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The characteristics of lithofacies in the shale reservoir of the Wufeng and Longmaxi
formations located in the Luzhou gas field were studied using the three-end-member
method (mineralogical components). In addition, the microscopic characteristics and
pore genesis of different lithofacies were studied and compared using TOC, FESEM,
and digital core images. The results of the present study showed the development of
five lithofacies: 1) quartz-rich argillaceous shale; 2) quartz/clay-mixed shale; 3)
calcareous/clay-mixed shale; 4) calcium-rich argillaceous shale; and 5) clay-rich
siliceous shale. The degree of pore development between lithofacies was highly
heterogeneous. In addition, data indicated that total shale porosity increased with the
increase in TOC. Thus, the pores were mainly related to organic matter. The
enrichment of framboidal pyrite in quartz-rich shale (S1, S-3) and mixed shale
facies (M-2, M-3) is essential during the formation of high-quality reservoirs. On
the other hand, the content of organic matter in clayey shale was low, which does not
favor the development of high-quality reservoirs. The differences in lithofacies pore
structures are controlled by the sedimentary environment. The strong retention and
reduction environment are the most favorable features for the formation of organic-
rich siliceous shale lithofacies, which promote the preservation of organic matter and
the development of reservoirs.

Keywords: shale, lithofacies, Ordovician Wufeng formation, Silurian Longmaxi formation, Luzhou field, Sichuan
Basin

1 INTRODUCTION

Shale gas resources play an important role in the world energy supply (Dong et al., 2011).
With the development of unconventional oil and gas exploration and production, the study
of shale pore structure has attracted extensive attention (Zou et al., 2010; Zou et al., 2015). As
a result of commercial development of shale gas in North America, differences in
mineralogical composition, gas-bearing storage, and compressibility of several lithofacies
have been documented (Abouelresh and Slatt, 2012). These variations indicate that potential
development of the lithofacies will also be different. The marine shale of the Wufeng and
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Longmaxi formations in the Sichuan Basin is an
important shale gas exploration and development
succession in China. Its lithofacies division and the
genesis of high-quality reservoir intervals have attracted
significant attention (Chen et al., 2015; Zhao et al., 2016).

Lithofacies is a component of sedimentary facies. The study of
lithofacies is essential during shale reservoir characterization and
shale oil and gas reservoir evaluation (Wang and Carr, 2012).
Shale lithofacies types are divided according to their
characteristics using petrological, geochemical, and geophysical
methods, which consider mineral composition, paleontology,
structural strength, mineral content, and distribution. Among
them, the most widely used method includes the three-end
elements: clay minerals; carbonate rocks; and quartz and
feldspar (Allix et al., 2010). The proper characterization of
shale lithofacies includes the relationship between micropore
structure and macro-sedimentary facies, mineral structure, and
reservoir characteristics, as well as gas bearing and geomechanical
properties of the reservoir. This information is extremely helpful
for decision-making purposes during exploration and production
of shale gas.

Considering different factors including climate change,
material supply, and sea-level change, among others, different
lithofacies are subjected to dissimilar sedimentary environments.
For this reason, their mineral composition, organic matter
content, and sedimentary structure display variability. In
general, the shale reservoirs present low porosity and ultra-low
permeability, as well as various pore types and wide pore size
distribution, which results from an extremely complex pore
structure (Liu et al., 2022). Different types of pore bodies are
formed in different diagenetic stages and have various genetic
types. Sedimentation, structure, and diagenetic evolution have an
important impact on the evolution, preservation, and buried
depth of shale reservoirs. These features determine the
temporal and spatial distribution of high-quality shale
reservoirs (Li et al., 2019; Li et al., 2020). Marine shale is
highly heterogeneous. Different lithofacies display significant
differences in pore structures. In silica shale, the degree of
organic matter filling intergranular pores on large-scale is
high. The clayey shale is affected by TOC content and organic
matter clay complex structure. Organic pores present a wide pore
size distribution, with a high average pore size; however, the total
amount of organic pores is small (Fan et al., 2020). The organic
pores are mainly developed in organic-rich shale facies of the
shale gas reservoir. Several publications have reported on the
influencing factors of organic matter abundance on the
micropore structure. It has been found that organic carbon
content determines the specific surface area and pore volume
of micropores. In shales with elevated organic matter content, the
higher the content of clay minerals, the higher the proportion of
macropores (Li et al., 2019). This mainly occurs because of the
large number of interlayer pores of nano-clay minerals, which
promote the development of macropores.

Luzhou shale gas field, which formed in the southeast of the
Sichuan Basin during the deposition of the first member of the
Wufeng formation, can be divided into two parts: 1) shallow and
2) deep-water shelf parts (Ma et al., 2020). Since this is a new shale

gas exploration block, little is known about its shale lithofacies
and pore space characteristics. In addition, the control of
lithofacies on reservoir pore type and the genetic mechanism
of high-quality shale gas reservoirs is not clear. This restricts the
evaluation and prediction of high-quality shale gas strata (Wang
et al., 2017). For this reason, in order to provide a proper guidance
for shale gas production, in the present study, we analyzed the
relationship between shale lithofacies characteristics and pore
type and structure.

2 SAMPLING AND METHODS

A total of 270 core samples were collected from 5 wells in the
Lu203 well block located in the Wufeng and Longmaxi
formations at depths between 3,892 m and 4051.15 m.

First, the rock type,mineralogical composition, particle shape, size
and quantity, morphology, and size of pores and microcracks of 270
shale thin sections were analyzed using an Axioskop 40 polarizing
microscope and FEI QUANTA 250 field emission scanning electron
microscope (FESEM). PerGeos software was used to extract and
segment pores from the images obtained by SEM, and the pore size
and distribution characteristics of shale samples were quantitatively
evaluated. In order to determine the mineralogical composition and
lithofacies change in the vertical direction, the mineralogical
composition and clay mineral type and content of 120 samples
were quantitatively tested by using a PanalyticalX’Pert PRO MPD
X-ray diffractometer, and the shale lithofacies types were classified
according to the quantitative analysis results.

The total organic carbon (TOC) of 150 samples was analyzed using
a LECO CS-200 carbon/sulfur analyzer to evaluate hydrocarbon
generation potential. The plunger core porosity tester and STL—II
high pressure permeability tester were used to determine the porosity
and permeability of 140 core plug samples.

3 RESULTS

3.1 Mineralogical Composition of Shale
TheX-ray diffraction results showed that themainmineral components
were quartz, feldspar, calcite, dolomite, pyrite, and clay. The content of
quartz and clayminerals accounted formore than 60% of the total, and
the clay minerals consisted of illite, a mixed layer of illite/
montmorillonite, and chlorite–kaolinite. The content of brittle
minerals was between 31.8 and 97.0%, with an average of 64.1%,
and a median of 62.0%. In addition, the content of clay minerals was
3.0%–59%,with an average of 29.5%, and amedianof 28.0% (Figure 1).

The analysis of 256 samples from the Wufeng and Longmaxi
formations showed a TOC between 0.1% and 9.3%, with an
average of 2.1%. Among them, the TOC of gas reservoir samples
was between 1.1% and 9.3%, with an average value of 2.9%. TOC
varied between 2.0% and 4.0%, accounting for 63% of the total.
According to the microscopic examination of kerogen in the core
samples of Longmaxi formation, the average content of the
sapropel group was more than 90%. The organic matter of the
Wufeng and Longmaxi formations’ organic-rich shale was mainly
of type I kerogen.
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3.2 Shale Gas Reservoir Characteristics
3.2.1 Types and Characteristics of Pore Spaces
According to the SEM and composition results, the shale pores in
the study area can be divided into four basic types: organic pores
(Figures 2A–C), organic cracks, inorganic pores (Figures 2D,F),
and inorganic cracks (Figures 2E,F). Among them, the organic
pores are subdivided into two subclasses: organic matter
evolution pores (intra-OM pores) and pores between organic
matter. The organic cracks can be divided into two subclasses:
internal cracks in organic matter and cracks between organic
matter. In addition, the inorganic pores are subdivided into two
subclasses: mineral intragranular pores and mineral
intercrystalline pores. Also, the inorganic cracks are divided

into inorganic cracks and mineral grain boundary cracks. The
organic and inorganic pores represent the main reservoir spaces.
The organic matter pores generally exist in the form of bubbles
and pores, and the primary organic matter pores are less
developed.

3.2.2 Physical Properties of the Shale Reservoir
According to the analysis of 140 core samples from the shale gas
interval of the L203 block, the porosity varied between 2.19% and
5.65%, with an average of 3.74%, and a median of 3.79%. Among
them, the samples with porosity of 2%–4% are generally typified
as low-porosity reservoirs, which in the present study accounted
for 57.9% of the total. According to the analysis of 77 samples

FIGURE 1 | Mineral composition histogram of the shale reservoir; (A) mineral composition and (B) clay mineral composition. min: minimum content value; max :
maximum content value; mean: mean content value.

FIGURE 2 | Photographs of scanning electron microscopy (SEM) of the Wufeng–Longmaxi Formation shale; (A) inorganic pores and organic matter pores from
L203 well, (B) organic matter pores from L205 well, (C) organic matter pores from L207well, (D) inorganic pores from L209 well, (E) inorganic microcrack from L206 well,
and (F) inorganic pores, microcracks, and organic matter pores from L208 well.
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from shale gas intervals of 2 wells, the matrix permeability varied
between 3.98 × 10−5 mD and 9.81 × 10−2 mD, with an average of
1.12 × 10−2 mD. Thus, data indicated the presence of an ultra-low
permeability reservoir.

The grain density of shale samples of different lithofacies
varied from 2.4 g/cm3 to 2.67 g/cm3.

3.3 Lithofacies Division and Comparison of
Shale Characteristics
The mineralogical composition measured by X-diffraction
showed that this shale is mainly composed of quartz and clay
minerals, with a small amount of carbonate minerals, feldspar,
and pyrite. According to the division scheme proposed by Allix,
the main types of lithofacies are divided by the relative contents of
quartz, feldspar, clay minerals, and carbonate minerals
(Figure 3).

The Wufeng and Longmaxi shale in the study area generally
contains less than 50% clay and 25%–50% silica. Five types of
lithofacies developed including silicon/mud mixed shale (M-2),
calcareous/mud mixed shale (M-3), quartz-rich argillaceous shale
(CM-1), mud-rich siliceous shale (S-3), and calcium-rich
argillaceous shale (S-1) (Figure 4). Because of the high shale
content, CM-1, M-2, and S-3 lithofacies reflect long-term stable
sedimentation. Thus, they can be used as the unique lithofacies in
deep-water sedimentary environments. M-3 represents the main

shallow-water shelf lithofacies. In addition, S-1 corresponds to
the common lithofacies in shallow-deep water sedimentary
environments.

Clayey shales mostly contain clay mineral interlayer pores,
intercrystalline pores, and organic matter pores, as well as a low
content of organic matter. On the other hand, mixed shales
display a high content of calcite and dolomite. In addition, the
edge-dissolved pores and intercrystalline-dissolved pores of
calcite and dolomite are relatively developed, with larger pore
sizes as compared to those observed in the organic matter pores
and clay intercrystalline pores. Moreover, most of the dissolution
pores are filled with migrating organic matter (Wang et al., 2018).
The sedimentary environment of siliceous shale presents an
anoxic deep-water environment. In this case, pyrite is
relatively developed, and the intercrystalline pores of
framboidal pyrite aggregates are almost filled with migrating
organic matter (Loucks and Ruppel, 2007).

4 DISCUSSION

4.1 Genetic Mechanism of Shale Lithofacies
Dissimilar sedimentary environments result in differences in
lithofacies. With respect to shale lithofacies, different mineral
compositions, organic matter content, and sedimentary
structures formed in various sedimentary environments result
in different types of rocks.

Vertically, the Wufeng Formation of the Upper Ordovician
developed a medium carbon siliceous shale with high carbonate
content. Data indicated that a thin-layer of pyrite was developed
along the bedding surface of the shale.

The sedimentary period of the lower member of the Longmaxi
formation corresponds to a stagnant deep-water sedimentary
environment, which developed a siliceous shelf. The shale
facies correspond to thin-layer mixed shale and thick siliceous
shale, with high organic carbon content.

During the sedimentary period of the middle Longmaxi
formation, the water depth decreased, the sedimentary facies
mostly corresponded to mixed and sandy shelf, the shale
lithofacies were comprised of thin and mixed shale, and the
organic carbon content displayed a medium level.

Moreover, the water depth of the upper member of the
Longmaxi formation further decreased, and argillaceous
shelves were mostly present in sedimentary lithofacies. In
addition, thin-layer mixed shale and clayey shale formed the
shale lithofacies, and a low organic carbon content was present.

From bottom to top, the content of organic matter and quartz
gradually decreased, and the content of silt particles and clay
gradually increased. In addition, sandy nodules and sandy strips
were observed in the top core. Pyrite structures presented gradual
transitions from thick-layered in the lower part to scattered-
layered in the upper part. It was also observed that the input of
terrigenous debris gradually increased from bottom to top, the
hydrodynamic conditions gradually increased, the sedimentary
water body decreased, and the characteristics of the sedimentary
environment changed from strong retention and strong
reduction to a weak reduction environment.

FIGURE 3 | Ternary lithofacies diagram of the Wufeng–Longmaxi
Formation in the L203 well area SE Sichuan Basin. CM, mudstone facies; CM-
1, silicon-rich argillaceous shale facies; CM-2, mixed argillaceous shale facies;
and CM-3, calcium-rich argillaceous shale facies; S, siliceous facies; S-1,
calcium-rich argillaceous shale facies; S-2, mixed siliceous shale facies; and
S-3, mud-rich siliceous shale facies; C, limestone facies; C-1, silica-rich
calcareous shale facies; C-2, mixed calcareous shale facies; and C-3, mud-
rich calcareous shale facies; andM-1, calcareous/silica-mixed shale facies; M-
2, silica/mud-mixed shale facies; M-3, calcareous/mud-mixed shale facies;
and M-4, mixed shale.
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With respect to the main shale facies, the mineral
composition in the siliceous shale facies was relatively pure
and contained pyrite. This indicated that the sedimentary
environment was a relatively quiet and anoxic reduction
environment. In the mixed siliceous shale facies, the clay
minerals and carbonate mineral contents were less than
25%. In this case, foliation developed. It was also observed
that micro-characteristic quartz was evenly distributed and
scattered pyrite, and relatively developed silty laminae were
distributed along the layers. These data indicated that a
gradual change from an early strong reduction environment
to a weak reduction environment occurred. In clay-bearing
siliceous shale facies, clay mineral content increased. Silty

strips as well as a progressive bedding development were
observed in the core. This result suggested the enhanced
supply of terrigenous debris and the transition of the
sedimentary environment from a weak reduction
environment to an oxidation environment.

4.2 Influence of Lithofacies on Organic
Geochemical Characteristics
The enrichment of organic matter is usually related to the
paleoenvironment (Xie et al., 2008). Generally, the anaerobic
environment has a strong reduction ability, which promotes the
preservation and enrichment of organic matter. The organic

FIGURE 4 |Characteristics of shale of different lithofacies under polarizing microscope. (A)CM-1 lithofacies, 2983.78 m, well L205; (B)M-2 lithofacies, 4016.32 m,
well L205; (C) M-3 lithofacies, 4026.12 m, well L205; (D)S-3 lithofacies, 4029.97 m, well L205; (E) S-2 lithofacies, 4032.58 m, well L205; and (F) S-1 lithofacies,
4041.67 m, well L205.

FIGURE 5 | TOC versus porosity (A) and density (B) of shale samples from Wufeng–Longmaxi Formation in the L203 well area.
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matter present in the deep shale reservoir significantly
contributes to permeability, especially in the interval
dominated by organic matter pores where the porosity is
greatly affected by TOC. The results indicated good
correlation coefficients between TOC-porosity and TOC-
density, with values of 0.68 and 0.82, respectively (Figure 5).
The highest TOC, porosity, and density correlations
corresponded to those in mixed lithofacies. According to
these results, the organic matter in mixed lithofacies is the
main parameter controlling pore development. It was also
observed that shale density decreased with the increase in
TOC, and the total porosity increased with the increase in
TOC. These data indicated that in the deep shale reservoir,
organic matter pores were mostly present (Schlanser et al., 2016;
Wang et al., 2018).

The relationship between clay minerals, quartz, and TOC
content shows that TOC is positively correlated with quartz
content (Figure 6A) but negatively correlated with clay
mineral content (Figure 6B). These results indicated that
siliceous shale was mainly derived from biogenic silicon,
which also suggests that organic matter content in shale
rich in clay minerals is relatively low. The relationship
between pyrite, carbonate minerals, and TOC
concentrations showed that TOC was positively correlated
with pyrite content (Figure 6C) but not with carbonate

mineral content (Figure 6D). Thus, pyrite influences the
formation of organic pores to a certain extent (Wang
et al., 2020).

The TOC in shale samples of main lithofacies varied from
0.07% to 5.04%. The data indicated that the siliceous shale
displayed the highest TOC content. In the S-1 and S-3 shale
facies, TOC varied from 1.36% to 4.97%, while in M-2 and M-3
facies, the TOC values were between 0.54% and 4.23%. The lowest
TOC values were observed in CM-1 facies with numbers varying
from 0.15% to 0.89%.

Clay shale displays high clay mineral content and low TOC
content. Compared with mixed shale and siliceous shale,
organic matter accounts for a relatively low proportion. The
present study demonstrated that the development of organic
matter pores controls the pore space of siliceous shale and
mixed shale, while the pore space of clayey shale is mainly
affected by the pore development of clay minerals. Quartz in
siliceous shale mostly comes from the dissolution and
reprecipitation of siliceous organisms such as radiolaria and
siliceous sponges. Some pores between microcrystalline
authigenic quartz particles provide a storage space for
migrating organic matter. In addition, the bubble pores and
sponge pores can be formed in organic matter. The TOC
content in the mixed shale was slightly lower than that in
siliceous shale and its micropores and mesopores were

FIGURE 6 | TOC versus quartz content (A), clay content (B), pyrite content (C), and carbonate content (D) of the shale samples fromWufeng–Longmaxi Formation
in the L203 well area.
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mostly composed of clay mineral-related pores, quartz
intercrystalline pores, and organic matter pores. In addition,
the increase in carbonate mineral content can provide
dissolution pores for the preservation of migrating organic
matter to a certain extent.

4.3 Origin of Different Pores in Deep Shale
Reservoirs
Differences in the genesis of organic pores, inorganic pores, and
inorganic cracks in the main spaces of deep shale reservoirs have
been observed (Chen et al., 2015; Zhang et al., 2018).

Inorganic pores can be divided into intragranular and
intercrystalline pores. The inorganic intragranular pores of
black shale in the Luzhou area mainly developed in quartz,
clay, feldspar, pyrite, and carbonate minerals. In addition,
quartz grains contain primary pores. The transformation from
montmorillonite to illite during the burial of clay minerals may
also result in the formation of intragranular pores. Also,
dissolution pores are easily formed in unstable minerals such
as feldspar and carbonates. Intragranular dissolution pores exist
in single-crystal pyrite or framboidal pyrite. On the other hand,
intragranular pores mostly display spherical, grooved, or
honeycomb morphologies. The pore sizes vary from tens of
nanometers to tens of microns, and the connectivity is
relatively poor (Figure 7A). Shale intercrystalline pores are
mainly formed by mutual support of the same or multiple
minerals. Interparticle pores are formed between grains or
crystals such as quartz, clay minerals, feldspar, and dolomite
in which pore size is larger than that of intragranular pores.

The inorganic pores developed in shales where an abundance
of organic matter is relatively low. They present smooth edges,

oval shape, uniform individual size, and relatively large pore
diameter. On the other hand, the organic pores develop in
relatively high organic matter shales, display irregular edges,
mostly flat shapes, as well as certain directionality and
relatively small pore diameter. The organic pores are formed
during hydrocarbon maturation. The organic pores are mostly
found in gas generation window (RO > 1.2%), and a few of them
are also observed in oil generation windows (RO between 0.6%
and 1.0%) (Jarvie et al., 2007; Mastalerz et al., 2013). The black
shale from theWufeng and Longmaxi formations has reached the
mature stage. Thus, kerogen and early oil pyrolysis asphalt will
produce organic matter evolution pores (Zhao et al., 2016).
During thermal evolution, kerogen is often mixed with clay,
quartz, feldspar, carbonate, and other minerals to form
spherical or porous honeycomb structures. The most common
honeycomb-shaped organic pores are formed in mixtures of
quartz and clay minerals (Figures 7C,E).

The shales contain different types of pores, which are mostly
developed in organic matter, brittle minerals, and clay minerals,
among others. Organic matter pores represent the main type of
pore space. They are formed in organic siliceous shales and
organic mixed shale lithofacies (Tang et al., 2015; Wang et al.,
2016; Li, 2022). The organic matter pores in organic-rich siliceous
shales are highly developed and present a nearly circular shape,
good connectivity, and a pore diameter higher than 150 nm.
Medium to high organic siliceous shales contain microcracks at
the edge of organic matter and rigid minerals and dissolution
pores in the rigid particles. The pores in organic matter are
developed and present a small pore size and slightly poor
connectivity. The organic matter-rich mixed shales show low
organic matter content, intergranular pores, and locally
developed microfractures.

FIGURE 7 | Microphotographs showing main pore types and distribution characteristics of shale reservoir. (A) Inorganic pores, 3939.25 m, L206 well; (B) pore
morphology and distribution of graph a; (C) organic pores and grain boundary pores, 3967.62 m, L206 well; (D) pore morphology and distribution of graph c; (E) pyrite
intercrystalline pores and organic pores between pyrite crystals, 3980.96 m, L206 well; (F) pore morphology and distribution of graph (E).

Frontiers in Earth Science | www.frontiersin.org June 2022 | Volume 10 | Article 8573437

He et al. Lithofacies Characteristics of Deep Shale

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Gas-bearing property is an important index to measure the
productivity of shale reservoirs. Organic matter is the material
source of shale gas. In the process of hydrocarbon generation by
organic matter, high-pressure protective pores and organic pores
are formed. The higher the organic carbon content and the larger
the total volume of micropores, the larger the surface area
available for adsorption of adsorbed gas. Thus, total gas
content increases (Hubbert, 1953; England et al., 1987).
TOC presents a positive correlation with total gas content
and porosity. Among siliceous shales, high carbon siliceous
shales are the ones with the highest content of gas, which is
usually more than 6.5 cm3/g, followed by medium carbon
siliceous shale, with a gas content of 4.2 cm3/g. The organic
matter content of low-carbon siliceous shales is similar to
that found in mixed shales. Because of the large difference in
porosity, the gas content in low-carbon siliceous shales is
higher than that of mixed shale. However, in both cases, the
values are lower than 4.0 cm3/g.

4.4 Influence of Pyrite on the Formation of
High-Quality Reservoirs
Figure 8 indicated the presence of many types of framboidal,
lamellar, and nodular pyrite in the study area (Figure 8). In
addition, it was found that framboidal pyrite is composed of
microcrystals (Figures 8A–C), which are generally
polygonal, octahedral, or cubic with uniform sizes.
Nodular pyrite is mostly distributed on the sedimentary
surface of the laminated shale in the form of cubic
euhedral single crystals. If these crystals are enriched to a
certain extent, they will show fine macroscopical strips

produced along the layer (Figure 8D). Euhedral pyrite
exists in octahedral, cubic, and spherical shapes (Figures
8E,F). This type usually appears as isolated and aggregated
particles, often as euhedral or semi-euhedral crystals with
large variations in particle size. Euhedral pyrite usually
coexists with clay particles or clay lamellae, in which the
pyrite particles between clay lamellae are usually surrounded
by organic matter. In general, heteromorphic pyrite does not
present regular shapes. Compared with framboidal pyrite,
heteromorphic crystals and aggregates of pyrite are usually
irregular monomer particles or irregular aggregates.

Framboidal pyrites with high organic matter content
reflects the reduction conditions of stable water bodies. In
the study area, the increased pyrite content was accompanied
by an increase in organic matter content. High-quality shales
with high organic carbon content are also formed under this
sedimentary condition. Pyrite is an indicator of organic
matter content in a shale, which is consistent with the
positive correlation between pyrite content and TOC
(Figure 6C).

Shale pore type and pore structure directly affect the
adsorption and flow capacity of shale gas. Pyrite structures
present various pore types. Microcrystalline and
intercrystalline pores are developed in the raspberry-like pyrite
aggregates with the highest content in the shale (Figure 9A). At
the same time, the special shape of raspberry-like pyrite crystals
causes most of the voids between the internal grains to be filled
with organic matter to form an organic/pyrite complex. In
addition, a great number of organic matter pores are
developed in the organic matter structure (Figure 9B).
Microscopic observations have shown that most organic

FIGURE 8 |Microphotographs showing different types of pyrites. (A) Framboidal pyrite (FmPy) associated with illite, 3940.24 m, L206; (B) framboidal pyrite (FmPy),
4029.97 m, L206; (C) framboidal pyrite (FmPy), 3944.96 m, L206; (D) lamellar euhedral pyrite aggregate (EhPy), 3955.08 m, L206; (E) euhedral pyrite aggregate (EhPy),
4014.79 m, L206; and (F) euhedral pyrite (EhPy), 3944.96 m, L206.
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matter pores are irregular and develop between organic matter or
around the grain edge. Due to the support and protection of
pyrite aggregates and the role of catalytic organic matter in
hydrocarbon and gas generation, the number of pores in
pyrite is more than that in surrounding organic matter (Han
and Li, 2019). In addition, some mold pores are formed by the
effect of crystals falling off the surface of the aggregate
(Figure 9C). The pore size is generally larger than that in the
internal organic matter pore, and the shape depends on the
morphology of exfoliated crystals, which mostly display
honeycomb shapes. Since they contain large pore sizes, they
represent the main enrichment site of free gas.

A significant amount of space for the storage of oil and gas is
provided by intercrystalline pores present in framboidal pyrite
and pores formed by intercrystalline pyrite filled with organic
matter (Zhao et al., 2016; Han and Li, 2019; Wang et al., 2020).
The high content of pyrite results in the development of high-
quality reservoirs. Among various lithofacies, the highest pyrite
content corresponds to that of siliceous shale (S-2 and S-3) and
mixed shale (M-2 and M-1), with average values of more than
3.3%. The average pyrite content in M-3 facies is 2.9% and that in
other lithofacies is less than 2%.

The shale in the study area was divided into three categories:
siliceous shale, calcareous shale, and mixed shale. Comparing
different lithofacies, the type and content of pyrite are quite
different. The highest pyrite content was found in the mixed
shale, where pyrite was distributed in strips. The second highest
pyrite content was determined in siliceous shale, which was
scattered along the layer. Finally, the smallest amounts of
pyrite were found in the calcareous shale. Our results were
consistent with those reported in previous studies (Wu et al.,

2016). The supporting framework composed of quartz in the
shale provides a good space for kerogen preservation. The
development of clay minerals has a catalytic effect on kerogen.
Pyrite was mainly found in strawberry-like structures and
irregular non-idiomorphic arrangements.

The time framework for the formation of pyrite is the same as
that of early diagenetic formation. Pyrite, one of the common
minerals present in shale reservoirs, plays a certain role in
controlling the enrichment and production of shale gas.

Three different types of organic pores developed in organic
matter migrate into pyrite minerals: 1) pyrite is associated and
developed next to the migrated organic matter, and the
formation period of pyrite occurs earlier with respect to that
of organic matter. Pyrite plays a catalytic role in the formation
of organic pores. 2) The transported organic matter fills the
spaces between pyrite particles, and organic matter pores
develop. Similar single-grain sizes and shapes of pyrite are
formed in the same period, and some single crystals are
formed in inorganic minerals. This occurs earlier with
respect to the transport of organic matter. 3) The
transported organic matter fills the spaces in pyrite particles,
and organic matter pores develop. Pyrite obviously preceded the
formation of organic matter.

The number and size of organic pores developed in the
presence of pyrite are significantly better than those formed
without pyrite. This indicates that pyrite has a very positive
impact on the formation of organic pores. In the latter two
types, pyrite not only catalyzes but also supports and protects
organic pores. Most pyrite in shale exists in the form of
strawberry-like pyrite structures. The best degree of pore
development corresponds to the second type of organic pore.

FIGURE 9 |Microphotographs showing pyrite and micropore development characteristics. (A) Intercrystal pyrite pores are developed in framboidal pyrite (FmPy),
3786.85 m, L208 well; (B) intercrystal pyrite pores and organic pores are developed in framboidal pyrite, 3830.40 m, L208 well; (C) inorganic pores, euhedral pyrite, and
framboidal pyrite, 3840.43 m, L208 well; (D) pore morphology and distribution of graph a; (E) pore morphology and distribution of graph b; (F) pore morphology and
distribution of graph (C)
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5 CONCLUSION

1) The shale reservoir of the Wufeng and Longmaxi formations
in the Luzhou block is characterized by low porosity and ultra-
low permeability. Vertically, the development degree of
organic pores and inorganic pores is highly
heterogeneous. According to mineralogical composition,
the main lithofacies in the study area were identified as
quartz-rich argillaceous shale facies, silica/mud-mixed
shale facies, calcareous/mud-mixed shale facies,
calcium-rich argillaceous shale facies, and mud-rich
siliceous shale facies.

2) Total shale porosity increases with the increase in TOC.
In addition, in deep shale, mainly organic matter pores
are present. Siliceous shale (S1 and S-3) and mixed shale
(M-2 and M-3) contain a significant amount of
intercrystalline pores in framboidal pyrite and pores
generated by pyrite intergranular filling organic
matter, which promote the formation of high-quality
reservoirs. The pore space in clay shale is mainly
affected by the organic pore development in clay
minerals.

3) The differences in the sedimentary environment control the
pore structure in lithofacies. The strong retention and
reduction environment provide the conditions needed for
the enrichment and preservation of organic matter. The
organic-rich siliceous shale facies formed in this
environment favor the formation of pores with large
diameters in the organic matter structures. Thus, organic
matter displays high porosity and gas content. In
conclusion, organic-rich siliceous shale facies represent the
most favorable lithofacies for the development of shale
reservoirs.
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