores gradually diminishes until the metamorphic
stage (R, >3.5%), when OM pores completely disappear and collapse?6*¢%, The internal structures of OM
micropores are particularly susceptible to collapse and compaction due to increased brittleness. In contrast,
organic mesopores suffer significantly less damage during diagenesis compared to micropores owing to their
larger pore size. The evolution of pore structures in shale reservoirs is critically influenced by the maturity of
OM, its micromechanical properties, and interactions with brittle minerals, providing essential insights into the
micromechanical mechanism of pore evolution in over-mature marine shale within complex structural regions.
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micro-mesopores SSA, PV, and Young’s modulus.

Conclusions

The characteristics of organic micropore and mesopore structures were investigated by collecting shale cores
from the Niutitang Formation and conducting OM isolation and AFM tests. This study analyzes the influence of
micromechanical properties on the characteristics of organic pore structures. The conclusions drawn from this

study are as follows:

(1) In the over-mature stage, both bulk shale and organic pores predominantly develop elliptical, circular, or
irregular shapes. The adsorption capacity of organic pores significantly surpasses that of bulk shale. Conse-
quently, organic pores are the primary contributors to the PV and SSA of shale. Specifically, Organic micro-
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(2.0% <R, <2.5%), the number of organic pores increased a lot; (b) over-mature-deep, high-temperature stage
later, the number of organic pores began to gradually decrease(2.5% <R, < 3.0%); (c)over-mature-metamorphic

stage (3.0% <R, <3.5%), the number of OM pores decreased rapidly, and the shape became irregular; (d)
metamorphic stage (R, > 3.5%) due to OM is getting hard, which led to the OM pores gradually disappeared.

pores account for 68-93% and 67-82% of the total micropore PV and SSA, respectively. Similarly, organic

mesopores account for 44-82% and 67-83% of the total mesopore PV and SSA, respectively.

(2) Inthe over-mature stage, the micromechanical properties of OM increase with increasing thermal maturity.
The OM Young’s modulus value increases due to the decrease in plasticity and increase in brittleness of OM.
In this study, maturity increases from 2.32 to 3.72% and the average Young’s modulus increases from 6.48

to 15.54GPa.

(3) Asincreasing thermal maturity, a negative correlation is observed between the micromechanical properties
of OM and pore structure. The absence of a rigid mineral framework and pore fluid pressure leads to the
compaction of organic pores, resulting in a decrease in PV and SSA. Given that mesopores are larger than
micropores, the larger mesopores are more likely to remain in situ. Therefore, organic micropores are more

susceptible to compaction and more strongly influenced by Young’s modulus values than mesopores.
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