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ABSTRACT

Deep marine shale has undergone intricate geological evolution, with pore development at the nanoscale. Consequently, quantifying the
impact of the pore structure on gas is challenging. In this paper, the microscopic space structure of deep shale was quantified, and the
correlation between the pore structure and the mode of gas transport was established. This study focused on the Silurian Longmaxi
Formation shale, using experimental testing and fractal dimension methods to quantify pore characteristics and control factors at multiscale,
and establishing the relationship between pore structure and gas transport mechanism. The results indicated that the main lithofacies are
organic-rich siliceous shale and organic-rich mixed shale. The preservation of pores by siliceous minerals and high pressure is the key to the
high-quality reservoir. Based on gas transport mechanisms, there are five types of gas transport modes: surface adsorption-diffusion,
Knudsen diffusion, Fick diffusion, slip flow, and continuous flow. The critical pore size was 1.2, 4.34, 15, and 180 nm, respectively. Compared
to shallow shale, the abundance of micropores and mesopores in deep shale is greater, and the contribution of microfractures to shallow shale
gas transport is crucial. In conclusion, favorable exploration in targeting organic-rich siliceous shale with low D, and high D,, as well as
organic-rich mixed shale segments with high D; and high D,. Specifically, within hydrocarbon-rich basins located below 3500 m, it is recom-
mended to search for overpressure regions with weak structural deformation. This research establishes a basis for the exploration and geolog-
ical principles of deep marine shale.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0251571

I. INTRODUCTION

As exploration and development technologies progress, abundant
natural gas reservoirs within shale formations have garnered signifi-

The deep marine shale pores that have experienced complex geo-
logical evolution are concentrated at the nanoscale. Due to the limited
size of small-scale shale pores, characterizing the pore structure and
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cant interest." In recent years, shale gas production has increased sig-
nificantly and has emerged as a vital alternative energy source.”” Shale
gas, located in the micropores/nanopores of organic-rich black shale,
exists in both adsorbed and free states.” The features of pore structure
directly govern the enrichment, state of occurrence, and transportation
of gas. Systematic research on micro-structure has both theoretical and
practical significance.”*” Due to the demand for exploration of natural
gas, shale presents challenges in testing and characterization due to its
complex pore structures. It has become a hot topic of shale pores to
quantitatively characterize nano-scale features that cannot be obtained
by experiment using mathematical simulation methods.” *

quantifying the influence of the pore structure on gas are challeng-
ing.” '’ Currently, there are notable challenges in the field of pore
structure research. The integration of quantitative testing and qualita-
tive observations of pores remains limited.' "' It is difficult to establish
a correlation between shale pore structure parameters and gas trans-
port modes."” ° Furthermore, there is a lack of characterization and
quantification methods for certain shale features that cannot be
directly tested, such as the spatial distribution of structures.'® '*
Moreover, the spatial arrangement of shale pores exhibits notable het-
erogeneity and is recognized as a key factor influencing the transport
mechanism of gas. In the characterization of shale pores, employing
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scanning electron microscope (SEM) for the study of microscopic
pores provides a research approach for the direct imaging of pores.”"”
Techniques involving fluid injection have the ability to acquire param-
eters related to pore structure, facilitating the characterization of per-
meable pores.””** Fractal modeling based on N, adsorption data
allows quantitative descriptions of the structural features of porous
media,” thus providing a fundamental basis for correlating gas trans-
port modes with pore structures.”* These methodologies have become
crucial methods in the study of pores."””>*° At present, the deep
marine organic-rich shale gas in the Sichuan Basin is receiving increas-
ing attention.”” The burial depth of the main producing layers in
North America rarely exceeds 3500 m, and there is little experience in
terms of deep shale gas exploration and development.”*”’
Furthermore, comprehensive investigations concerning the pore struc-
ture and mode of gas transport in deep shale are lacking.

In this paper, the Silurian Longmaxi Formation shale in the
southern Sichuan Basin is investigated as the research target. Rock
cores from the Luzhou and Changning areas were selected as experi-
mental samples. A comprehensive approach combining total organic
carbon (TOC), X-ray diffraction (XRD), SEM observation, High
Pressure Mercury Intrusion (HPMI) experiments, and CO, and N,
adsorption tests was employed to reveal the following points. (1) The
development characteristics and mechanism of pore structure of deep
marine shale are expounded. (2) Based on Knudsen number and
adsorption mechanism, the main types and critical conditions of deep
shale gas diffusion and seepage are clarified. (3) By comparing the pore
structure of deep and shallow marine shale, the reasons restricting the
exploration of deep shale are analyzed.

Il. GEOLOGIC SETTING

The Changning and Luzhou blocks are located in the southern
region of the Sichuan Basin and are positioned between the
Longmenshan fold belt, the Emeishan-Liangshan fold belt, and
the Hunan-Guizhou-Hubei fold belt.”’ During the initial deposition of
the Longmaxi Formation, the sedimentary setting in the study region
predominantly featured muddy semideep to deep-water shelf condi-
tions, alongside calcareous semideep to deep-water shelf facies.”"*
These environments created strong reducing conditions, promoting
the conservation of ample organic matter (TOC > 2%). The organic
matter is mainly composed of sapropelic and mixed-type kerogens
(type I and type IT).">"" The shale comprises a substantial proportion
of fragile minerals (>40%), and the lithofacies are primarily composed
of organic-rich siliceous and mixed shale lithofacies. These have higher
hydrocarbon generation capacities and degrees of thermal evolution
(Ro>2.0%).” In the later stages of Longmaxi Formation deposition,
as the sea level decreased and the terrigenous clastic supply intensi-
fied,” the sedimentary environment transitioned to a shallow to sub-
aqueous shelf.”” This shift led to a reduction in organic matter
abundance and an increase in clay content. The lithofacies prevalent in
this period were characterized primarily by clay-rich shale lithofacies
and calcareous shale lithofacies.” *’

I1l. SAMPLES AND ANALYTICAL METHODS

In this study, a total of 36 Lower Silurian Longmaxi Formation
black shale samples were selected from five wells in southern Sichuan.
The location of the well is shown in Fig. 1. Most of the shale samples
used by were collected from the bottom and middle-lower parts of the
Longmaxi Formation. Among them, 36 samples were subjected to
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TOC and XRD experiments, and 21 samples were subjected to CO,
adsorption, N, adsorption, and HPMI experiments. SEM experiments
were carried out on 10 samples.

For the analysis of shale petrological components, TOC and XRD
test experiments were carried out. First, the samples were dried at low
temperature and ground to more than 80 mesh. Subsequently, the
sample was acid-washed with excess hydrochloric acid for 3h, and
then washed with distilled water until it reached neutral. Finally, the
samples were baked at low temperature until completely dried for
TOC content test. The samples were ground to more than 200 mesh
for XRD experiments.

For the shale reservoir characterization experiment, the samples
were first subjected to argon ion grinding for 2 h, and then SEM experi-
ments were performed to observe the pore type. The pore structure
parameters were obtained by using CO, adsorption, N, adsorption,
HPMI experiments, and combining the Brunauer-Emmett-Teller
(BET), Barrett-Johner-Halenda (BJH) models, and density functional
theory (DFT) model.*"** These are used to quantitatively characterize
the microscopic development characteristics of shale pores.

There are many methods to calculate the fractal dimension of sol-
ids based on gas adsorption-desorption isotherm. The fractal dimen-
sion is introduced into the adsorption potential theory when studying
the adsorption of gas molecules on porous solids with heterogeneous
surfaces.””** The gas adsorption model on the fractal surface in the
capillary condensation region is established, namely the Frenkel-
Halsey-Hill (FHH) equation, as follows:

P,
LnV = Const + (D —3) x Ln (ln?), (1)

where V is the gas adsorption capacity (cm?/g); P is the system equilib-
rium pressure (MPa); P, is the saturated vapor pressure of the
adsorbed gas (MPa); Const is a constant; D is the fractal dimension of
the porous material, and the value of D is between 2 and 3. The larger
the fractal dimension, the rougher the surface of the material.

IV. RESULTS
A. Classification of lithofacies

The shale is mainly a fine-grained sedimentary record in a weak
hydrodynamic environment, and its sedimentary structure is simple.
Different rock facies show different characteristics in mineral composi-
tion, paleontology, organic matter enrichment, and logging response.
Multiple factors control the formation of shale gas sweet spots.”” This
paper believes that reasonable lithofacies division needs to focus on
key factors such as shale petrology and sedimentary environment (i.e.,
genesis) and can reflect the typical rock types of shale strata. Based on
the sampling analysis and test of the key exploration wells of
Longmaxi Formation in southern Sichuan, the quantitative classifica-
tion standard of lithofacies types based on quartz, clay, and carbonate
minerals and combined with organic matter content was established.

In this study, we utilize the categorization framework introduced
by Tang et al.,"® which relies on mineral composition and organic mat-
ter content, to classify shale lithofacies. According to the TOC content,
shale can be categorized into three groups: those exceeding 2% TOC
are labeled organic-rich shale, those with TOC contents ranging
between 1% and 2% are termed organic-fair shale, and those with
TOC contents below 1% are designated organic-poor shale. Based on
variations in mineral composition, shale can be categorized into four
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FIG. 1. Sample location map of the Sichuan basin and stratigraphic column of study strata. (a) Sampling well location and geological background of the Sichuan Basin and

southern Sichuan area. (b) Stratigraphic sequence of the Longmaxi Formation of the lower:

groups: argillaceous shale (I, clay >40%), calcareous shale (II, Ca/
Si>2), mixed shale (III, clay minerals < 40%, 1/2 < Ca/Si < 2), and
siliceous shale (IV, clay < 40%, Ca/Si < 1/2). Based on the combined
mineral composition and TOC content, shale lithofacies can be catego-
rized into 12 groups: organic-rich argillaceous shale (ORAS), organic-
rich siliceous shale (ORSS), organic-rich mixed shale (ORMS),
organic-rich calcareous shale (ORCS), organic-fair argillaceous shale
(OFAS), organic-fair siliceous shale (OFSS), organic-fair mixed shale
(OFMS), organic-fair calcareous shale (OFCS), organic-poor argilla-
ceous shale (OPAS), organic-poor siliceous shale (OPSS), organic-poor
mixed shale (OPMS), and organic-poor calcareous shale (OPCS)
(Fig. 2).

As depicted in Table I, organic-rich shale samples in the southern
Sichuan region are primarily distinguished by argillaceous and sili-
ceous lithofacies in the Luzhou block, whereas the Changning block is
predominantly composed of mixed lithofacies shale. The lithofacies
classification results closely align with previous studies on the lithofa-
cies classification of the Longmaxi Formation shale.””*” This similarity
indicates that the selected samples are representative in nature.

B. Pore types and morphological characteristics

Pore type and structure serve as pivotal elements in assessing
shale reservoir quality. Currently, there is no unified classification

-Silurian.

scheme for shale pores. In this study, a categorization framework,"®
organic matter pores (OM pores), inorganic pores (intragranular pores
and intergranular pores), and microfractures are used.

A substantial number of OM pores are present in the deeper
strata of the Longmaxi Formation shale in the southern Sichuan Basin.
The pore width ranges from nanometers to micrometers. Due to the
different contact relationships between the location of organic matter
and surrounding minerals, the development forms of OM pores are
different. Most of them are irregular in shape, with nanolevel sponge
shapes and micrometer-level bubble holes.

Organic matter and clay minerals are symbiotic and distrib-
uted parallel to the clay layer in the form of long strips. The OM
pores are irregular or elliptical, with uneven pore widths
[Fig. 3(a)]. Clay minerals are strongly deformed due to extrusion,
resulting in highly irregular internal OM pores with a wide range
of pore width variations [Figs. 3(b) and 3(c)]. Honeycomb-shaped
OM pores are predominantly distributed within isolated or banded
organic matter structures and exhibit elliptical or nearly circular
shapes. These OM pores exhibit a high degree of heterogeneity at
multiple scales [Fig. 3(d)]. The sponge-like OM pores are devel-
oped around some of the OM pores [Fig. 3(¢)], forming a network
of interconnected pores. In this way, the pores significantly
enhance connectivity, resulting in hydrocarbon accumulation.
Some of the organic matter does not develop pores or develops
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@ Mixed shale

® Argillaceous shale

locally, which can be observed in irregular agglomerated organic
matter [Fig. 3(f)] and may be related to the type of organic matter.
In addition, the Longmaxi Formation experienced a strongly
reducing depositional environment, resulting in a high pyrite con-
tent. The interior of pyrite crystals is replete with organic matter,
giving rise to pores within the organic matter during thermal evo-
lution [Fig. 3(g)].

Inorganic pores in deep marine shale can be categorized into
two groups: intragranular pores and intergranular pores.
Intergranular pores develop between brittle minerals [Figs. 3(h) and
3(i)] and clay minerals [Figs. 3(j) and 3(k)]. These pores have differ-
ent pore widths, and their shapes are mostly related to minerals.
Most of the intragranular pores are dissolution pores, the pore
diameters are less than 150 nm, and they are quadrilateral or circu-
lar. Unstable minerals close to organic matter are most likely to pro-
duce dissolution pores, mainly calcite and dolomite particles
[Fig. 3(I)]. Therefore, intergranular pores in the Longmaxi
Formation shale commonly occur between clay, pyrite, quartz, and
other minerals. The diameters of these pores mostly range from tens
of nanometers. The distribution of intragranular pores is dispersed,
and there is a lack of connectivity between pore spaces.

The formation of microfractures is related to tectonic movement,
hydrocarbon generation, montmorillonite dehydration, and other fac-
tors. Microfractures in deep shale are primarily dispersed within and
along the peripheries of mineral particles. Shale is strongly influenced
by tectonic activity, exhibiting evident occurrences of calcite-filled frac-
tures [Fig. 4(a)]. Shale commonly exhibits tectonically induced frac-
tures [Fig. 4(b)], with lengths reaching several tens of micrometers.
These were occupied by clay minerals and carbonate minerals.
Some microfractures are spread at the edges where organic matter and
minerals contact, which is related to the shape of the mineral itself
[Figs. 4(c) and 4(d)].

The formation of microfractures along the edges of organic mat-
ter may be related to dehydration shrinkage during the hydrocarbon
generation process of organic matter. The microfractures within the
brittle mineral and clay mineral interiors are generally straight, with
no cement filling. These fractures have lengths ranging from 0.2 to
3 um [Figs. 4(e) and 4(f)].

ARTICLE pubs.aip.org/aip/pof
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FIG. 2. Categorization of lithofacies in
deep marine shale. Si: Siliceous minerals,
mainly quartz; Ca: carbonates, mainly
comprising calcite and dolomite; Clay:
clay minerals. |: argillaceous shale; II: cal-
careous shale; Ill: mixed shale; IV: sili-
ceous shale.

C. Quantitative characterization of pore structure

CO, adsorption has proven to be an efficacious technique for
quantitatively delineating micropores in shale formations.”” The
maximum adsorption capacity of the deep marine shale samples
varied from 0.73 to 3.19 cm®/g, with an average value of 1.81 cm’/g
[Figs. 5(a)-5(c)]. The micropore volume, computed using the DFT
model, falls within the range of 0.09-0.47 cm>/100 g, with an aver-
age of 0.24cm?/100 g. Moreover, the micropore-specific surface
area ranged from 5.08 to 23.78 m*/g, with an average of 13.78 m*/g.
ORSS exhibited the most well-developed micropores, with an aver-
age micropore volume of 2.18 cm®/g and an average micropore-
specific surface area of 16.53 m?/g. The pore width distribution
curve exhibits two distinct peaks at 0.38-0.68 and 0.76-0.87 nm,
indicating that the micropore volume is predominantly concen-
trated within these two intervals [Figs. 5(d)-5(f)]. The pore devel-
opment degree of ORAS and ORMS is different. However, the
distribution range of pore width is generally similar, which is the
above two main development intervals.

N, adsorption experiments are employed for the quantitative
characterization of mesopore structures in shale.”’ According to
the categorization established by the International Union of Pure
and Applied Chemistry (IUPAC), the hysteresis loop type of deep
shale is mainly the H, type, with a small amount of Hj type [Figs.
6(a)-6(c)]. This signifies that shale is predominantly distinguished
by pores shaped like ink bottles, featuring narrow necks and broad
bodies, with a limited quantity of pores resembling parallel plates.
According to the pore width distribution curve, it is evident that
the pore volume undergoes significant variations in the width
range of 2-10nm [Figs. 6(d)-6(f)]. According to the BJH model,
the mesopore volume varies from 0.99 to 1.89 cm>/100 g, with an
average of 1.53cm’/100 g. According to the BET model, the
mesopore-specific surface area spanned from 15.94 to 27.22 m*/g,
demonstrating an average of 21.44 m*/g.

As delineated by the HPMI curves, upon reaching the displace-
ment pressure, the mercury injection saturation rapidly increased.
Subsequently, once the mercury injection saturation surpasses the 30%
threshold, the increase in mercury injection gradually increases. The
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TABLE I. Organic carbon content and mineral composition of shale samples (LZ stands for Luzhou area; CN stands for Changning area).

Mineral composition (%)

Sample ID  Depth (m) TOC (%) Quartz  Feldspar Calcite Dolomite  Pyrite  Clay  Other minerals  Lithofacies
LZ-1-1 3901.9 0.32 34 9 9 2 2 44 0 OPAS
LZ-1-2 3949.0 0.67 29 7 11 5 2 46 0 OPAS
LZ-1-3 4013.5 2.33 43 6 3 4 4 40 0 ORAS
LZ-1-4 4019.2 2.37 37 6 4 4 5 44 0 ORAS
LZ-1-5 4021.4 3.14 27 8 5 31 2 27 0 ORMS
LZ-1-6 4025.0 4.74 44 7 5 5 2 37 0 ORSS
LZ-1-7 4029.3 4.09 39 10 4 2 5 40 0 ORAS
LZ-1-8 4032.5 3.90 33 5 11 15 4 32 0 ORMS
LZ-1-9 4032.8 3.95 44 10 9 7 4 26 0 ORSS
LZ-1-10 4037.1 0.07 54 4 3 6 6 27 0 OPSS
LZ-2-1 4004.5 2.61 37 7 6 6 3 41 0 ORAS
LZ-2-2 4021.2 3.25 46 5 3 10 3 33 0 ORSS
LZ-2-3 4031.2 4.28 56 4 2 10 4 24 0 ORSS
LZ-2-4 4034.5 4.22 31 6 3 24 3 33 0 ORMS
LZ-2-5 4035.2 443 41 4 15 17 5 18 0 ORMS
LZ-2-6 4039.3 3.94 55 4 7 16 3 15 0 ORSS
LZ-2-7 4042.7 3.15 46 4 11 22 2 15 0 ORMS
CN-1-1 4297.3 1.74 30 22 35 1 3 10 0 OFMS
CN-1-2 4301.7 1.74 31 0 11 16 5 36 2 OFMS
CN-1-3 4302.1 3.48 36 12 4 0 4 43 2 ORAS
CN-1-4 4307.2 3.90 42 9 7 0 8 35 0 ORSS
CN-1-5 4310.4 3.90 34 0 10 16 7 30 3 ORMS
CN-1-6 4316.1 3.86 56 7 9 5 6 16 1 ORSS
CN-1-7 4321.8 6.93 44 7 17 13 4 14 1 ORMS
CN-1-8 43274 3.24 62 7 7 5 5 14 1 ORSS
CN-2-1 3884.6 2.95 43 7 19 11 1 19 0 ORMS
CN-2-2 3918.0 1.34 32 2 11 13 6 33 2 OFMS
CN-2-3 3939.5 2.35 34 5 8 18 0 35 2 ORMS
LZ-3-1 4116.1 2.41 53 5 10 5 6 20 1 ORSS
LZ-3-2 4119.7 2.98 71 2 10 5 3 9 1 ORSS
LZ-3-3 4121.5 3.12 70 4 7 7 3 9 0 ORSS
1LZ-3-4 4092.5 2.53 27 11 4 5 0 51 2 ORAS
LZ-3-5 41184 291 45 4 4 3 0 41 3 ORAS
LZ-3-6 4135.2 4.05 58 5 3 3 0 28 3 ORSS
LZ-3-7 4140.9 476 39 6 5 6 0 32 12 ORSS
LZ-3-8 414.2 2.75 39 3 11 34 0 11 2 ORMS

maximum mercury saturation of the shale varies from 60.9% to 94.7%,
with an average of 82.4% [Figs. 7(a)-7(c)]. This indicates that the
increase in pore volume diminishes as the pore width expands. When
the pore diameter is less than 100 nm, the curve changes significantly,
indicating that pores with diameters less than 100nm substantially
contribute to the overall pore volume [Figs. 7(d)-7(f)]. According to
the parameters of the pore structure, the mean pore width varies
between 61 and 160 nm, with an average measurement of 126 nm. The
volume of the pores ranges from 0.58 to 1.54cm?/100 g, with an aver-
age of 0.97cm>/100 g. The surface area specific to the pores ranges
from 1.31 to 3.46 m*/g, with an average value of 2.16 m*/g.

V. DISCUSSION

A. Controlling factors of deep marine pore
development characteristics

1. Pore structure

A correlation analysis was performed to explore the relationships
between the multiscale pore structure parameters and both the TOC
content and mineral composition. The findings reveal variations in the
governing factors of pore structure across diverse lithofacies. Within a
certain range of ORMS and ORAS samples (TOC < 4%), the evolution
of micropores, mesopores, and the specific surface area exhibited a
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FIG. 3. Photographs showing the OM pore features of samples. (a) The organic matter filled in the chlorite bedding develops a large number of elliptical and point-shaped
organic pores. (b) and (c) Organic matter filled between mineral particles, associated with clay minerals, a large number of elliptical OM pores are developed and distributed in
strips. (d) Partially dense needlelike pores in organic matter. (€) OM pores scales are significantly different and heterogeneous. (f) Strip-shaped organic matter does not develop
its pores, but develops slit-like pores at the edge of contact with mineral particles. (g) The organic matter filled between strawberry-like pyrite grains develops a large number of
irregular OM pores. (h) and (i) Intergranular pores between quartz grains, pore width is large and the distribution is scattered, and the pores are not connected. (j) and (k) Clay
minerals exhibit numerous intergranular pores, featuring diameters in the tens of nanometers and exhibiting robust connectivity. (I) Angular intragranular dissolution pores

emerge on the surface of feldspar minerals.

definite positive correlation with the TOC content [Figs. 8(a), 8(c),
8(f), and 8(h)]. The impact of the clay mineral content on pore devel-
opment is especially evident in ORMS and displays a favorable correla-
tion with the progression of micropores, mesopores, and specific
surface area [Figs. 8(b), 8(d), 8(g), and 8(i)]. In the ORSS specimens,
given the elevated TOC content, the extent of pore advancement
exhibited a subdued connection with the organic matter content.
Nonetheless, there exists a specific positive correlation between the
quartz content and the progression of pore development [Fig. 8(e)]. A
definite positive correlation is observed between quartz and TOC in
the research region, signifying that the origin of silica was primarily
biogenic. Therefore, there is a correlation between the siliceous mineral
content and TOC content. In addition, siliceous minerals have good

pressure resistance and play a role in protecting pores during diagene-
sis. Due to the brittleness of siliceous minerals, cracks are generated
during the later fracturing process to improve the physical properties
of the reservoir.

Previous studies have demonstrated that different clay minerals
exhibit distinct pore structures, and significant variations are observed
in their specific surface areas.”’ >’ Clay minerals generate a multitude
of pores, with montmorillonite clay exhibiting the most developed
micropores, followed by illite/smectite minerals. ORSS encompasses a
lower quantity of clay minerals, and its clay composition predomi-
nantly comprises illite, with only a minor presence of an illite/mont-
morillonite mixed layer. Consequently, clay minerals contribute
minimal pores and exert limited influence on the overall porosity of
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FIG. 4. Photographs showing the micro-fracture features of samples. (a) Calcite veins filling micro-fractures. (b) Micro-fractures of tectonic origin, up to tens of micrometers in
length, filled with calcite mineral. (c) and (d) Micro-fractures emerge at the boundary between organic matter and inorganic minerals. () and (f) Micro-fractures develop inside

brittle mineral and clay mineral particles and are not filled.

the shale. Additionally, the dissolution of soluble minerals through
organic acids generated during hydrocarbon production further stimu-
lates the creation of secondary pores.”* ™ In the case of ORMS and
ORAS, the configuration of pores is governed by the interplay between
TOC and clay minerals. The proportion of organic matter is modest,
thereby restricting the growth of OM pores. Conversely, elevated levels
of clay minerals can engender a significant quantity of pores, including
interlayer pores, intercrystalline pores, and contraction joints formed
through dehydration. Organic matter is commonly linked with clay
minerals. Throughout the diagenesis process, the conversion of
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montmorillonite to illite can decrease the activation energy of thermal
decomposition reactions. This catalytic effect on the pyrolysis of kero-
gen enhances the rate of thermal decomposition and promotes the
development of OM pores.

2. Fractal dimension

Previous studies have indicated distinct heterogeneity in shale
pore structure. The fractal dimension provides a quantitative means to
characterize the intricacy and diversity of irregularities within a pore
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FIG. 5. Pore structure characteristics based on the CO, adsorption method. (a) CO, adsorption isotherms of ORSS. (b) CO, adsorption isotherms of ORAS. (c) CO, adsorption
isotherms of ORMS. (d) Pore width distribution of ORSS from CO, adsorption. (e) Pore width distribution of ORAS from CO, adsorption. (f) Pore width distribution of ORMS

from CO, adsorption.
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FIG. 6. Pore structure characteristics based on the N, adsorption method. (a) N, adsorption-desorption isotherms of ORSS. (b) N, adsorption-desorption isotherms of ORAS.
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distribution of ORMS from N, adsorption.

8,57-59

structure. In this study, the FHH model was employed to com-
pute the fractal dimension for characterizing the pore structure. A frac-
tal dimension nearing 2 suggests a comparatively uniform pore
structure, while a fractal dimension nearing 3 signifies elevated com-
plexity in the pore structure. According to the DFT equation, a relative
pressure (p/p,) of 0.45 corresponds to a pore diameter of 4.34 nm.
Hence, the domain where p/po < 0.45 can be categorized as a low-
pressure zone, indicating pores with diameters less than 4.34nm.
Conversely, the realm where p/po > 0.45 is designated a high-pressure
zone, denoting relatively substantial pores with diameters ranging

from 4.34 to 100 nm. In the computation of the fractal dimension, the
adsorption isotherms in the low-pressure and high-pressure zones are
individually fitted and computed. This yields two distinct fractal
dimensions: D, for small pores and D, for larger pores. In SEM, the
attributes of shale pore structures indicate that the morphology of OM
pores undergoes a shift from intricate reticular patterns to compara-
tively simpler formations, such as sponge-like structures, as the pore
width decreases. With further reduction in pore size, the configuration
of organic matter pores is expected to become more straightforward.
This occurrence explains why the fractal dimension D, surpasses D;.
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FIG. 7. Pore structure characteristics based on the HPMI method. (a) Mercury intrusion and extrusion curves of ORSS. (b) Mercury intrusion and extrusion curves of OASS.
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FIG. 8. Scatter charts of correlations between pore structure and shale composition. (a), (c), (f), and (h) Correlation between the pore structure of distinct lithofacies and TOC.
(b), (d), (9), and (i) Correlation between the pore structure of distinct lithofacies and clay. (e) Correlation between the pore structure of distinct lithofacies and quartz.

For ORSS, the substantial advancement of OM pores results in an
increase in micropore volume, a decrease in mean pore size, and a
decrease in micropore intricacy. Conversely, larger pores become more
intricate due to the proliferation of micropores, as indicated by a
decrease in D; and an increase in D, [Figs. 9(a), 9(d), 9(i), and 9(1)].
The pores formed by minerals such as quartz are mainly concentrated
in the mesopore to macropore range. An increase in quartz content
increases the number of larger pores, thereby increasing the complexity
of these larger pores while reducing the complexity of smaller pores.
This is manifested by an increase in the value of D, and a decrease in
the value of Dy [Figs. 9(c), 9(f), 9(h), and 9(k)]. Moreover, a favorable
correlation exists between quartz and organic matter. The increase in
quartz minerals reflects the increase in organic matter micropores,
which in turn leads to a decrease in the value of D,. On the other
hand, under excessive thermal maturation, clay minerals can only pro-
vide a limited number of pores. An increase in the clay mineral content
partially stimulates the progression of micropores, augmenting the
intricacy of smaller pores primarily governed by OM pores [Fig. 9(b)].

In the case of ORMS and ORAS, as the concentration of clay
minerals increases, there is a concurrent increase in the quantity of

smaller pores, encompassing micropores, and certain mesopores, lead-
ing to an increase in the complexity of the shale pore surface and struc-
ture. Consequently, the fractal dimension D; experiences a
corresponding increase [Figs. 9(b), 9(e), 9(i), and 9(1)]. An increase in
the TOC content signifies a heightened prevalence of smaller pores in
shale, thereby amplifying the intricacy of the small pore system. This,
in turn, leads to an increase in the fractal dimension D; [Figs. 9(a),
9(i), and 9(1)]. Compared to the features observed in ORSS, the
increase in quartz content contributes to the existence of more sub-
stantial pores, resulting in an increase in the fractal dimension D, and
a decrease in the Dy [Figs. 9(b) and 9(e)].

B. Genesis mechanisms of high-quality reservoirs in
deep shale formations

The deep marine shale reservoir exhibits a coupled characteristic
of high biogenic silica, high organic carbon, and abundant organic
matter pores. The hydrocarbon-generating organisms in the Longmaxi
Formation shale are predominantly multicellular algae, with single-
celled algae as a secondary component.””*" Multicellular algae possess
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FIG. 9. Scatter charts of between Fractal dimension and shale composition and pore structure. (a) and (d) Correlation between the fractal dimension of distinct lithofacies and
TOC. (b) and (e) Correlation between the fractal dimension of distinct lithofacies and clay. (d) and (f) correlation between the fractal dimension of distinct lithofacies and quartz.
(9) and (j) Correlation between the fractal dimension of distinct lithofacies and specific surface area. (h) and (k) Correlation between the fractal dimension of distinct lithofacies
and mesopore volume. (i) and (I) Correlation between the fractal dimension of distinct lithofacies and micropore volume.

a strong hydrocarbon generation capacity and the ability to create
organic pores. The abundance of multicellular algae contributes
to the high TOC of this shale section. This leads to the formation
of more organic pores and a three-dimensional interconnected
pore network, which facilitates the occurrence and production of
shale gas.

Based on the geological conditions and experimental analysis of
shale gas formation, this study investigates the mechanisms of shale
hydrocarbon generation and storage from petrology, mineralogy, geo-
chemistry and other perspectives. It is observed that the biogenic silica
in the deep-water shelf facies undergoes continuous dehydration and
gradually transforms into rigid crystalline quartz during diagenesis.’”
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A large number of quartz particles form a relatively rigid framework.
Concurrently, micron-sized intergranular pores are generated between
the quartz particles, providing storage space for early retained oil. As
thermal evolution progresses and burial deepens, liquid hydrocarbons
within the reservoir and intergranular pores undergo cracking. This
leads to the generation of large amounts of natural gas, while the for-
mation of organic pores enhances the compaction resistance of quartz
intergranular pores, thereby protecting a significant number of pri-
mary and diagenetic secondary pores. Therefore, the biogenic silica in
the Longmaxi Formation not only helps preserve primary intergranu-
lar pores in shale prior to hydrocarbon charging but also facilitates the
later preservation of organic pores formed during hydrocarbon crack-
ing. In conclusion, biogenic silica offers the advantage of resisting com-
paction, thereby preserving pore spaces, which is fundamental to pore
development.

Structural conditions play an important role in the development
of high-quality shale reservoirs. In southern Sichuan, the deep struc-
tural conditions in are complex, with low-angle and gentle structures,
as well as faults. Except near faults, the reservoir pressure in different
structural regions is relatively high, with pressure coefficients reaching
approximately 1.7-2.0 (Fig. 10). The high production rates of high
pressure gas wells in shale indicate that the elevated pressure in deep
layers plays a protective role in preserving the pores of shale reservoirs.
High reservoir pressure promotes intra-pore support, which, in combi-
nation with high-strength siliceous minerals (primarily quartz), forms
a rigid skeletal framework. In a closed diagenetic environment, organic
acids continuously dissolve calcareous minerals, ensuring that the
porosity of shale reservoirs remains largely unchanged as burial depth
increases. Furthermore, structural deformation leads to the develop-
ment of various types of fractures, such as lateral extension and inter-
layer slip, in deep synclinal areas. The fracture density increases
toward the core, effectively enhancing the connectivity between

Pressure/MPa
0 20 40 60 80 100 120 140
0 T T T T T T ]
\:\
N
1 r N
NN
\< Ny
2 \% %’a
T\ e,
&,
\«'% Sy,
=3 | \%, e
£ \G, S
£ (1.03/2.3%) @ (1.61/4.9%) (1.9376.2%)
53 [ ] N
Q4 r "y ®
(1.12/1.9%) ° AN
1.70/6.1% ® ~
(1,14/1.7%)? (1.70/6.1%) (] 82/5.6%)N
St N
N
(1.07/21%*
6 | \
\ ® (1.70/6.1%)
Represents the measured pressure coefficient
7L and core porosity value of well drilling

FIG. 10. Porosity characteristics of Longmaxi shale in southern Sichuan basin
under different formation pressure.
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reservoir pores and fractures, thereby improving the reservoir’s storage
capacity and the high production potential of gas wells.

C. Transport mechanism and characteristics of deep
marine shale gas

1. Classification of gas transport mode

Fractal dimension can characterize the complexity of pore space,
which is used to establish the relationship between pore structure and
natural gas transport mode. The differences in fractal characteristics at
multiscale pores can serve as one of the fundamental criteria for classi-
fying shale pore systems. The size and morphology of pores directly
influence the incidence and transportation methods of gas. The gas
transport mode in porous media combined with the Knudsen number
(Kn) is used to characterize the microscopic transport mechanism of
gas in shale.””**° Based on experimental testing and fractal model
results, the fractal characteristics of pores during the low-pressure stage
(pore width larger than 4.34nm) are significantly pronounced. This
indicates that flow-diffusion pores with relatively larger pore widths
exhibit distinct fractal features. The pore system of deep shale is
divided into three categories: ultramicro adsorption pores (<1.20 nm),
nano-diffusion pores (1.20-4.34 nm), and micro/nano flow-diffusion
pores (>4.34nm) (Fig. 10). Ultramicro adsorption pores are mainly
sponge-like OM pores. Nano-diffusion pores are mainly OM pores
and clay mineral pores. Micro/nano flow-diffusion pores are mainly
inorganic pores and micrometer-scale bubble-like OM pores and
microfractures.

Gas transport mechanisms can be further categorized as follows.
Within the range of ultramicro adsorption pores (<1.2 nm), the trans-
port mode for methane molecules is surface adsorption-diffusion. The
mechanism underlying surface adsorption-diffusion involves the
jumping process of gas molecules on the solid surface. In organic mat-
ter with a substantial specific surface area, surface adsorption-diffusion
plays a crucial role as an important transport mechanism. Within the
range of nano diffusion pores (1.2-4.34nm), the predominant gas
transport mode is Knudsen diffusion (1 < Kn < 10), which represents
a transitional transport mechanism combining adsorption and diffu-
sion. Within the range of micro-nano flow-diffusion pores
(>4.34nm), the gas transport modes can be further classified into Fick
diffusion (4.34-15.00 nm), slip flow (15-180 nm), and continuous flow
(>180nm). Therefore, the deep marine pore system is classified into
three major categories, each corresponding to five different gas trans-
port modes (Fig. 11). This classification facilitates the establishment of
the link between gas transport mode and pore characteristics.

2. Controlling effect of pore structure on gas transport

The evolution features of pore structure, encompassing the distri-
bution of pores, morphology, and spatial arrangement, are immediate
factors influencing the mode of gas transport.' """’ In shale, the inter-
play among gas molecules and the interactions between molecules and
pore walls play pivotal roles in directly shaping gas transport. This is
manifested by controlling the efficiency of gas transport within the
shale. For instance, in cases where the pore width is diminutive (con-
siderably smaller than the average free path of gas molecules), the like-
lihood of collisions between gas molecules and the pore wall surpasses
the likelihood of collisions among gas molecules themselves. As a
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FIG. 11. The division scheme of five gas transport modes in deep shale and the corresponding pore classification.

result, the hindrance to gas transport through microchannels is pre-
dominantly determined by the interactions between gas molecules and
the pore wall.

In the ORSS and ORMS reservoirs, surface adsorption-diffusion
pores are present [Figs. 12(a)-12(d)], with a significant proportion
occupied by OM pores. The surface adsorption-diffusion pores that
develop in reservoirs tend to be fine and isolated. Slip flow pores, char-
acterized by high openness and relatively good connectivity, exhibit a
certain degree of development. However, the development of continu-
ous flow pores is relatively low, and these pores are relatively isolated.
The pore development in ORAS occurs between continuously flowing
pores and surface adsorption-diffusion pores [Figs. 12(e) and 12(f)],
which possess the capacity to host nanoscale pores and a certain degree
of slip flow release capability. In summary, deep shale lacks continuous
flow pores, resulting in large-scale adsorption storage spaces that are
relatively independent and lack gas transmission paths. The deep shale
in southern Sichuan exhibits a strong adsorption capacity and is char-
acterized by relatively low natural permeability.

The permeability test of shale only represents the overall per-
meability of shale. The ability of gas to transport outward from dif-
ferent types of nanopore spaces needs to be studied more

accurately. In shale composed of nanoscale pores, slip flow, and dif-
fusion are the dominant gas transport mechanisms. The overall per-
meability of deep shale is affected by the characteristics of
microfractures. In the shale matrix separated by fractures, gas trans-
port is controlled by a multilevel flow field consisting of
adsorption-diffusion pores and microfractures. Utilizing the catego-
rization of pore systems and the modes of gas transport, the deep
marine shale flow fields are categorized into surface adsorption-
diffusion, Knudsen diffusion, Fick diffusion, slip flow, and continu-
ous flow (Fig. 13). The permeability of the pore system is deter-
mined by the slowest flow mechanism among these flow fields.

Deep shale formations typically exhibit a favorable capacity for
methane accumulation. In particular, the presence of well-developed
adsorption-diffusion pores with strong adsorption and storage capabil-
ities contributes significantly to this methane accumulation. Within
the pore framework of profound shale reservoirs, OM pores are pre-
dominantly developed at the nanoscale. However, there is a lack of
connectivity between these nanoscale pores and the space for continu-
ous flow (Fig. 13). The lack of development of continuous flow space
limits the production process of deep marine shale formations with
low permeability and difficult development.
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D. Differences in pore structure between deep and
shallow marine shale

There is no obvious difference between deep and shallow shales
in terms of the intrinsic factors of the shale pore structure, such as the
TOC content and mineral composition. Due to variations in burial
depth, external factors such as pressure and temperature assume a piv-
otal function in the feature of pore structures.”" ”* Based on the shale
porosity data from static tests, deep shale reservoirs still exhibit rela-
tively high porosity. The porosities of the deep and shallow shales are
generally comparable, with the main distribution falling within the
range of 3%—6% (Fig. 14). Further analysis is required to reveal the sig-
nificant differences in pore types and characteristics between deep and
shallow shale layers, which constitute important factors influencing
variations in shale gas development yields.

The N, adsorption-desorption isotherms of shale samples at shal-
lower depths in the outskirts of the Sichuan Basin display a hysteresis
loop characterized by a blend of H, and Hj types,”””> demonstrating
the presence of both slit-like pores and bottle-necked pores. In con-
trast, the deep shale samples display a predominantly H,-type mor-
phology, indicating the predominant development of bottle-necked
pores. This is attributed to the influence of their own structure under
deep burial conditions, where slit-like pores, with internal fluids
extruded under compression, become more susceptible to compaction
effects. Consequently, this portion of the pores rapidly decreases. In
contrast, bottle-necked pores exhibit poor connectivity, allowing them
to better maintain pore pressure and resist the influence of
compaction.

A quantitative examination of the distribution of diverse pore cat-
egories in deep and surface-level shale revealed that micropores and
mesopores are more extensively evolved in deep shale than in shal-
lower shale.”® In deep shale, micropores and mesopores predominantly
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FIG. 14. Characteristics of porosity in deep and shallow marine shale.
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consist of OM pores, dissolution pores, and clay mineral pores
[Fig. 15(a)]. Conversely, OM pores dominate the micropores and mes-
opores of the shallow shale [Fig. 15(b)]. This suggests that under deep
burial conditions, mesopores in shale samples undergo significant
compaction, compression, and evolution into smaller micropores.
Additionally, the high pressure coefficient in deep gas reservoirs and
overpressure play a role in preserving small pores. Consequently, mes-
opores transform into a larger volume of micropores. The macropores
in shallow shale are more developed than those in deep shale, primar-
ily consisting of microfractures and interstitial pores between inorganic
minerals. Shallow shale, influenced by later tectonic movements lead-
ing to stratigraphic uplift and reduced pressure, experiences the devel-
opment and preservation of microfractures. In contrast, there are
fewer developed microfractures in the deep shale layers than in the
shallow layers.

Distinctive changes in physical properties under different burial
depths and overburden pressure conditions reveal an exceptionally
strong stress sensitivity in fractured reservoirs of shallow shale. In com-
parison to matrix porosity, the pore volume of fractured-type reser-
voirs under a 35MPa overburden pressure has decreased to
approximately 38% of the initial pore volume [Fig. 16(a)]. The pressure
sensitivity of matrix porosity is significantly weaker than that of
fractured-type reservoirs, with pore volume generally maintained at
over 80% of the initial porosity under pressure conditions ranging
from 35 to 50 MPa. Siliceous shale exhibits a slightly greater degree of
pore volume retention than argillaceous shale [Fig. 16(a)]. In the
Jiaoshiban area, the effective stress of the Longmaxi Formation is
approximately 30 MPa. Under geological conditions, microfractures
may occupy a low proportion of the reservoir space, but their impact
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on permeability can be substantial. Both fracture permeability and
matrix porosity permeability exhibit strong pressure sensitivity, with
permeability sharply decreasing with increasing pressure. At 30 MPa,
the permeability decreased to less than 10% of the initial permeability
[Fig. 16(b)]. By comparison, the matrix porosity rapidly decreases to
below 20% before the pressure reaches 10 MPa [Fig. 16(b)]. As the
pressure continues to increase, the rate of decrease becomes noticeably
slower, with siliceous shale exhibiting a slightly lower rate of decline
than argillaceous shale. For the fracture permeability, the rate of
decrease is lower than that for the matrix porosity permeability before
reaching 30 MPa. Fracture permeability generally surpasses matrix
porosity permeability (possibly related to subtle slip in microfractures).
At 35MPa, the compression ratios of the fracture permeability and
matrix porosity permeability are similar, and the contribution of frac-
tures to the permeability tends to decrease. The 35MPa pressure is
equivalent to the depth near 3500 m, precisely corresponding to the
depth boundary between deep and shallow shale gas reservoirs.
Therefore, although microfractures contribute less to reservoir poros-
ity, their contribution to the permeability of shallow shale gas is crucial.
Under deep conditions, fracture permeability is comparable to matrix
porosity permeability, leading to a significant decrease in the contribu-
tion of fractures to shale permeability. This is also a crucial reason why
effective enhancement and stable high production are challenging in
deep shale.

E. Guidance for deep shale gas exploration and
development

The Sichuan Basin experienced stable subsidence before the Early
Triassic, uplift during the Late Triassic to Early Cretaceous, and uplift
during the Himalayan period. These multistage tectonic shifts have
exerted a substantial influence on the shale gas reservoir of the Silurian
Longmaxi Formation.”®”” These tectonic events exerted a substantial
influence on the Paleozoic marine strata, resulting in a more frag-
mented and disrupted structural setting. Multiple phases of widespread
uplift caused the tectonic stabilization phase in the southern Sichuan
area to occur long after the hydrocarbon generation and accumulation
phase.’”® As a consequence, the free-state gas in the region faces
extremely unfavorable conditions for accumulation. The conventional
approach of focusing on structural traps such as anticlines and fault

sealing has encountered challenges in deep shale gas exploration in the
southern Sichuan area. Further research is required to explore the pos-
sibilities of micro/nanoscale pore-fracture networks and the potential
for primary source-to-reservoir adsorption accumulation. In such
cases, the trapping mechanism for hydrocarbons shifts from buoyancy
to reservoir pressure, which is essentially the pressure exerted by the
pore fluids within the rock formation. The Longmaxi Formation shale
in the southern region of Sichuan exhibits elevated silica content and is
characterized by a pore system predominantly governed by OM pores.
These attributes offer advantageous storage capacity and preservation
conditions conducive to the adsorption and free gas of deep marine
shale. The shale within the Longmaxi Formation is abundant in
organic matter, featuring a moderate level of thermal maturity. This
establishes a robust groundwork for the generation of shale gas. In the
area with weak tectonic deformation, the shale gas of Longmaxi
Formation is well preserved and has good potential for resource
exploration.

According to the findings of the research, the D; parameter of
ORSS exhibits a converse correlation with the specific surface area and
volume of pores. This indicates that an escalation in the D; value cor-
responds to a reduction in the shale’s capacity for storing free gas.
However, D; values are influenced by mineral composition. The low
D1 value is related to the increase in brittle mineral and the decrease in
clay mineral, which is beneficial to the fracturing mining process. The
D, parameter is positively correlated with the specific surface area of
the pores and the volume of the micropores. This suggests that as D,
increases, the increase in micropore volume enhances the gas adsorp-
tion and storage capacity. Nonetheless, shale with a high D, value fea-
tures small pores and a complex structure, presenting challenges to gas
transmission within the shale. In summary, the layers in the ORSS
characterized by appropriately low D; and high D, are more conducive
to natural gas accumulation and later development.

In the case of ORMS and ORAS, D, exhibited a favorable associa-
tion with both the specific surface area and volume of pores, as well as
the clay content. This signifies that with an increase in D, the clay
mineral content increases, offering a certain storage capacity but not
favoring subsequent development. D, displays a positive correlation
with quartz content and is inversely related to pore size. An excessively
elevated D, value will impede the available space for free gas enrich-
ment. Hence, for ORMS and ORAS, choosing suitably elevated values
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of both D; and D, is more advantageous for gas enrichment and sub-
sequent development. However, certain constraints should also be
considered.

VI. CONCLUSIONS

The Longmaxi Formation deep shale is mainly composed of
ORSS and ORMS lithofacies. The main pore types are OM pores,
microfractures, and dissolution pores. The pores in ORSS are con-
trolled by TOC and quartz content, while those in ORMS and ORAS
are controlled by TOC and clay content. Small-scale pores show rela-
tively uniform characteristics, while larger pores exhibit complex and
diverse features. The preservation of siliceous minerals and high pres-
sure is the key to maintaining high-quality reservoirs in deep shale.

The pore systems of deep shale can be classified into three major
categories: ultramicro adsorption pores, nano diffusion pores, and
micro/nano flow-diffusion pores. The gas transport modes can be fur-
ther subdivided into surface adsorption-diffusion, Knudsen diffusion,
Fick diffusion, slip flow, and continuous flow. Among them, nano-
scale OM pores are widely developed, and gas is mostly transported in
the form of adsorption-diffusion. There is a lack of continuous flow
spaces such as microfractures.

Micropores and mesopores are more abundant in deep shale
than in shallow shale. They are mainly OM pores, dissolution pores,
and clay mineral pores. The controlling effect of microfractures on the
continuous flow of natural gas varies greatly between deep and shallow
layers, which is also an important reason why it is difficult to achieve
effective stimulation and stable production in deep shale. For the over-
pressure areas below 3500 m in the basin, the Longmaxi Formation
has prospects for resource exploration, especially those with ORSS of
low D; and high D, value, as well as ORMS and ORAS of high D; and
high D, value.
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