A \

"
A4 Ce0e06

http://pubs.acs.org/journal/acsodf

Impact of Overpressure on the Deep Shale Pore System—A Case
Study of Wufeng—Longmaxi Formations from the Southern Sichuan
Basin

Lingling Xu, Renfang Pan,* Haiyan Hu,* and Tao Wang

Cite This: ACS Omega 2023, 8, 28674-28689 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations

ABSTRACT: This study investigated the effect of overpressure on the deep
shale pore system in the Wufeng—Longmaxi Formation (WLF), a well-
established shale gas reservoir in the southern Sichuan Basin, China. The Y1
well was drilled to explore deeper overpressured sections of the basin. Organic
geochemistry, mineralogy analysis, field emission scanning electron microscopy
(FE-SEM), and gas physisorption experiments were conducted to analyze the
pore system. Results showed that despite strong compaction, deep organic-rich
shale retained large pores. Compared to shallow shale, deep shale had a larger
organic porosity with a smaller average pore size, although some pore sizes
exceeded those in shallow shale. Nitrogen (N,) adsorption indicated that the
abundance of organic matter (OM) affected mesoporous volume and specific
surface area (SSA), while carbon dioxide (CO,) adsorption experiments
suggested that micropores were not influenced by OM abundance. Comparing
calculated pore SSA and volume via gas adsorption of shallower and deep shale samples revealed that, under similar OM abundance,
pore SSA was nearly identical, but deep shale had a larger pore volume than shallow shale. The preservation of pores, particularly in
deep shale, is attributed to overpressure, which protects against collapse; additionally, generated shale gas during thermal evolution
of OM serves as pore support.

1. INTRODUCTION prevent the collapse of primary pores due to compaction, which

Although middle-shallow (<3500 m) shale gas from the is beneficial to the 3 ansion of storage space and the

Wufeng—Longmaxi Formation (WLE) in the southern Sichuan enrichment of shale gas.”” Additionally, clay minerals can affect
- 19 :

Basin has been successfully developed,' ™ the high productivity pore volume and .devel.opment. However, despite the. fact that

wells in the Luzhou area from WLF have demonstrated greater black shales have identical OM types, equal total organic carbon

potential for deep shale (>3500 m) gas in the southern Sichuan (TOC) cont.e nt, similar mll}erafl components, and comparable
. C s Ro values, high heterogeneity in shale pore systems has been
Basin, South China,” and are also expected to be the next target . . . s 20—27 )
o discovered in several investigations. Furthermore, as burial
for shale gas exploitation.

The pore network provides gas storage space and permeability depth increases, both the pore shape and arrangement2 3lter with
6_§ . . . stronger compaction, resulting in slit-trip pores.” Recent
pathways for natural gases,””~ which determines the potential h has sh hat shal h L )
development capacity and efficiency of shale gas wells. Organic gesearc. ;sbs own that shale Izl(?r.e N zrac.t erlst}llcs ba e Ilnartzlr
matter (OM) pores are prevalent in black shales. To date, they etleEmlne Y preservatlllon conditions urln%t ¢ f ura’ an
' uplift process, as well as various periods of tectonic
have been considered the main space for shale gas accumu- Pt P ) v v P

.69 L, . ) deformation.””**
lation.”” However, the pore size is mainly nanoscale,” and . . .

. . Compared with the successfully developed Jiaoshiba shale
microscale OM pores are rare, especially in deep shale due to

. . ’ . play with a pressure coefficient of 1.55—1.74,* the Luzhou
strong compaction. Due to differences in resources, sediment

. . . area is unique because its pressure coeflicient is over 2.0.!
supply, and sedimentary environments, mineral assemblages are
different in gas shale, resulting in different types of initial OM
and primary pores.'’”'* Numerous OM pores occurred during
thermal evolution, and diagenesis produces a variety of
secondary pores.'” Shale pore characteristics vary greatly
among different lithofacies."*™'® Generally, the organic-rich
siliceous shale exhibits high porosity and pore volume,'” and it
has been demonstrated that rigid grains like silica and pyrite can
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Figure 1. Sedimentary facies of the studied area during the Late Ordovician to the Early Silurian (adapted from Nie et al.).** The samples investigated
in this paper are both deposited in a deep shelf but within different pressure coeflicients.
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Figure 2. Lithology, mineral components, TOC, and the samples’ location in well Y1.

Overpressure shale reservoirs have higher porosity than normal-
pressure or low-pressure shales,””* indicating that overpressure
has the ability to preserve pore structures by offsetting the stress
of the overlying strata. Numerous studies have been made for
middle-shallow shales in the southern Sichuan Basin, and it was
found that micropores and mesopores contribute most to gas
storage and correlate with TOC content and clay minerals." ">
Since there are differences in geologic characteristics between
shales in the Jiaoshiba area and the Luzhou area (e.g., production
potential and pressure coefficient),"”*° their pore systems would
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be different. This paper aims to (1) document the architecture of
the pore system and pore types in deep shale, (2) elucidate how
shale composition affects the pore system, and (3) highlight the
implication of overpressure on the pore system in deep shale by
comparing the shale pore structure parameters from the Luzhou
area and the Jiaoshiba area under different pressure conditions.

2. GEOLOGICAL SETTING

Since the late Ordovician, the Upper Yangtze Sea, as a result of
the collision between the Yangtze Block and the Cathaysia
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Table 1. Bulk Rock Composition of the Deep Shale in the Studied Area for Scanning Electron Microscopy (SEM) and Gas

ACS Omega
Physisorptiona’b

well sample ID depth (m) TOC (wt %) Ro¢ (%) quartz
Y1 8 4124.27 2.34 n/a 38.8
Y1 7 4131.55 2.71 3.16 43.8
Y1 6 4136.13 423 n/a 60.5
Y1 S 4140.22 5.04 3.04 68.1
Y1 4 4144.14 5.78 3.02 60.4
Y1 3 4145.86 4.94 n/a 61.5
Y1 2 4150.6 3.95 3.11 60
Y1 1 4154.35 0.495 n/a 35.7
71 JY1-1 2334.89 134 3.32 305
J1 JY1-2 2348.50 1.57 n/a 31.0
J1 Y13 2330.86 115 n/a 252
J1 JY1-4 2343.12 2.93 344 317
J1 JY1-5 2348.83 1.82 3.24 27.3
1 JY1-6 2384.01 3.66 n/a 415
71 Y17 2388.59 3.66 3.09 48.5
J1 JY1-8 2404.12 491 n/a 463
J1 JY1-01 2334.39 0.75 322 29.8
J1 JY1-03 2371.00 1.70 291 28.9
71 JY1-04 2382.56 2,05 3.38 404
71 JY1-06 240176 3.38 n/a 53.0
J1 JY1-08 2411.80 4.03 3.69 69.1
J2 JY11-4-01 2303.64 1.02 n/a 36.0
12 JY11-4-02 2329.62 320 n/a 23
12 JY11-4-03 2347.78 3.35 2.98 SLS
J2 JY11-4-04 2360.02 3.80 3.22 58.5

feldspar® carbonate® pyrite total clays chlorite illite
12 17.2 1.1 31 3.72 27.28
7.5 11.8 1.7 35.1 n/a n/a
3.7 6.5 1.9 27.5 1.68 26.32
32 7.2 2.1 19.3 n/a n/a
2.7 20.6 2.2 14.2 n/a n/a
2.1 24.2 1.2 11 0 11.00
3.8 5.1 0 31.1 2.48 28.52
44 15.6 0 44.3 n/a n/a
11.2 n/a 4.3 54.0 n/a n/a
13.0 2.0 1.0 53.0 n/a n/a
8.7 n/a 3.5 62.6 n/a n/a
11.5 21.9 3.6 313 n/a n/a
10.2 9.9 4.8 47.8 n/a n/a
9.2 12.1 4.9 32.3 n/a n/a
7.1 13.3 39 27.2 n/a n/a
9.8 10.6 5.2 28.1 n/a n/a
7.6 0 0 61.1 3.08 34.22
12.1 16.7 0 40.5 2.03 22.67
8.5 8.5 0 39.3 3.14 26.33
7.4 9.9 0 26.7 0.53 4.01
3.2 6.1 0 18.3 0.36 2.75
11.1 10.9 5.9 36.1 13.36 7.22
8.9 8.9 7.7 322 7.73 6.76
7.6 9.0 4.8 27.1 4.60 10.30
7.9 3.1 0 33.5 5.70 10.71

“TOC = total organic carbon content; Ro* = equivalent vitrinite reflectance calculated from the reflectance of bitumen (Rb), Ro* = 0.938Rb +
0.3145;>® n/a = samples with no available data; total clays = chlorite + illite. “Data of wells J1 and J2 were obtained from the previous

. 17,37,39 ¢
studies. €

Feldspars = orthoclase + plagioclase. 4Carbonates = calcite + dolomite.

Block,>”*" has been characterized by a complex tectonic system
consisting of a deep shelf basin separated by sedimentary
depressions and submarine paleohigh structures. The Luzhou
shale play is located in the southern part of the Sichuan Basin on
the Upper Yangtze Block (Figure 1). The studied area is located
in a low-steep structure that experienced slight tectonic uplift in
the later period.**® Additionally, published information
indicates that the pressure coefficient of the WLF in the
southern Sichuan Basin increases with buried depth (Figure 1),
and the Luzhou area is one of the highest parts.”**

The WLF, which was deposited in a deep shelf among the
Chuanzhong paleouplift, Qianzhong paleouplift, and Xuefeng
paleouplift from the Katian to Aeronian period and was
dominated by the dysaerobic to anoxic environment,” is a set
of black silica-rich shale (Figure 2). The mineral components
were predominated by quartz and clays, followed by carbonates
and pyrite, and were deposited in a marine shelf environment.*®

3. MATERIALS AND METHODS

This paper examines and discusses samples from well Y1 (Figure
1 and Table 1), which represent a pore system under
overpressure conditions and were collected from a deep shale
gas well (Y1) drilled in the Luzhou area of southern Sichuan,
South China (Figure 1). All samples were selected from the
target intervals scattered among the WLF in descending order of
depth (Figure 2). The eight-core samples differ in lithology, with
a fine-grained clay-rich layer referred to as the low Wufeng
Formation, a biosiliceous-rich layer referred to as the low
Longmaxi black shale, and a coarser-grained quartz-rich layer
referred to as the siltstone in the upper Longmaxi Formation.
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Additionally, this paper compares the data of shale pores from
wells J1 and J2 in a lower pressure area (e.g., Jiaoshiba play)
obtained from the published research'”*” with the data from
well Y1 (Table 1). It should be noted that to ensure that the
variables in the comparative analysis are as single as possible, we
choose the same strata of the same age for comparison.

3.1. Geochemistry and Mineralogy. Forty samples were
obtained from well Y1 for petrographic analysis. X-ray
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Figure 3. Box plot for the mineral composition of the Wufeng—
Longmaxi Formation from well Y1. Data were determined by XRD
from 40 samples.
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Figure 4. Mineral compositions obtained by AMICS and pore distribution acquired from the corresponding FE-SEM image. Left: FE-SEM images.
Right: distribution of mineral compositions from the same sample of the left FE-SEM images. OM = organic matter. (a, b) Sample ID = 8, most pores
are within organic matter, then between the mineral matrix. (¢, d) Sample ID = S, pores mainly occurred in organic matter, then the edge of quartz

grains. (e, f) Sample ID = 1, little or no organic matter is observed.

diffraction (XRD) was used to analyze the bulk mineralogical
composition, while four samples were analyzed for clay mineral
components for diagenesis analysis. Each sample was finely
milled to less than 40 pym. The bulk sample mounts were
measured using K-o radiation on an X' Pert3 Powder
diffractometer.

The TOC content of the shale samples was obtained using a
LECO carbon—sulfur analyzer (CS230). About 1 g of the shale
samples were pretreated with acid for over 2 h at 60—80 °C to
get rid of carbonate minerals. The samples were then rinsed with
distilled water and oven-dried for approximately 8 h at 60—80
°C before the TOC analysis.

To compensate for the lack of vitrinite particles in
sedimentary rocks deposited before the Devonian period, the
solid bitumen (Rb) reflection was measured.”® The equivalent
vitrinite reflection was calculated using the function Ro* =
0.938Rb + 0.3145.°° The reflection of solid bitumen was
determined using a Zeiss Axio Scope Al reflected-light
microscope with a J&M MSP 200 microscope photometer.

3.2. Scanning Electron Microscopy Imaging. Eight
samples were selected from well Y1 to represent the variation
in buried depth. Field emission SEM (FE-SEM) equipped with
an Automated Mineral Identification and Characterization
System (AMICS) was used to determine the types and
morphology of shale pores and elucidate the control of OM
and minerals on pore development. AMICS analyses were also
conducted for mineral identification. The imaging provided
important information on lithologic variation and mineral

distribution. All samples were prepared by Ar-ion milling to
create a flatter surface.” Image-based parameters, such as pore
width and equivalent circular diameter, of OM pores were
measured by JMicroVison, and the image-based porosity was
determined by point counts of FE-SEM images.

3.3. Low-Pressure Gas Physisorption Experiments. In
low-pressure gas physisorption experiments, all samples were
ground into about 35 mesh and then degassed under vacuum for
10 h at 120 °C to remove volatiles prior to the experiments. The
experiments were conducted using a Quantachrome Autosorb
iQ instrument. N, physisorption experiments were performed at
—195.8 °C, and the adsorbed volume of N, was determined at a
specific pressure through a four-stage gradual increase process.
The measurable pore sizes of low-temperature N, adsorption
ranged from 0.35 to 500 nm. Carbon dioxide (CO,) adsorption
experiments were carried out at 0 °C with the same instrument,
and the measurable pore width ranged from 0.3 to 1.5 nm. The
pore structure parameters of micropores were calculated by the
density functional theory (DFT) method for adsorption over
relative pressure ranging from 0.0001 to 0.032.

The distributions of pore specific surface area (SSA) and pore
volume were obtained from the Brunauer—Emmett—Teller
(BET) method,** Barrett—Joyner—Halenda (BJH) model,*"**
and density functional theory (DFT).* The BET surface area
was calculated by seven points of a relative pressure between
0.05 and 0.2 based on the BET equation.** This theory posits
that the physical adsorption between solids and gases is caused
by van der Waals forces.*** Van der Waals forces also exist
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Figure 5. Macropores within OM from well Y1. (a), (d), (g), and (j) Samples in ascending order in depth with TOC content increasing, the OM was
scattered among mineral matrix, and when the TOC content increases to a certain amount, the OM seems to connect by slit channels. (a) Sample ID =
8, FE-SEM photograph at a large scale. (b) Intraparticle pores within organic matter at higher magnification. (c) OM pores between clay minerals at
magnification and increased resolution. (d) Sample ID = 7, macropores appear in this image. (e) Macropores developed within OM, and their outlines
are drawn with a purple curve. The length of the short line with blue color is 1 gm. (f) Micropores like honeycombed or sponges developed within OM
at higher magnification. (g) Sample ID = 6. (h, i) OM pores with pore sizes up to hundreds of nanometers. (j) Sample ID = S. (k, 1) Convoluted OM

pores.

between gas molecules; thus, gas molecules can be adsorbed
onto adsorbed molecules, forming multilayer structures. The
BJH model is predicated upon the Kelvin equation and describes
capillary condensation phenomena within cylindrical or
spherical pores.*' It is applicable for analyzing mesoporous
and macroporous pore size distributions. DFT is a typical
quantum mechanical method that quantifies the interaction
between an adsorbate and an adsorbent through chemical means
and simulates the macroscopic adsorption properties of gases by
adsorbents.">*?

4. RESULTS

4.1. Petrography and Geochemistry. The results of
equivalent vitrinite reflection, mineral composition, and TOC
content are listed in Table 1, and the mineral composition of all
samples is also summarized in a box plot (Figure 3). All samples’
equivalent vitrinite reflection (Ro*) ranges from 3.02 to 3.16%
with a mean value of 3.08%. The TOC content varies
dramatically with 0.495% at the bottom and up to 5.78% at

the low Longmaxi shale (Figure 2). The box plot of the mineral
composition of these 40 samples obtained from XRD exhibits
that quartz and clay minerals are the majority. The quartz
content ranges from 10 to 70% but mainly between 37.5 and
61.8%. The clay content ranges from 3 to 49%. In addition, the
mineral composition is moderate in carbonate content and low
in feldspar and pyrite. The result of the clay mineral composition
analysis of the selected four samples shows that no illite/
smectite mixed layers exist but a number of illite layers and few
chlorites (Table 1). The AMICS offered mineralogical
information on the 2D surface of the deep shale (Figure 4).
The sample with the highest clay minerals shows few OM pores
in FE-SEM images (Figure 4c).

4.2. Morphology and Types of Deep Shale Pores.
Research over the last 10 years has demonstrated multiple pore
types and proposed different methods of pore classification in
shale.”*”"** Based on the research of Loucks,’ this paper further
summarizes the morphology of different types of pores. After a
detailed petrographic and FE-SEM study of the eight samples,
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Figure 6. Mesopores and micropores in OM from well Y1. (a), (d), and (g) Samples in ascending order in depth with TOC content decreasing. (a)
Sample ID = 4, individual pyrite grains scattered within organic matter. (b) Irregular OM pores. (c) OM pores between mineral grains at magnification
and increased resolution. (d) Sample ID = 3, organic matter extends along the edge of mineral grains, indicating strong compaction. (e) Organic matter
is intertwined with pyrite and clay minerals. (f) OM pores with almost uniform size. (g) Sample ID = 2. OM pores seem to be smaller than those in
sample 3. (h, i) Micropores like honeycombs or sponges developed at higher magnification.

Table 2. Image-Based Parameters of OM Pores Measured by JMicroVison”

pore width of mineral-hosted pores (nm)

pore width of OM-hosted pores (nm)

well sample ID D, (%) max min
Y1 8 0.79 688.49 13.03
Y1 7 0.59 518.43 11.33
Y1 6 0.77 221.77 5.95
Y1 S 0.17 920.67 10.17
Y1 4 0.23 472.12 11.61
Y1 3 0.08 345.85 1.88
Y1 2 0.26 350.33 16.63
Y1 1 0.22 654.34 26.63
J1 JY1-1 0.57 1137 7

71 Y12 0.68 2727 13

J1 JY1-3 0.53 1323 10
J1 Y14 0.37 1901 6

71 Y15 0.61 932 10

J1 JY1-6 0.49 491 4

71 Y17 0.19 809 11

i JY1-8 0.59 1505 12

average Doy (%) max min average
73.23 10.03 413.06 4.82 47.31
54.71 12.06 1031.00 4.52 41.77
38.95 10.58 807.74 4.82 33.05
76.92 12.25 930.47 4.82 61.86
63.22 12.23 548.09 4.89 §52.12
56.27 13.67 281.06 1.02 33.75
42.10 19.36 1704.97 5.00 38.18
143.98 0.94 175.52 0.14 50.27
103 2.40 10S 7 24
131 3.23 434 7 34

70 6.72 310 3 23
125 21.54 948 6 104
185 11.38 628 S 64
96 4.16 41S 8 97
142 5.80 520 10 108
90 10.06 389 7 61

“The data of well J1 were acquired from the previous study;'” @, i = mineral-hosted porosity in the bulk rock measured by FE-SEM; @y, =

OM-hosted porosity detected by FE-SEM.

OM:-hosted pores and inorganic pores were described and
classified in the deep shale samples from the Luzhou area.
4.2.1. OM Pores. Results from FE-SEM images indicate that
the OM-hosted pore sizes are mainly within nanometers. They
are found within grains of OM (Figures 5—7), which routinely
appear between mineral grains. There are partly large OM-
hosted pores existing in deep shales with pore sizes over 1 ym

(Figure Se). Some OM-hosted pores show to be cluttered at low
magnification (Figures Sa,d,g;j and 6d,g).

4.2.2. Inorganic Matter Pores. Inorganic matter pores consist
of interparticle (abbreviated as “interP”) pores and intraparticle
(abbreviated as “intraP”) pores.® The interP pores mainly occur
between quartz grains, illite grains, and dolomite grains, with few
found in pyrite framboids (Figure 8b,c,e). The intraP pores
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Figure 7. Special OM pores from well Y1. (a—c) Sample ID = 6, (a) OM in the mineral matrix, developed OM pores from micro- to macropores, and
the inner wall of OM pores is rather rough (b), which greatly increases the adsorption sites of methane. (c) Pyrite particles dispersed in OM and
developed mesopores, which preserved well from compaction, possibly because of overpressure. (d—f) Sample ID = S, which shows the micropores
within OM. (g, h) Sample ID = 4, the direction of the long axis of the OM pores is oriented, and micropores to macropores can be observed at higher
magnification (h). (i) Sample ID = 3, OM pores along unstable minerals.

Table 3. Results of Pore Volume and SSA by BET, BJH, and DFT Models”

N, BET surface area N, DFT surface area N, BJH volume N, DFT volume CO, DFT surface area CO, DFT volume
well  sample ID (m*/g) (m*/g) (cm®/g) (em®/g) (m*/g) (em®/g)
Y1 8 16.611 17.259 0.024 0.024 14.406 0.0044
Y1 7 19.59 21.756 0.028 0.028 17.392 0.0054
Y1 6 22.904 25.133 0.022 0.029 n/a n/a
Y1 S 27.638 32.868 0.026 0.034 24.255 0.0073
Y1 4 25.13 30.277 0.029 0.031 24.371 0.0074
Y1 3 19.061 21.926 0.022 0.027 20.314 0.0061
Y1 2 23.766 25.694 0.031 0.031 23.936 0.0073
Y1 1 6.815 6.137 0.019 0.018 10.342 0.0031
1 JY1-01 12.18 n/a 0.008 n/a 7.57 0.002
J1 o JY1-03 12.17 n/a 0.008 n/a 6.51 0.002
J1 JY1-04 18.88 n/a 0.013 n/a 13.03 0.003
N JY1-06 21.83 n/a 0.014 n/a 16.67 0.004
J1 JY1-08 23.58 n/a 0.021 n/a 16.22 0.005
J2 JY11-4-01 14.88 n/a 0.014 n/a 7.54 0.002
J2 JY11-4-02 21.52 n/a 0014 n/a 1395 0.004
J2 JY11-4-03 23.27 n/a 0.013 n/a 16.09 0.005
J2 JY11-4-04 27.06 n/a 0.010 n/a 17.36 0.005

“n/a = samples with no available data. The data for wells J1 and J2 were acquired from the previous study.””

mainly include three types of mineral matrix pores: (1) those
developed within clay minerals (Figure 8b,d,gi), (2) those
within pyrite framboids that serve as intercrystalline pores
(Figure 8d,h), and (3) intraP pores within carbonate grains
(Figure 8a,f). Pores between clay layers and microfractures
formed by compaction and diagenesis commonly show a slit
shape (Figure 8b,d,g,i). IntraP pores are routinely found in the
feldspar and carbonates, in an elliptical shape (Figure 8a,f).

28680

Pyrites observed in well Y1 are developed in clusters under FE-
SEM or presented as strawberry-like crystals, forming
intercrystalline pores (Figure 8d,h). InterP pores between
mineral grains are in straighter polygonal shapes compared to
OM pores, which have smoother edges. Meanwhile, intraP pores
developed within carbonate particles are abundant and relatively
small in size (Figure 8a,f).
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Figure 8. Typical examples of mineral matrix pores from well Y1. (a—c) Sample ID = 8, (a) dissolution pores with smooth edges, (b) cracks between
chlorite and illite, (c) interP developed among rigid grains like quartz and dolomite. (d) Sample ID = 7, slightly larger microcracks in illite. (e) Sample
ID = 6. InterP between quartz grains. (f) Sample ID = 4, intraP pores in dolomite grains. (g) Sample ID = 6, slit pores within illite grains. (h) Sample ID
= 4, intercrystalline pores within pyrite framboids. (i) Sample ID = 2, slit pores within clays.

4.3. Pore Architecture Characterization. 4.3.1. Pore Size
and Image-Based Porosity. The results of pore size and image-
based porosity calculations for OM pores are presented in Table
2. The pore width mainly ranges from 0.14 to 1704.94 nm.
However, the sample with the highest TOC content does not
mean that the largest pores can be observed (Table 2). The
results calculated by JMicroVison show that the OM pores in
sample 2 are the largest, but the TOC content of sample 2 is not
the highest (Tables 2 and 3).

4.3.2. Low-Pressure CO, Gas Physisorption. Following the
standards of the TUPAC,” the low-pressure CO, adsorption
isotherms (Figure 9) belong to type I isotherms. The results of
the maximum adsorbed volume, pore SSA, and pore volume
obtained from the DFT model are shown in Table 3. The
maximum adsorbed volume of CO, gas for all samples varies
from 0.997 to 2.322 cm®/g, of which a clay-rich sample has the
lowest CO, adsorption amount (Figure 9, sample ID = 1). The
dV/dW and dS/dW versus pore width show similar character-
istics (Figure 10a,b). Both plots of dV and dS show trimodal
distributions of pore widths in the 0.3—0.9 nm range (the three
peaks of pore width are 0.35, 0.5, and 0.8 nm), suggesting that
those pores have relatively higher pore SSA and volume than
others (Figure 10a,b). Therefore, the pore widths in the ranges
of approximately 0.35, 0.44—0.7, and 0.75—0.9 nm contribute
the most to the pore structure parameters.

4.3.3. Low-Temperature N, Gas Physisorption. The
morphology of the low-temperature N, adsorption and
desorption isotherms (Figure 11) shows similar characteristics,
indicating a type IV isotherm without saturation at the end. This
suggests that N, adsorption has not reached saturation due to
the presence of larger pores or nano-micron-scale cracks in the
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Figure 9. Low-pressure CO, adsorption isotherms show that the
adsorption volume increases with the TOC content. However, the
sample with the highest clay content and the lowest TOC content has
the lowest CO, adsorptive volume.

samples. All isotherms exhibit a rapid increase in adsorption
volume when P/Py is less than 0.01, indicating the presence of
micropores and completion of monolayer adsorption in an
extremely short time. Adsorption isotherms reflect monolayer to
multilayer adsorption with a pore size smaller than 4 nm at P/P,
less than 0.45.°° There is no adsorption saturation at the
maximum relative pressure, indicating that adsorption occurred
in slit pores or parallel plate holes at this stage.

According to the IUPAC classification scheme,” the
isotherms of all samples are close to the H3 near the saturated
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Figure 10. Pore size distribution obtained from low-pressure CO, adsorption isotherms appears to be trimodal, with peaks at 0.35, 0.5, and 0.8 nm. (a)
Pore volume distribution versus pore width. (b) Pore SSA distribution versus pore width.
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Figure 11. Adsorption and desorption isotherms via nitrogen gas for shale samples from well Y1. (a) Sample ID = 8. (b) Sample ID =7. (c) Sample ID
= 6. (d) Sample ID = S. (e) Sample ID = 4. (f) Sample ID = 3. (g) Sample ID = 2. (h) Sample ID = 1. Among them, the higher the TOC content, the
larger the hysteresis loop area.
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width. Both dV/dW and dS/dW plots show a unimodal distribution of pore size. However, sample 1 shows a different manner, the pore width becomes

larger, but the pore volume and pore SSA become smaller.
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Figure 13. Relationships between TOC content and pore characteristics. (a) Relationship between pore volume obtained from the N, adsorption
experiment and TOC content. (b) Relationship between pore volume obtained from the CO, adsorption experiment and TOC content. (c)
Relationship between pore SSA obtained from the N, adsorption experiment and TOC content. (d) Relationship between pore SSA obtained from the
CO, adsorption experiment and TOC content. R = correlation coeficient. Whether it is N, surface area and volume or CO, surface area and volume,

all show a highly positive correlation with TOC content.

vapor pressure, while the isotherms are similar to H4 at the low
and medium pressure, suggesting that all hysteresis loops for
these samples are approaching mixtures of H3 and H4 types
based on the IUPAC classification standard.” It can be found
that the area of the hysteresis loop increases with TOC content,
and the sample with a bigger hysteresis loop shows stronger gas
adsorption capacity (Figure 11), which indicates that the TOC
content may have a great impact on the pore development. The
distribution of pore SSA and volume concerning pore width was
calculated by the DFT model (Table 3), presented in differential
distribution curves (Figure 12), which highlights the increase in
pore volume with changes in pore size and identifies the major
contributors to pore volume increment. The plot of dV/dW
concerning W exhibits a unimodal distribution of pore widths of
2—8 nm, which means that the quantity of pores in this range is
the most proportion of total pores. Besides, the contribution of
pore volume decreases with the increase of pore width (Figure
12a), and the plot of dS/dW versus W shows similar results to
the pore volume (Figure 12b). Particularly, sample 1 shows a
different manner, the pore width becomes larger, but the pore
structure parameters become smaller (Figure 12).
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5. DISCUSSION

5.1. Morphology Maintenance of Pores under Over-
pressure in Deep Shale. It has been demonstrated that the
pore shape changes with increasing compaction and becomes
increasingly perpendicular to the direction of maximum stress.””
However, we still observed a large number of OM-hosted pores
with a nearly orbicular shape, as well as inorganic pores (Figures
S and 8). OM pores have a shape from ellipsoids to almost
spherical with a smooth borderline, though the inner wall of
these pores is rather rough (Figures Sl and 7a,b). At a larger
scale, the OM is aggregated and dispersed in the matrix grains in
clusters with numerous micropores (Figure Sa,d,gj). However,
at higher magnification and increased resolution, many pore
shapes tend to show more increased rugosity (Figures S, 6¢,i,
and 7abh). One of which has a sponge-like mesh interior
(Figure 7b) that may increase pores’ SSA and methane
adsorption sites. OM, as compressible particles, can still
maintain a low aspect ratio pore morphology in part of OM-
hosted pores in deep shale reservoirs under enormous overlying
pressure. The only explanation is the internal overpressure
support, which protects OM-hosted pores from collapse. The
shape of pores hosted by the mineral matrix is generally irregular
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Figure 15. Relationships between pore structure parameters and quartz content. (a) Relationship between pore SSA obtained from the CO,
adsorption experiment and the quartz content. (b) Relationship between pore volume obtained from the CO, adsorption experiment and the quartz
content. (c) Relationship between pore SSA obtained from the N, adsorption experiment and the quartz content. (d) Relationship between pore
volume obtained from the N, adsorption experiment and the quartz content. R* = correlation coefficient. Both pore volumes and surface areas show a
positive correlation with quartz, which coincides with the result of the relationship between quartz and TOC.

polygonal with a straight borderline except for those pores with
an almost circular shape (Figure 8a,e,f). This seems to prove that
rigid grains act as part of the rock skeleton to protect the
mineral-related pores. On the contrary, the shape of pores within
clay minerals commonly occurred as slits or plates. The twisted
slit pores associated with clay minerals are related to the
deformation of illite or chlorite after compaction (Figure
8b,d,g,i), lying between rigid minerals."” Although the cracks in
clays seem to be elongated, the gas adsorption isotherms show
few contributions of the cracks in clays to the pore volumes and
surface areas (Figures 10a,b and 12a,b). The pores related to
clays are affected by compaction from the beginning of burial;
therefore, subsequent hydrocarbon generation can only
maintain the morphology of the generated pores, and it is
difficult to change the morphology of these pores.

The pore size varies dramatically from a few nanometers to
several micrometers. According to the result of FE-SEM images,
intraP pores and honeycombed OM pores are the smallest, and
when the slit pores within clay minerals are not considered, OM
pores have the biggest size (e.g., the largest pore width). The
image-based porosity increases with TOC content (Table 2),
but the maximum pore width is independent of TOC content.
Such results may be related to the randomness of sample
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selection. It is worth noting that macropores developed well in
deep shale even under strong compaction, which may be related
to preservation conditions with overpressure (pressure co-
efficient over 2), that prevent compaction and collapse of the
OM pores, resulting in macropores in the micron scale serving as
storage.'”** The morphology of pores in the Luzhou area is
similar to those in the Jiaoshiba shale.”® OM pores, intraP pores,
and interP pores were observed in the Luzhou area and also
developed in the shallower shale of the Jiaoshiba area. The only
difference is that the OM pores with micron size are observed in
the Luzhou area, which is most likely due to overpressure
protection,”* but relatively smaller OM pores are developed in
the Jiaoshiba area. This phenomenon is also confirmed in gas
adsorption experiments, which are discussed in Section 5.3.
5.2. Influence of TOC and Petrography on Pore SSA
and Volume under Overpressure. Published research has
pointed out that TOC content dramatically affects the pore
systems,'*****" and the study in this paper confirms this point
as well. Both the pore volumes and SSA increase with TOC
content (Figure 13), especially the volume and surface area of
micropores (Figure 13b,d). The correlation coefficients between
micropore structure parameters and TOC content indicate that
the OM content had a greater impact on the development of
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micropores, which coincides with the result from FE-SEM. We
found numerous OM micropores developed within OM at high
magnification, some of them are so small even the FE-SEM
cannot recognize them, leaving only a small black spot (Figures
51, 61, and 7f). According to the FE-SEM images, the size of OM
pores ranges widely, from unidentifiable nanometers to
micrometers. That is, OM pores do predominate the whole
pores in deep shale, which once again confirmed the gas
adsorption results.

It has been reported that quartz developed in Wufeng—
Longmaxi siliceous shale is mainly derived from siliceous
organisms.52 In this work, the quartz content increases with
TOC content (Figure 14a), which also demonstrates the
viewpoint that quartz in studied shale samples is dominated by
biogenic quartz. Therefore, the quartz contents have a positive
correlation with pore surface and volume (Figure 15), probably
not because the mineral of quartz contributes to the pore
characteristics but due to the biogenesis of quartz. Meanwhile,
quartz is served as rigid grain, which can provide a good capacity
to resist compaction, resulting in preserved interparticle pores.
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The relationship between pore structure parameters and quartz
content is similar to earlier studies in shale.'”*’

Pore parameters (pore volume and SS), however, are weakly
negatively correlated with clay minerals (Figure 16); this result
also coincides with the earlier study.””*” Figure 12 shows that
the peaks of dS/dW and dV/dW of sample 1 move forward with
bigger pore width. Also, the total pore volume and SSA of sample
1 with the largest clay minerals are lower than others. That is,
pores associated with clay minerals mainly contribute to
mesopores, but few to total volume due to strong compaction.

All in all, OM has the greatest impact on the pore system of
deep shale, and clay minerals have less impact. All evidence
indicates that most pores formed in deep shale are related to
OM. For example, high TOC content in Wufeng—Longmaxi
shale generally means high silicon content derived from
biogenesis and well-developed pyrite, which also means strong
resistance to compaction, and numerous pores between these
rigid grains can be preserved during diagenesis.” High TOC
content within overmature deep shale means more dissolutive
pores due to organic acids generated in the pyrolysis of OM
dissolving unstable minerals. In addition, the proportion of
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Figure 18. Relationships between pore structure parameters obtained from the CO, adsorption isotherm and TOC content. (a) The relationship
between pore volume and the abundance of TOC. (b) The relationship between pore SSA and TOC content. The micropores in the overpressure area

own larger pore volume and surface area than those in lower pressure.

E
a 4 b
1.0-() 3 220 - (b)
& 200 -
o
0.8 - 2 180 A
3
_ 2 1601
£ 0.6 T 140 *
2 120 4
o 0.4 a E 1004
o
£ 804
0.2 - S 60
L :
o 40 A
0.0 - g 20
: . > 0 . .
s
Y1 J1 o Y1 J1
=3
(c) E (d)
g 120 -
. o
204 . < 100
x 2
3 2
g == g %07
=
O 60 -
o
. £
0 - £ 40
z
SCTo J
o
Q' T T
L]
Y1 J1 g Y1 I
Q
>
<r.
|:|25-{,‘.759;, T 1.51QR (Interquartile Range) — median L mean + outlier

Figure 19. Box plots of porosity and pore width based on FE-SEM images. (a) Inorganic porosity in the bulk rock measured by FE-SEM for wells Y1
and J1; (b) average pore width of mineral-hosted pores for wells Y1 and J1; (c) OM-hosted porosity detected by FE-SEM for wells Y1 and J1; and (d)

average pore width of OM-hosted pores for wells Y1 and J1.

dissolved pores increases with the carbonate content (e.g,
samples 8 and 4), while the OM pores increase with high TOC
content (e.g., samples 7, 6, and S). A great amount of gas
expelled during the pyrolysis of OM forms overpressure that can
also protect pores.

5.3. Variation of Pore Characteristics under Over-
pressure. To ensure the accuracy of the conclusion, we have
selected the pore characteristic parameters from the same model
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for comparison. Gas adsorption data for Jiaoshiba shale was
obtained from Yang et al,,*® while the image-based pore size and
porosity were obtained from Hu et al.'”*’ (Table 2). The
Jiaoshiba shale samples were taken from a buried depth range of
2303.64—2411.90 m with a pressure coefficient of 1.55.>* The
N, BET SSA of pores in the Luzhou area is similar to that in the
Jiaoshiba area when TOC content is constant, although the pore
volume exhibits different characteristics (Figure 17). Under the
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condition of constant TOC content, the pore volume is
observed to be bigger in the Luzhou area, indicating that
overpressure significantly affects pore preservation when the
other conditions remain constant. The characteristics of CO,
adsorption also differ between Jiaoshiba shale and Luzhou shale.
Although both exhibit multimodal distributions of pore volume
and surface area, the width ranging from 0.4 to 0.7 nm appears to
be bimodal in Jiaoshiba shale, while it tends to exhibit a single
maximum value in Luzhou shale (Yang,5 Figure 9; Xu, > Figure
7; Gou,? Figure Sb), resulting in larger pore volume and SSA
values for the same TOC content (Figure 18a). Besides, the
range of inorganic porosity based on FE-SEM images in the two
wells is similar (Figure 19). The deep shale in the Luzhou area is
more developed with OM-hosted pores, and its OM-hosted
porosity is higher than that in the Jiaoshiba area (Figure 18c).
However, the average pore size of both OM-hosted and mineral-
hosted pores in the Jiaoshiba area is higher than that in the
Luzhou area, except for individual OM-hosted pores with larger
pore sizes (Table 2), which seems to mean that deep shale has
widely developed OM-hosted pores but generally has smaller
width to resist stronger compaction (Figure 18b,d).

Overall, it appears that overpressure is the primary factor
responsible for the differences in shale pore structures between
the Jiaoshiba area and the Luzhou area. This overpressure
condition significantly impacts the pore volume through the
process of resistant compaction.

6. CONCLUSIONS

Certain OM-hosted pores maintain a near-circular shape under
overpressure, while pore morphology related to hard minerals
remains unaffected. Compaction causes elongated strip-like
pore morphology in clay minerals. Mesoporous volume and pore
SSA are determined by OM, but not micropores. Overpressure
plays an important role in preserving pores, especially in deep
shale, where gas generated by OM helps support and protect
them from collapse. Deeper shale can have a large pore volume
than shallower shale due to overpressure.
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