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ABSTRACT: Recently, deep shale reservoirs are emerging as time requires and commence occupying a significant position in the
further development of shale gas. However, the understanding of pore characteristics in deep shale remains poor, prohibiting
accurate estimation of the hydrocarbon content and insights into fluid mobility. This study focuses on the Longmaxi Formation from
the Luzhou (LZ) region, southern Sichuan. Scanning electron microscopy (SEM), low-temperature N2/CO2 adsorption, X-ray
diffraction, and geochemical analysis were performed to investigate the micro—nanopore size distribution, main controlling factors,
and unique pore features distinct from other regions. Results showed that the pores can be classified into four categories, organic
matter (OM) pores, intergranular pores, intragranular pores, and microfractures, according to SEM images. The total pore volume is
overwhelmingly dominated by mesopores and contributed by pores in the range of 0.5—0.6, 2—4, and 10—30 nm. The specific
surface area is primarily contributed by micropores and mesopores in the range of 0.5—0.7 and 2—4 nm. By analyzing the influencing
factors extensively, it is concluded that the buried depth, geochemical factors, and mineral composition can impact the pore structure
in the overmature deep shales. Specifically, the total organic carbon content plays a more effective and positive role in the
development of micropores, mesopores, total pores, and the porosity when compared with vitreous reflectance (Ro). The
micropores are inferred to be OM-related. On the contrary, clay mineral is detrimental to the development of micropores and
mesopores and the petrophysical properties (porosity and permeability), which may be attributed to the occurrence of chlorite and
kaolinite instead of illite. The plagioclase conforms to the same law as clay due to their coexistence. Quartz, carbonate minerals, and
pyrite can barely contribute to the pores. Eventually, the compared results suggest that the Longmaxi Formation of the LZ region are
qualified with a superior pore size distribution, complicated structure, and diverse morphology, implying a potential to generate and
store hydrocarbons. Overall, this study improves the understanding of complex pore structures in deep shale and provides significant
insights into the development and exploration of unconventional resources in the future.

1. INTRODUCTION

In the last 20 years, shale gas resources have gradually taken up a

remarkable status in unconventional reservoirs.”> As the Received: November 30, 2021
advanced drilling and completion techniques improve, en- Accepted:  February 28, 2022
gineers and scholars in the petroleum industry commence Published: April 20, 2022

putting their eyes on the exploration of deeper formation,
expecting to enhance the energy production and satisfy the
growing demands of consumers. In this context, the deep shale
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Figure 1. (a) Schematic map of the Luzhou area, southern Sichuan Basin and (b) stratigraphic column of the sample well.

reservoirs, which are buried in the depth of 3500—4500 m,
emerged to come with the tide of fashion. The deep reservoirs
are qualified with notable hydrocarbon potential and can
gradually play a pivotal role in fostering the gas development at
the next exploration stage.”" Especially, the Luzhou region, as a
hotspot in the Southern Sichuan basin, is now in full swing.
Unlike the middle-shallow shale reservoirs, the deep shale rocks
are buried deeper and undergo more rigorous pressure and
temperature conditions together with a higher degree of
densification.” Meanwhile, the nanoscale pores, supplying
tremendous space for free gas and adsorbed gas in shale, can
not only dominate the gas storage capacity directly but also
affect the fluid migration.‘s_11 Therefore, the configuration and
characterization of the pore system are of great significance in
deep shale gas evaluation."*™"*

According to the widely adopted standards proposed by the
International Union of Pure and Applied Chemistry (IUPAC),
the pores can be classified into three categories based on the
pore diameter: micropores (<2 nm), mesopores (2—S50 nm),
and macropores (>50 nm)."” Thus far, a variety of novel
techniques have been developed to qualitatively and quantita-
tively characterize the pore structure. Among them, qualitative
methods, including scanning electron microscopy (SEM),
transmission electron microscopy (TEM), small-angle or
ultrasmall-angle neutron scattering (SANS or USANS), and
small-angle scattering (SAS), are employed to observe the pore
morphology and classify pore types visually; quantitative
techniques, such as mercury injection capillary pressure
(MICP), low-temperature N,/CO, adsorption isotherms
(LTNA/LTCA), and nuclear magnetic resonance, are capable
of assessing the characterization of pore size distribution
indirectly. It should be noted that multiple techniques need to
be combined to comprehensively describe the characterization
of pores in different scales due to the complicated pore structure
and developed nano—micropore systems in shale.””'¢™

A considerable amount of literature has been published on the
pore types and characterization in shales. The most
representative and typical survey was conducted by Loucks
and divided the pores of North American marine shale into
organic matter (OM) pores, intergranular pores, intragranular
pores, and microfractures.'”***° Other authors also proposed a
variety of classification schemes from multiple perspectives such
as the shale pore size, developing position, pore morphology,
and pore genesis.”’ > For example, the shale pores were
classified into primary pores and secondary pores in terms of
their genesis, where primary pores mainly consist of
intergranular pores and some intragranular pores, along with
most OM pores, clay conversion pores, and dissolved pores
belonging to the secondary pores.”””" Yang®® divided shale
pores into organic pores and inorganic mineral pores according
to the matrix type. Cao’® investigated the hydrocarbon
expulsion history and thermal evolution of continental shale
and then established a pore classification system of oil exit pores,
gas exit pores, and Stomatal group. In addition, a great deal of
previous research into the influencing factors of the pore
structure in shale has also focused on the OM, clay minerals,
quartz, and thermal evolution degree.”*”*' Some authors
observed that clay minerals, especially illite, have a strong
impact on gas adsorption.“’43 However, previous studies are
mainly concentrated on the middle-shallow shales, and there is a
current paucity of scientific literature specifically relating to the
pore structure characteristics and relative controlling factors in
deep shale reservoirs. Therefore, it is of great significance to
comprehensively probe into the pore characteristics of deep
shale reservoirs, which is beneficial for the evaluation of gas-
bearing properties and enrichment regularity.****

In this work, taking the newly mined LZ shales in the Sichuan
Basin as a case study, the pore size distribution and pore
characterization of deep shale in different scales were studied
employing SEM and gas adsorption. Coupled with X-ray
diffraction (XRD) and geochemical data, the factors controlling
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Figure 2. Field emission scanning electron microscopy and EDS images of mineral in shale, (a) chlorite, quartz, and pyrite; (b) calcite, albite, and
pyrite; (c) dolomite, potassium feldspar, and chlorite; and (d) illite, pyrite, and calcite.

Table 1. Key Features of Shale Minerals in SEM Images

shale mineral distributed morphology brightness
Pyrite shaped as flake and strawberry highest, easy to identify
quartz exists as a primary matrix and distribute in a large area lower brightness

feldspar albite is shaped regularly;
potassium feldspar always

occurs between quartz grains

similar to quartz. specifically, albite has a lower brightness than quartz; potassium
feldspar possesses a brighter gray scale than that of quartz.

calcite generally formed in a regular rhombic shape darker than quartz

dolomite shaped as a regular diamond slightly lower than calcite

chlorite exists in laminated or disorderly stacked state lighter than quartz, but second to pyrite due to the
iron contained in chemical formula

illite tends to bend; generally shaped as strip and plate, sometimes irregular slightly higher than quartz, feldspar, and
carbonate minerals.

OM irregular Darkest as black-gray

the development of different pore types were also discussed.
Eventually, the obtained recognition was compared with that of
adjacent areas in Southern Sichuan, including Changning,
Weiyuan, Yuxi, and the Periphery of Sichuan. This study
enhances the understanding of complex pore structures in deep
shale, which will contribute to the further development and
exploration of unconventional resources.

2. Geological Setting. Luzhou (LZ) block, situated in the
low-steep structural belt of Southern Sichuan, is one of the
principal targets for shale gas exploration and development in
the Sichuan Basin. It covers the area surrounded by the
Qiyueshan fault belt on the east and Huayingshan fault belt on
the west. In the study area, straight line-like or arc belt-like
folding structures are mainly developed from the center to the
south together with less in the northern part. Among them, the
synclines are gentle and wide, whereas the anticlines are steep
with two low-angle wings. Overall, faults, dominated by reverse
faults, are less developed in the LZ area.*® Class I faults (fault
distance > 300 m) are not developed, and class II faults (fault
distance of 100—300 m) are only distributed in a small amount
at the high part of the anticline. In the syncline, there are mainly

14593

class III faults (fault distance of 40—100 m) and class IV faults
(fault distance of 20—40 m) at a smaller scale (Figure 1).

The study area has successively experienced multistage
tectonic evolutions. Under the influence of Dongwu movement
in the Hercynian period, Southeast Sichuan was uplifted into
land, triggering the general loss of Devonian, Carboniferous, and
some Upper Silurian strata. Afterward, the Paleogene and
Neogene strata also disappeared due to the tectonic uplift in the
Himalayan period. The LZ strata are mainly dominated by
Cambrian and Cretaceous, occasionally Quaternary. After the
long geological evolution process, the LZ area is preserved at
high temperature and overpressure, which is conducive to the
accumulation and preservation of shale gas*’ Thus, the section
from the Wufeng Formation in Upper Ordovician to the
Longmaxi Formation in Lower Silurian is the primary gas-
producing layer, especially the Longmaxi Formation buried in
the depth of 3500—4500 m. The enrichment of hydrocarbon
potential in the LZ block can enable it to become a crucial

successive field after Changning—Weiyuan block.** ™'
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Table 2. Mineral Composition of Longmaxi Deep Shale in the LZ Area”

sample number  depth (m)  porosity (%)  permeability (10 ~*um?)
U3 3894.46 2.82 0.009
U224 3916.33 4.05 0.026
U3s 3927.20 3.27 0.026
U37 3929.30 2.09 0.030
L4 3976.71 4.62 0.008
Ls2 3994.76 549 0.014
LS3 4024.85 6.24 0.008
L60 4025.83 5.23 0.008

TOC (%) Ro (%) quartz plagioclase carbonate pyrite  clay minerals
0.48 2.63 38 8 0 0 52
0.62 2.66 41 9 0 0 47
0.61 2.75 39 9 3 0 45
0.49 2.77 42 8 0 0 47
2.02 2.80 26 7 25 2 40
2.70 3.05 53 S 8 N 29
3.55 3.05 52 3 12 S 28
4.97 3.11 60 2 31 2 N

“U—Shale samples from the Upper Longmaxi formation; L—shale samples from the Lower Longmaxi Formation.

3. RESULTS

3.1. Mineral Composition Description. The shale
components are explicitly described in qualitative and
qualitative aspects by energy-dispersive spectrometry (EDS)
and XRD, advancing the understanding of minerals in deep
shales.

3.1.1. Mineral Identification. Combining SEM and EDS,
shale minerals along with their characterization were identified
and analyzed, providing basis for further determination of pore
types. Looking at Figure 2d, the atomic ratio of elemental iron
and sulfur is 1:2 according to the energy spectrum; as such, the
marked region with the highest brightness is regarded as pyrite,
which is mainly shaped as flake and strawberry on the plane.
Similarly, the characteristics of other fundamental minerals in
shale are depicted and summarized in Tablel, excluding some
vague points which may be referred to a mineral mixture (Figure
2).

In conclusion, brittle minerals are generally formed in regular
shapes and surrounded by mixed clay and OM, sometimes in
irregular states. In view of the gray scale, pyrite possesses the
highest brightness, while OM presents as black gray due to its
lowest average atomic number. Quartz, feldspar, and carbonate
minerals have moderate brightness levels that are not much
different from each other. Clay minerals are equipped with
higher brightness than quartz, but second to pyrite (Table 1).
Therefore, the morphology and distribution features of shale
minerals can be identified and depicted via SEM images,
contributing to further investigation of the pore system and
reservoir evaluation.

3.1.2. Mineral Content. The mineral composition was
determined by XRD, which is listed in Tables 2 and 3. As
indicated in Table 1, quartz and clay minerals are found to be
dominated at an average of 43.9 and 36.3 wt %, respectively.
Carbonate minerals including dolomite and calcite also exist as a
significant constitute in the range of 0—31 wt %. Thus, silicate
minerals occupy a higher mass fraction in the Lower Formation,

Table 3. Clay Mineral Compositions of the Longmaxi
Formation Shale, LZ Area

sample number  illite  chlorite  kaolinite illite—smectite mixed layer
U3 66 20 6 8
U24 61 23 8 8
U3s 66 20 8 6
U37 60 23 8 9
L4 72 15 S 8
Ls2 66 20 7 7
LS3 86 6 0 8
L60 96 0 0 4

whereas in the upper interval, clay mineral and pyrite are
distributed more. Meanwhile, compared with the Upper
Longmaxi Formation, the Lower shale had a higher total organic
carbon (TOC) content and porosity on average, indicating a
splendid potential for shale gas generation and preservation.

Table 2 shows that the clay minerals comprise illite, chlorite,
kaolinite, and illite—montmorillonite mixed layers. Especially,
illite is the most abundant clay mineral, which accounts for 61—
96 wt % (mean of 71.6 wt %), followed by chlorite and kaolinite
with an average of 16.1 and 5.3 wt %, respectively. There is no
smectite in core plugs, suggesting that almost all smectite has
been converted to the illite—montmorillonite mixed layer or
illite in the diagenetic process.”” The content of illite and
kaolinite in the Upper Formation is higher than that of the
Lower Formation. The pore system of these samples was
characterized by SEM, LTNA, and LTCA.

3.2. Pore Types and Morphology. Based on the
investigation of Loucks,”* the deep shale pores in our study
are qualitatively classified into four categories: OM pores,
intergranular pores, intragranular pores, and microfractures.

3.2.1. OM Pores. OM pores refer to the pore space developed
in OM with the diameter varying from tens to hundreds of
nanometers, some even to the micron scale. It is apparent that
the OM always coexists with the inorganic matter and
strawberry- or flaky-like pyrite, distributing in the shape of
strip and block (Figure 3a,b). What is more is that the Lower
shale samples (Figure 3a—c) are qualified with more abundant
but smaller organic pores when compared to the Upper shales
(Figure 3d,e), which is consistent with the TOC distribution.

3.2.2. Intergranular Pores. Intergranular pores are observed
on the edge of or among mineral grains, which can be divided
into brittle mineral intergranular pores and clay mineral
interlayer pores (Figure 3f). Specifically, the brittle mineral
intergranular pores are mainly evolved from differential
compaction between brittle and plastic minerals, such as quartz,
feldspar, carbonate, and other grains, appearing in irregular
polygonal shapes. With a large pore size and good connectivity,
these pores are accessible to become a significant seepage
channel in promoting gas migration. In view of clay mineral
interlayer pores, they are mainly formed due to the expansion on
mineral edges and surface connections. In diagenesis, mont-
morillonite is dehydrated and converted into illite; thus, the
mineral volume reduces to generate interlayer pores that are
shaped as along strip, flat, or slit. Besides, the interlayer pores are
generally characterized with a huge specific surface area (SSA),
wide distribution, and good connectivity, which can provide
storage space and percolation channels for shale gas.

3.2.3. Intragranular Pores. Intragranular pores commonly
occur within particles. It is observed under a microscope that
intragranular pores can fall into two main categories: rigid

https://doi.org/10.1021/acsomega.1c06763
ACS Omega 2022, 7, 14591-14610
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Figure 3. Pore types and their characterization in Longmaxi shales of LZ area. (a) Strip-like OM coexists with pyrite crystals and develops stripped-
edge pores; the intergranular pores are developed on the edge of quartz and calcite along with dissolution pores in them; (b) block-like OM develops
pores in tens of nanometers inside and large pores at the edge up to hundreds of nanometers; (c) block-like OM coexists with clay minerals; OM pores
are shaped irregular; (d) regular elliptical OM develops a large amount of uniform OM pores that are locally connected; sometimes, the pore size can
be up to the micron level; (e) OM coexists with clay minerals and develops a large number of OM pores that are locally connected; (f) intergranular
pores and intragranular pores in brittle minerals; (g) intercrystalline pores in strawberry pyrite nodules; (h) microfractures develop along the contact
boundary between OM and inorganic minerals; and i microfractures penetrate the rigid particles.

particle dissolution pores and intercrystalline pores in
strawberry pyrite nodules. Rigid particle dissolution pores are
originated from diagenesis and thermal evolution of OM, where
the released acid can dissolve unstable minerals including quartz,
feldspar, and calcite.””>* As seen in Figure 3fg, the solution
pores are mostly isolated with pore connectivity, presenting as
circle and ellipse. Likewise, the intercrystalline pores in
strawberry pyrite nodules are formed by incompatible
accumulation of pyrite crystals during growth and occur in
clusters, grids, circles, or irregular polygons.55

3.2.4. Microfractures. In shale reservoirs, the microfractures
are generally supported by nontectonic reactions (dehydration
in clay transformation or hydrocarbon pressurization). Mean-
while, the development of brittle minerals and organic-rich thin
shale layers is also conducive in producing fractures.’®
According to SEM images, microfractures in deep shale samples

mainly penetrate the rigid particles and develop along the
contact boundary between OM and inorganic minerals,
extending in strips and irregular lines with small tortuosity
(Figure 3h,i). Therefore, it is assumed that deep shale is
dominated by organic pores and microfractures; particularly, the
organic pores in Lower shales are more developed with the
increase in TOC.

3.3. Characteristics of Gas Adsorption Isotherms. Shale
possesses a complicated network of micro—nanometer pores,
which require a combination of multiple methods to character-
ize the pore system more accurately.

3.3.1. N, Adsorption. According to the standard classification
from TUPAC (2015),”” the adsorption/desorption isotherms
and hysteresis loops, indicating the internal pore structure of
eight shale samples, are analyzed.”® As shown in Figure 4, we can
conclude that the overall isotherm shape of all samples is roughly

https://doi.org/10.1021/acsomega.1c06763
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Figure 4. N, adsorption/desorption isotherms of eight shale samples in the Longmaxi Formation of the LZ area.

the same as reversed “S” despite some differences and can
further fall into two categories. (1) The first category refers to
shale samples derived from the Lower Longmaxi Formation (L4,
LS52, LS3, and L60), and the corresponding gas adsorption
capacity is universally splendid. The isotherm shape of these
cores belongs to a combination of type II and IV(a). The sharp
increase at a low pressure of less than 0.01 suggests an
association with the filling in wider micropores. Then, as the P/
P, increases, the adsorption branch continues to rise in a relative
fast speed with no saturated plateau reached, indicating the
process of mono—multilayer adsorption in mesopores and
macropores. In addition, it should be noted that the desorption
branch deviates from the adsorption isotherm at an inflection
point of 0.45 to form a hysteresis loop, implying that the single—
multilayer coverage and capillary condensation happen to
mesopores when pore width exceeds a certain critical value.>
Following the TUPAC classification of the hysteresis loop,” the
hysteresis loops are a mixed type of H2 and H3, indicating that
the pores are mainly shaped as inkbottle and slit. (2) The second
category is represented by rock U3, U24, U3S, and U37 in the
Upper Longmaxi Formation, where the gas adsorption capacity
is relatively low. The physisorption isotherm shape of these
samples belongs to a mixture of type 1(a), II, and IV(a). The
adsorption capacity becomes obviously small and increases
slowly at extremely low relative pressure. The hysteresis patterns
are exhibited as a narrow strip, which are mainly similar to the
H4 type. Thus, it means that parallel plate pores are the
prevailing pores in the Upper section with a wide range of pore
size distribution and good connectivity.

Table 4 lists the pore structure parameters obtained from
LNTA analysis. The average pore diameters in shale samples
varies from 5.8 to 8.6 nm, which belong to mesopores. The PV of
upper samples varies from 0.0132 to 0.0172 cm®/g with a mean
of 0.016 cm?/g, while the PV of lower samples averages at 0.018
cm3/g in a range of 0.0162 cm3/g—0.0197 cm3/g. As for SSA,
the average value of Upper and Lower samples is 11.95 and
26.77 m*/g, respectively. Hence, it is concluded that PV and SSA
in the Upper Formation are not as much as those of the Lower
section, especially the SSA.

The PSD determined by the BJH model, including dV/dw,
dV/dlog w (pore volume vs pore width), and dA/dlog w (surface
area vs pore width) plots, are shown in Figure 5. The dV/dlog D
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Table 4. Pore Structure Parameter Obtained From LNTA
and LCTA Analysis

N,-adsorption CO, adsorption
average BET BET
pore surface BJH surface DFT
sample size area volume area volume
number  formation (nm) (m*/g) (em®/g) (m*g) (cm®/g)
U3 upper 7.44 1191 0.0161 4.88 0.0010
Longmaxi
U224 6.55 17.258 0.0172
u3s 7.45 9.16 0.0132 5.17 0.0013
U37 8.09 9.45 0.0164 4.16 0.0010
L4 lower 7.00 24.08 0.0187 8.96 0.0023
Longmaxi
LS2 6.82 28.70 0.0197 10.41 0.0027
Ls3 5.80 31.81 0.0186 15.34 0.0040
L60 7.07 22.48 0.0162 11.27 0.0024

plots reveal that the curves of all samples from Longmaxi
Formation have a bimodal nature. The pore volume (PV) of the
Lower shale is mainly contributed by pores in the range of 1.7—3
nm, followed by mesopores in 7—22 nm; by contrast, the major
peak in the Upper shale is in the range of 2—4 nm, and the
secondary contribution comes from pores in 17—100 nm, not as
significant as the Lower part. Coincidentally, it is found that dV/
dw and dA/dlog w plots appear to be unimodal in the same
morphology, indicating that the pore diameter and SSA are
mainly contributed by pores between 1.7 and 3.5 nm (Figure Sa,
c).

3.3.2. CO, Adsorption. The micropores can be quantitatively
characterized by CO, adsorption®* (Zhu et al., 2016). As shown
in Figure 6, CO, adsorption isotherms of eight Longmaxi shales
are typical type I with slight convexity at low pressure, where the
Upper part is type 1(a) and the Lower part belongs to I(b).
Among them, the shape of I(b) reflects a wider pore size.
Furthermore, when the relative pressure approaches the
maximum of 0.03, the adsorption capacity in the Lower samples
(average of 2.093 cm3/g) is obviously greater than that of the
Upper samples (average of 0.857 cm’/g), indicating more
micropores in the Lower section. Density functional theory
(DFT) is utilized to estimate the PV and SSA of micro-
pores”’ ™" {Chalmers etal;2012; Mastalersand-Schieber 2017

Wangetal;2616). Specifically, the PV of Upper samples varies
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Figure S. Pore size distribution (a), PV distribution with pore size (b), and SSA with pore size (c) of shale samples from N2 adsorption.

from 0.00097 to 0.00126 cm?/g with a mean of 0.001 cm®/g,
while the PV of Lower samples averages at 0.003 cm®/g in a
range of 0.0023—0.0040 cm’/ g. In regards of SSA, the average
value of Upper and Lower samples is 6.948 and 16.757 m*/g,
respectively. Thus, it is obvious that both PV and SSA in the
Lower Formation are higher than those of the Upper section.

We further analyze the pore size distribution of these core
plugs based on CO, adsorption. It can be seen from Figure 7 that
the PV and SSA curves of all samples exhibit a similar bimodal
nature in the micropore range (<2 nm), which are mainly
dominated by pores with a pore size of 0.47—0.66 and 0.78—0.9
nm.

4. DISCUSSION

4.1. Analysis of Gas Adsorption. From the features of
physisorption isotherms displayed above, the differences of
micro—nanopore structures in the Upper and Lower Formation
are discussed and analyzed. Based on the mineral composition,
we can infer that the TOC content may control the shape of N,
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adsorption—desorption curves. With the increase in TOC, the
initial and maximum adsorption capacity and the amplitude of
the hysteresis loops increase significantly. The loop morphology
transitions from H4 to H2—H3 types, signifying that the parallel
plate pores in the Upper part are gradually transformed into
inkbottle- and slit-like pores in the Lower Formation. This is
because for samples rich in TOC, the duct-like organic pores are
developed, while in samples with a higher clay content and lower
TOC, the clay interlayer slits are more common.

As shown in both N, and CO, isotherms, the adsorption
branches of the Lower Formation are typical type I(b) at low
pressure, and the adsorption capacities are obviously greater
than those in the Upper Formation. This means that the
micropores in the Lower section are characterized with a wider
pore size and more quantities, which is in accordance with OM
pores in SEM images. Hence, the more developed OM
micropores in the Lower Formation from the SEM image can
well explain the larger PV and SSA acquired from CO,
adsorption. In terms of the pore size range, the PSD curves
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cover a range of 1.7—200 nm, whereas some pores with a size of
up to 250 nm can be seen from SEM images. It may be ascribed
to some dead pores that can hardly be captured by N, molecules
and the applicability of the gas adsorption technique. 4.2 micro—
nano pore characteristics.

Micropores are described by CO, adsorption data, and
mesopores are identified through N, adsorption isotherms.
Thereof, the PV and SSA of macropores can be calculated by
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subtracting the abovementioned data from the total PV and SSA
in N, adsorption (Jia et al, 2020). In this work, the micro—
nanopore size distribution of the Longmaxi Formation in the LZ
area can be depicted by integrating the N, and CO, adsorption
experiments.

Based on the proportion histogram and whole-aperture
distribution plot of PV, it appears that the PV in the target
cores is occupied by micropores, mesopores, and macropores
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Figure 8. Whole-aperture pore size distribution of PV of the Longmaxi Formation in the LZ area.

(Figure 8 and 9). Among them, the mesopores are over-
whelmingly dominant in the total PV, accounting for 74.9% on
average, and the corresponding contribution in Lower samples is
slightly higher than that in Upper samples, followed by the
micropores and macropores, which account for 16.3 and 10.1%
on average, respectively. In contrast, the proportion of
micropore volume in the Lower section increases twice as
high as that of the Upper part, whereas the contribution by
macropores is significantly decreased by four times, triggering a
minor increase in total PV. In addition, the mesopore volume
possesses two major peaks located in the range of 2.0—4.0 and
10.0—30.0 nm, and the micropore volume is primarily
contributed by pore size concentrating between 0.5 and 0.6 nm.

As shown in Figures 9 and 10, a full spectrum of SSA and its
proportion are analyzed. It can be inferred that micropores and
mesopores play a principal role in the SSA, making up 54.1 and
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38.1% on average, respectively, together with the least
contribution by macropores, only accounting for 7.8%. The
occupied proportion of micropores and mesopores in the Lower
samples decreases slightly when compared with the Upper shale
cores, and the macropores increase greatly. However, the surface
area values of micropores, mesopores, and macropores in the
Lower section are 2—3 times as high as those of the Upper part,
leading to the overall increase in the SSA. Moreover, the chief
contributing pore size of micropores lies in the range of 0.5—0.7
nm, while mesopores are mainly dominated by pores in the
range of 2—4 nm. Therefore, compared to pores with a larger
diameter, the pores with a smaller size contribute more to the
surface area of shale but contribute less to the PV.

4.3. Controlling Factors on the Pore Structure. In this
section, the controlling factors that have an influence on the pore
development of deep shales are discussed. The PV and SSA of
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pores in different scales are selected for intersection analysis with
buried depth, TOC, and mineral composition.

4.3.1. Buried Depth. In deep shales, the buried depth has a
highly positive correlation with PV and SSA of micropores and
mesopores except with the mesopore volume (R, = 0.40). This
result may be attributed to the large amounts of secondary pores
induced by the underground interactions, such as diagenesis at
high temperature and pressure, clay mineral transformation, and
acidic fluids in organic hydrocarbon generation.s‘z’64 On the
contrary, the macropore volume is negatively correlated with the
buried depth, indicating that the primary large pores (mostly
microcracks, intergranular pores, etc.) are eliminated due to the
increased overburden pressure (Figure 11). In addition, the pore
structure of deep shales is observed to be more affected by
buried depth, when compared with shallow formation.®®

4.3.2. Geochemical Factors. The geochemical factors,
including the TOC content and thermal maturity, are of great
significance in affecting the development of the pore structure.
As shown in Figure 12, the clay mineral decreases with the rise of
the TOC content, and porosity has an opposite trend, indicating
that the OM is conducive to the development of pores but may
inhibit the occurrence of clay. Therefore, the OM occupies a
substantial position in the pore system of Longmaxi Formation
shales in the LZ area.

The PV and surface area of pores in different scales are plotted
against the TOC content in Figure 13. In this work, the TOC
content shows a great positive correlation with the total SSA,
while it presents a weak correlation with total PV (Figure 13a,b),
indicating that the shale PV is predominately contributed by
inorganic pores. From Figure 13c,d, it is observed that the TOC
content is positively correlated with the PV and SSA of
micropores and mesopores, especially for micropores with
significantly high coefficients, whereas the mesopores show a
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comparatively weaker positive relationship (Figure 13c,d).
Moreover, a negative correlation between the macropore
volume and TOC can be observed. These results demonstrate
that the development of micropores in Longmaxi shales of the
LZ area is mainly dominated by the TOC content, inferred to be
OM-related, and are more sensitive to the enrichment of TOC
than mesopores. Acid fluids generated from the thermal
evolution of OM can produce large amounts of nanopores,
which are mainly micropores and mesopores. Meanwhile, the
conclusion that the total SSA is greatly influenced by TOC and is
mainly contributed by micropores and mesopores agrees well
with the micro—nanocharacterization in Figures 9 and 10. The
macropores will diminish under organic-rich circumstances
because most large pores are eliminated by severe compaction.
Incidentally, the abovementioned results can be supported by
SEM imaging as well, in which organic pores are more developed
in Lower shales with significantly higher TOC than that of the
Upper shales. Therefore, TOC has a primary impact on the pore
structure, which is beneficial to gas production and gas storage
potential.

The vitreous reflectance (Ro), reflecting the thermal maturity
of OM, has been discussed in 6previous papers to investigate the
effect on the pore structure.”*~®® In this study, the analysis of
overmature shale samples from the Longmaxi Formation in the
LZ area shows that Ro almost defers to the same but relatively
weaker laws with the TOC content (Figure 13). High Ro is
conducive for the development of micropores, mesopores, and
total pores in a degree but may impair the existence of
macropores. To comprehensively probe into the impact of
geochemical factors, TOC and Ro were jointly correlated with
pore structure parameters in pores of different scales (Figure
13). As shown in Figure 14, it seems that shales with a higher
TOC content and Ro are generally qualified with more
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Figure 10. Full-spectrum pore size distribution of the surface area of the Longmaxi Formation in the LZ area.

developed porosity, total PV, and total SSA. The PV of
micropores and mesopores increases slightly with the rise of
TOC and Ro; by contrast, their surface area increases more
obviously. The PV of macropores presents the opposite
tendency. Moreover, it can be inferred that the TOC content
may play a more effective role in pore structure parameters than
Ro. As the TOC content rises distinctly with similar Ro (from
point a to point b in Figure 14), the pore qualities are improved
splendidly. These results indicate that in our overmature shale
reservoirs (Ro: 2.6—3.2%), the abundant OM is conducive for
gas generation and nano—micropore system development. Most
of the retained liquid hydrocarbons and heavy gaseous
hydrocarbon were cracked intensely to generate condensate
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gas and graphite, accompanied with amounts of secondary OM
pores. Sparse OM may possess poor potential for gas and pore
generation in spite of high Ro. Meanwhile, the effect of
compaction on inorganic pores decreases gradually, leading to
the increase in total pores. This conclusion agrees well with the
SEM images, where the OM pores are more developed in the
Lower Formation with a significantly increased TOC content.
However, it should be noted that as the Ro of samples in the
study area is up to 3.11%, the probable decrease in porosity and
pore size after a certain Ro is not displayed according to previous
studies.”” "

4.3.3. Mineral Composition. In addition to the TOC content,
mineral components occupied primarily by quartz and clay
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mineral also play a significant role in the pore structure. As
shown in Figure 15 and 16, it is found that the clay mineral
content shows a negative correlation with porosity, PV, and SSA
of micropores, while it has a positive relationship with
macropore volumes, all of which are weakly related, suggesting
alimited influence on micropores and macropores. Likewise, the
clay mineral content is in a strong negative relationship with the
SSA of mesopores, indicating that the clay mineral acts as a
controlling factor in the development of the mesopore surface
area. These results suggest that the enrichment of the clay
content is detrimental to porosity and development of
micropores and mesopores in deep shale, whereas some
macropores can occur in clay minerals. This may be ascribed
to the lack of rigid rock skeletons; hence, plenty of interlayer
pores developed in clay mineral readily shrink and disappear
under compaction, resulting in a reduction of SSA and PV in
small pores.”*”” In addition, the increased clay mineral tends to
fill into other voids and be deformed under compaction,
triggering the blockage of some internal pores and eventually
hindering pore development. However, referring to the
macropores in clay mineral, it may be related to the voids
occurring on the edge of brittle minerals such as quartz and
feldspar, which could still exist with limited compression.
Furthermore, the clay material is commonly classified into four
categories (illite, kaolinite, chlorite, and smectite), and the
relative relationship with the pore structure is established.
Among them, illite is positively correlated to the PV and SSA of
micropores (R, = 0.43; R, = 0.57) and SSA of mesopores (R, =
0.82) but shows a negative relationship with macropore volume
(R, = 0.51), while chlorite and kaolinite oppose. Contrary to
Yuan,® illite is observed to be conducive to the development of
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pores in deep shales. This is because montmorillonite transforms
into the more stable illite during the late diagenetic stage so as to
resist high temperature and pressure in the deep layer.
Moreover, we also surveyed the effect of other rock components
on the pore structure. For example, plagioclase is found to be
negatively correlated with the total SSA, PV, and SSA of
micropores and SSA of mesopores but present a positive
correlation with macropore volume. The results of plagioclase
are in accordance with clay mineral, which probably ascribe to
the coexistence of these two materials. Likewise, quartz and
carbonate rocks (dolomite and calcite) can barely contribute to
the pores. Pyrite is instrumental to the development of total
pores, micropores and mesopores, but it is usually out of
consideration in view of its slight overall content.

4.4, Comparison of Shale Pore Characteristics of the
Longmaxi Formation in the Southern Sichuan Basin. In
the Lower Paleozoic strata of southern marine shale, the
Niuhuitang Formation and the Longmaxi Formation are the two
most developed sets of organic hydrocarbon source rocks.
However, as a recent hotspot for deep shale research in the
southern Sichuan Basin, the Luzhou area has received little
attention by previous researchers on pore investigation. Thus,
this paper specifically discusses the pore features of the LZ area
and conducts a comparison with the neighboring Longmaxi
Formation””~*' together with the Niugitang Formation on the
Sichuan periphery,®”~® expecting to obtain a profound
understanding and facilitate the development of shale gas in
the region.

As shown in Table 5, the LZ region mainly develops OM
pores, intergranular pores, intragranular pores, and micro-
fractures. The major peaks of pore size are distributed in a wide
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Figure 13. Correlation between the TOC content with PV and SSA (a—d) and correlation between the Ro content with PV and SSA (e—h).

range, and the overall pore size is only inferior to that of the
Changning region, which may be attributed to its shallow buried
depth. Buried at a depth of 3000—3500 m, the middle-shallow
shales of the Changning reservoir are exposed to lower pressure
and experience gentler compaction, triggering relatively larger
pores. In this way, the buried depth has a significant impact on
the pores. It is also found that the Niutitang Formation in the
Sichuan periphery mainly develops large open pores with almost
no OM pores or micropores, which may be related to the
depositional environment and tectonic actions. When the shales
deposit in diverse sedimentary facies, they are exposed to
different diageneses and then develop various pore systems. In
addition, the Upper and Lower sections of the Longmaxi
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Formation display distinct pore structure features qualitatively
and quantitatively, with parallel plate pores gradually trans-
formed into inkbottle- and slit-like pores. The PV is primarily
contributed by mesopores, and the SSA is mainly determined by
both micropores and mesopores. The OM pores are observed to
be responsible for the increased PV and SSA of the Lower shale
section when compared to the Upper section.

In conclusion, the Longmaxi Formation of the LZ region lies
beneath 3500 m and belongs to a deep shale reservoir. The pore
systems in the Upper and Lower sections are obviously distinct
with a complicated structure and diverse morphology. Likewise,
the pore size distribution is superior when compared with the
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adjacent area, implying a greater capacity to generate and store

Quartz, carbonate rocks, and pyrite can barely contribute
hydrocarbons. to the pores.
5. CONCLUSIONS (5) When compared with the adjacent area in southern

Sichuan, the Longmaxi Formation of the LZ region is
qualified with a superior pore size distribution,
complicated structure, and diverse morphology, implying
the potential to generate and store hydrocarbons.

(1) The pores of the Longmaxi Formation in the LZ area are
divided into OM pores, intergranular pores, intragranular
pores, and microfractures. The parallel plate pores in the
Upper part are gradually transformed into inkbottle- and
slit-like pores in the Lower Formation.

(2) There is a plenty of micropores and mesopores in the

6. EXPERIMENTAL SECTION

. . ; 6.1. Samples. A representative well in the north was selected
Lower Formation, whereas in the Upper section, the cores to evaluate the microscopic pore features of the Longmaxi
are mainly distributed by mesopores and macropores. Formation shales in the LZ area. At present, the Longmaxi
Mesopores are overwhelmingly dominant in the total PV, Formation is composed of two .members. Iiongl me;gnber,
and the major peaks are dlstrll?uted_ 1n sizes 0f0'5__0'6’ 2- situated in deeper depth, is the main producing formation of
4’ .and 10-30 (;1 m; the SSA1 'SP r?ar11¥1 Contrlbutfed by shale gas in the Sichuan Basin and should be the focus of study.
gl;a;l%o;ej:imm;;oepO;z:er?cceatsf I;r;;oe ;T‘gsg?no O(l)\/fl_s Herein, a total of eight fresh deep shale samples were collected
résponsible for ';he lafger PV and SS Ap in the Lower from the Longl Formation in the LZ area, among which four
L F " samples came from the Upper section, and the rest were from

ongmaxi rormation. the Lower part. In the stratigraphic column, it can be seen that

(3) Inthe overmature deep shales of Luzhou (Ro: 2.6-3.2%), three cores are distributed uniformly, and the distance between
the TOC content and Ro comply with the same laws that two samples is closing. In the Lower section, the shale samples
are beneficial for the development of pore structure almost cover four subdivided layers. Likewise, the lithology of
parameters in micropores, mesopores, and the total pores the Longmaxi Formation was marked in columns according to
together with the porosity. However, the TOC content the most widely used classification scheme of three terminals,
plays a more effective role than Ro. The micropores are and the shales in the target area can be divided into argillaceous

inferred to be OM-related. shale, siliceous shale, calcareous shale, and mixed shale. It

(4) Clay mineral is detrimental to the development of

appears that shales in the Upper part are characterized with a
more complicated lithology, whereas the shales in the Lower
Formation are dominated by mixed shale and silica (Figure 1).

6.2. X-ray Diffraction. In this paper, XRD was performed to
quantitatively analyze the mineral composition of specimens.
The test was conducted in an ambient environment with a

micropores and mesopores and the petrophysical proper-
ties (porosity and permeability), which may be attributed
to the occurrence of chlorite and kaolinite when
compared with illite. The results of plagioclase are in
accordance with clay mineral due to their coexistence.
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Figure 15. Correlation between the mineral composition and porosity (2) and PV (c—h) in different scales.

temperature of 25 °C and humidity of 30%. Based on the
suggested practices,” the samples were prepared. Rock chips
weighing 2—4 g were crushed in an agate mortar and pulverized
to 75 um. Subsequently, the powder was packed in a measuring
cell and measured using an X pertPowder, an X-ray
Diffractometer, with a Cu-Ka radioactive source at a scanning
angle of 25°. Finally, the relevant diffractograms were
interpreted to identify the whole rock and clay minerals,
where the peaks of maximal intensity delivered a semi-
quantitative abundance of mineral phases. The results were

analyzed in line with the protocol of the Chinese Oil and Gas
Industry Standard (SY/T) 5163—2018.

6.3. Scanning Electron Microscopy. SEM analysis yields a
visual depiction of pore types in these core samples and was
undertaken for precise description of the pore structure. In our
study, SEM was completed using a Helios 650 with a resolution
of 1 nm. An argon ion beam with a certain energy was utilized to
continuously bombard the sample surface for polishing and
coating. Subsequently, electron microscopy images accompa-
nied with EDS were analyzed to determine elements
qualitatively and quantitatively. The composition, morphology,
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Figure 16. Correlation between the mineral composition (a—e), clay content (f,g), and surface area in different scales.

and distribution of minerals can be preliminarily determined by
characterizing the atomic number, gray differences, and physical
shape. Finally, the target images were magnified at different
times to observe pore types and structures in deep shale,
depending on the actual situation.

6.4. Gas Adsorption. Gas adsorption experiments were
performed via a Micromeritrics ASAP2460 automatic SSA and
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pore size analyzer located in the PetroChina Research Institute
of Petroleum Exploration and Development. Prior to the tests,
sufficient rock chips of each shale sample weighing approx-
imately 5 g were ground to 180—250 ym and dried in a dry oven
for 24 h to eliminate redundant water in pores. Then, the sample
powder was degassed using a vacuum chamber for a long time at
a lower temperature (110 °C), which can guarantee a better
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effect without damaging the physicochemical structure of the
sample. After these preparations, the powder of each sample was
divided randomly for N, and CO, adsorption. With the samples
kept at —196 °C (77.3 K), N, adsorption/desorption isotherms
were collected for relative pressure (p/p,) ranging from 0.01 to
0.99S. During the experiment, the PV of shale samples was
interpreted via a Barrett—Joyner—Halenda (BJH)model, and
the surface area was calculated following Brunauer—Emmett—
Teller (BET) theory.””* Compared with N, adsorption, CO,
adsorption adopts similar procedures and principles, except for
experimental temperature at 0 °C(273.15 K) and relative
pressure varying in the range of 0.0001—0.032. Meanwhile, the
pore parameters were calculated according to a DFT model,
which was more suitable for nano—micropore structure
analysis.*”

As manifested previously, micropores can be described by
CO, adsorption data, and N, adsorption can be applied to
estimate the pore structure in the meso—macropore range93
(Huo et al, 2020). Herein, MICP is out of consideration as
mercury is difficult to enter shale pores and high pressure can
destroy pores, trigger fractures, and expand the pore
throat.”>®°"%% Therefore, it is recommended that the
combination of LTNA and LTCA is applicable to characterize
the full-scale pore distribution of shale in the Longmaxi
Formation, LZ area.
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