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ABSTRACT: The charac.teristics, distribution, 'fmd_ pre_servation of  Semi-opensystem Opensysiom 6 [ttt

pores are vital in controlling the storage and distribution of shale s. s. prp——

gas. The Qiongzhusi Formation shales taken from different RI=04009 o .."" d

members with similar tectonic and thermal evolutions were used B - A ‘2 .

to evaluate the response of pore characteristics to minerals and g : oot il

sealing systems using field-emission scanning electron microscopy - : e . '

and gas adsorption. Because of differences in mineral structure and Cad L4

arrangement, feldspar, organic matter (OM)—clay, OM-—rutile,

and OM—apatite aggregates facilitate multiple types of pores in the

shale and influence the relative proportions of surface porosity for 0 : : ) :

different types of pores owing to differences in mineral structure Q.. aQ,<Q,, .
P,2S,=S, S,2P.>S, TOC (%)

and arrangement. Rigid frameworks and pressure shadows formed
by rigid minerals and OM—mineral aggregates preserved OM and
pores to some extent. The sealing capacity of the floor controls the sealing system and hydrocarbon expulsion efficiency of the
Qiongzhusi Formation in different members. During thermal evolution, the amount of hydrocarbons generated and expelled affected
the stress equilibrium state between the pore pressure and external stress, influencing the compaction intensity of shales. The OM
pore development characteristics were evolved with variation in the stress equilibrium state in different sealing systems. Once the
stress equilibrium state was disrupted, the OM pores deformed, narrowed, or even closed under the influence of compaction owing
to the loss of overpressure support. The pore characteristics of the Qiongzhusi Formation shales responded significantly to different
sealing systems. A few OM pores are flat and slitlike in the open system, whereas numerous OM pores are round and elliptical in the
semiopen system. Meanwhile, the average diameter of the OM pores in the open system was reduced by approximately 40.2%
compared with that of the semiopen system. Furthermore, the pore volume and specific surface area of the mesopores for open
system shales were reduced by 38.4% and 37.7%, respectively, compared to the semiopen system. These findings will improve the
understanding of the distribution and preservation of pore in shale and help assess the sweet-spot members for the Qiongzhusi
Formation shale gas.

1. INTRODUCTION pore network,”™” which also influences gas and water
911 Therefore, a comprehensive study of the
distribution, evolution characteristics, and controlling factors of
the pores is necessary to explore and develop the Qiongzhusi
Formation shale gas.

The pores in shale are characterized by numerous types,
sizes, and shapes due to the complex composition and
distribution of minerals."> The compaction, cementation,
dissolution, and conversion of organic matter (OM) affect

After more than 10 years of shale gas exploration and distribution.

development efforts in China, shale gas fields such as Jiaoshiba,
Weiyuan, and Changning have been established.' ™ Currently,
there is a growing demand for shale gas as a clean energy
source for achieving the goal of carbon neutrality in China.
Shale gas exploration and development will gradually shift from
the Lower Silurian Longmaxi Formation to other organic-rich
shales (e.g, the Lower Cambrian Qiongzhusi or Niutitang
Formation and Permian Longtan Formation). Previous studies

have shown good potential for shale gas in the Lower Received: February 14, 2022
Cambrian Qiongzhusi Formation and Lower Silurian Long- Accepted:  April 19, 2022
maxi Formation."”*> However, pore development character- Published: April 28, 2022

istics and shale gas content of the Qiongzhusi Formation differ
considerably from those of the Longmaxi Formation.® Gas
storage and flow in shale are controlled by a heterogeneous
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Figure 1. Location map and stratigraphic column of study well. (a) Schematic map showing the location of Well B and intracratonic sag (modified
from Liu et al>"). (b) Stratum, GR, lithology, and sealing system of Well B.

pore formation, destruction, and preservation during the shale
burial process."> Compaction leads to the rapid loss of primary
large-sized pores in the early burial process.'* The pores
occupied by minerals (e.g., pyrite, carbonate, and phosphate)
are formed during cementation. Tectonic deformation affects
the development and distribution of different types of
pores."*~'® Moreover, the formation of OM pores is closely
related to the cracking and conversion of OM during thermal
maturation.'” "> Acidic fluids released during the trans-
formation of OM can dissolve chemically unstable minerals
and form dissolution pores.”> Furthermore, previous studies
that have investigated the preservation conditions regarding
faults, uplift, tectonic styles, and sealing capacity of the roof
and floor have concluded that good preservation conditions are
key factors and prerequisites for shale gas enrichment.”**> A
rigid framework, pressure shadow, and overpressure play
crucial roles in preserving pores,””*®*” implying that changes
in minerals and pressure in shales affect the preservation
condition. Because the Qiongzhusi Formation shale was
formed early and experienced complex diagenesis during
burial, the minerals and pores in the shale are strongly
modified.”® The roof and floor with evident differences control
the sealing system of organic-rich shale, and the hydrocarbon
expulsion behavior is distinctly dissimilar during thermal
evolution.””” More importantly, the hydrocarbon expulsion
behavior influences the overpressure formation and shale gas
enrichment.® Therefore, investigating the distribution and
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preservation of pores under different minerals and sealing
systems can help understand the differences in the pores and
gas content of the Qiongzhusi Formation.

In this study, the pore types and pore structures of the
Qiongzhusi Formation shale were qualitatively and quantita-
tively characterized using field emission scanning electron
microscopy (FE-SEM) and gas adsorption (N, and CO,).
Subsequently, the effects of minerals and sealing systems on
shale pore preservation are discussed. Finally, the pore
evolution patterns of different sealing systems of the
Qiongzhusi Formation were established. This study will
improve the understanding of the distribution and preservation
of pore in shale and help assess the sweet-spot members for the
Qiongzhusi Formation shale gas.

2. GEOLOGICAL SETTING

The Sichuan Basin, located in southwest China (Figure 1a), is
a superimposed basin based on the Upper Yangtze Craton that
undergoes multistage tectonic movements and has developed
several regional unconformities.®’ In the late Sinian, the Sinian
Dengying Formation dolomite was modified by different
degrees of dissolution due to the Tongwan movement,
resulting in good porosity and permeability. The regional
unconformity between the Sinian and Cambrian is a reliable
channel for hydrocarbon expulsion and migration (Figure 1b).
The Weiyuan area is adjacent to the Mianyang-Changning
intracratonic sag formed in the Early Cambrian (Figure 1a).

https://doi.org/10.1021/acsomega.2c00869
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Table 1. Depth, TOC, and Mineral Composition of the Qiongzhusi Formation Shales for FE-SEM and Lower Pressure

Absorption Experiments

member sample ID depth (m) TOC (%) quartz (%)

upper member Ul 3000.59 0.49 34

U2 3021.79 0.94 37

U3 3025.67 1.03 32

U4 3043.95 2.06 33.8
middle member M1 3114.11 1.57 30

M2 3132.01 3.08 26
lower member L1 3151.99 133 38

L2 3177.64 0.24 36

L3 3229.28 241 38.4

reldspar (%) total carbonate (%) pyrite (%) total clay (%)

19 9 3 35
13 9 3 38
12 12 3 41
14.5 132 3.5 35
30 S 3 32
38 4 3 29
271 13.9 39 17.1
32 14 1 17
209 6.5 10.9 23.3

Figure 2. Example of quantitative analysis of different types of pores. (a) Stitched FE-SEM image (100 photos captured at 40000x). (b) Single FE-
SEM image after quantitative analysis (red represents OM pore, green represents IntraP pore, and yellow represents InterP pore).

Owing to the subsidence of the Mianyang-Changning
intracratonic sag and the rapid transgression, the Qiongzhusi
Formation has compensatory deposition characterized by a
large thickness of the Qiongzhusi Formation inside and small
thickness outside the intracratonic sag.>’ The stratum thickness
of the Qiongzhusi Formation in Well B of the Weiyuan area is
approximately 400 m. The Qiongzhusi Formation can be
divided into three members based on the core observations
and logging data. In general, black shale, dark-gray shale, and
dark-gray sandy shale dominated the middle and lower
members of the Qiongzhusi Formation, whereas black shale,
dark-gray argillaceous sandstone, and gray siltstone have
developed in the upper member. Three sets of organic-rich
shale were located at the bottom of each member.

3. SAMPLES AND METHODS

Nine shale samples from the Qiongzhusi Formation in Well B
of the Weiyuan area were selected to be analyzed by the FE-
SEM (Table 1). Argon ion polishing combined with FE-SEM
has become an effective tool for shale pore structure studies
(such as type, morphology, size, and number).'”** FE-SEM
(Quanta 250 FEG, with EDS, INCAx-max20) and argon ion
polishing (Gatan 697) experiments were performed at the
State Key Laboratory of Oil and Gas Reservoir Geology and
Exploitation, Chengdu University of Technology. All samples
were mechanically cut and polished to obtain a flat surface for
argon ion polishing. After argon ion polishing, the observed
surface was sprayed with gold to enhance its electrical
conductivity. Digital and quantitative processing of FE-SEM
images has been used for quantitative analysis of shale pore
structure.””** In this study, FE-SEM quantitative analysis was
performed using Image] software to obtain the pore
parameters (e.g, Feret diameter, area, and perimeter) of
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different types of pores (Figure 2). Each image analyzed in
Figure 5 comprises100 images captured at 40000X magnifica-
tion.

Low-pressure adsorption (N, and CO,) experiments were
performed on nine samples at the same depth as the FE-SEM
experiment (Table 1). The shale samples were crushed to 60—
80 mesh and subsequently dried and degassed for 72 h. N, and
CO, adsorption experiments were conducted at 77 and 273 K,
respectively. Low-pressure adsorption experiments were
performed at the Keyuan Engineering Technology Testing
Center of Sichuan Province and were in accordance with the
Chinese National Standard GB/T19587-2004. For N,
adsorption data, the specific surface area and pore size
distribution were interpreted using the Brunauer—Emmett—
Teller and Barrett—Joyner—Halenda equations, respectively.
For the CO, adsorption data, the specific surface area and pore
size distribution were analyzed using density functional theory.
In addition, fractal dimension was used to characterize the
geometrical irregularities and roughness of the shale pores.'”*
The fractal dimension can be calculated using the FHH model
based on data obtained from N, adsorption.”® The equations
used are as follows

In(V/V,) = K In[In(R)/P)] + C (1)

K=D-3 ()

where V is the volume of gas adsorption at equilibrium
pressure P, V, is the monolayer coverage volume, P, is the
saturation pressure, P is the equilibrium pressure, K is an
exponent depending on the mechanism of adsorption and
fractal dimension, C is the constant of gas adsorption, and D is
the fractal dimension.

The sealing system of organic-rich shale is directly affected
by the sealing capacity of the roof and floor. The lithology,

https://doi.org/10.1021/acsomega.2c00869
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Figure 3. (a) Feldspar, (b) quartz, (c) clay, (d) carbonate, (e) pyrite, (f) TOC, (g) porosity, and (h) permeability of the Qiongzhusi Formation
from the different members in Well B, Weiyuan Area.

thickness, porosity, permeability, breakthrough pressure, thickness, porosity, permeability, and formation contact

formation contact relationship, fault development character- relationship were used to evaluate the sealing capacities of

istics, and gas content can effectively reflect the sealing capacity the roof and floor of different sealing systems. In addition, data
29,37,38

of the roof and floor. In this study, the lithology, for 166 total organic carbon (TOC), 112 porosity, 172
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Figure 4. FE-SEM images of different members of the Qiongzhusi Formation. (a) OM pores are developed in pyrite framboid and clay, sample U2.
(b) The large OM pore contains small OM pores, sample U2. (c) OM pores are developed between minerals, and IntraP pores are developed in
quartz, sample U3. (d) OM pores and IntraP pores are distributed in OM—apatite aggregate, sample M2. (e) Magnified image of the yellow square
in (d). (f) IntraP pores are distributed in feldspar. Some OMs and pyrites are developed in the IntraP pores, sample M2. (g) OM and clay are
developed in pyrite framework, sample L3. (h) Magnified image of the yellow square in (g), OM pores are small and flat, sample L3. (i) InterP
pores are distributed between minerals, sample L2.

Table 2. Number, Diameter, and Relative Proportion of Surface Porosity for Different Types of Pores in Different Members of
the Qiongzhusi Formation Shale

member pore type  no. of pores min diameter (nm) max diameter (nm) avg diameter (nm) relative proportion of surface porosity (%)

upper member OM pore 7163 4 668 46.8 72.1

IntraP pore 579 4 634 83.3 18.5

InterP pore 220 4 1457 146.1 9.4

middle member OM pore 4554 4 679 374 50.2

IntraP pore 4081 4 263 39.3 46

InterP pore 144 4 590 64.3 3.8

lower member OM pore 6804 4 189 249 18.7

IntraP pore 455 4 197 101.1 38.2

InterP pore 880 4 3508 170.9 43.1
permeability, and 167 mineral compositions were collected (TOC > 2%) shales were developed in the Qiongzhusi
from CNPC Chuanging Drilling Engineering Company, Ltd. Formation, located at the bottom of the upper, middle, and
lower members. (Figure 1b). Generally, the TOC contents of
4. RESULTS the lower and middle members were higher than that of the
4.1. Mineralogy, TOC, Porosity, and Permeability. upper member (Eigure 3f). The total porosity of the
Mineral component analysis indicated that quartz, feldspar, Qiongzhusi Formation shale ranges from 0.88%—5.03%, with
and clay are the main minerals of the Qiongzhusi Formation an average of 2.929%. However, the porosity of each member of
shales, with small amounts of carbonate minerals and pyrite the Qiongzhusi Formation was different. The lower member
(Table 1 and Figure 3a—e). The upper member of the had the lowest porosity, the middle member had the highest
Qiongzhusi Formation is mainly composed of quartz and clay porosity, and the upper member was between the two (Figure
minerals, whereas the middle and lower members are 3g) Moreover, the permeability of these shales ranged from
composed of quartz and feldspar (Figure 3). The TOC 0.001—9.5987 mD, with an average of 0.7669 mD (Figure 3h).
content of the Qiongzhusi Formation ranges between 0.2%— 4.2. Pore Characteristics and Quantitative Analysis

4.71%, with an average of 1.68%. Three sets of organic-rich from FE-SEM Images. According to the FE-SEM images
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Figure S. Pore size distribution of different types of pores in the Qiongzhusi Formation shale based on FE-SEM quantitative statistics. (a) Sample
U3. (b) Sample M2. (c) Sample L3.

(Figure 4), the visible pores of the Qiongzhusi Formation shale pore structural parameters of the organic-rich shales in the
were divided into OM pore, interparticle (InterP) pore, and three members are presented in Table 2 and Figure S. The
intraparticle (IntraP) pore based on the pore classification characteristics of the three pore types differed significantly for
proposed by Loucks et al."> The pore size distribution and each member.
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Figure 6. CO, and N, adsorption isotherms of the Qiongzhusi Formation shales with different TOC ranges. (a—c) CO, adsorption isotherms. (d—

f) N, adsorption isotherms.
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Figure 7. Log differential pore volume and specific surface area derive from CO, adsorption of the Qiongzhusi Formation shales with different
TOC ranges. (a—c) CO, Log differential pore volume. (d—f) CO, Log differential specific surface area.

4.2.1. OM Pores. Most OM pores in each member of the
Qiongzhusi Formation shale were identified within OM—clay,
OM-—apatite, OM—rutile aggregates, pyrite framboids, or rigid
mineral particles (Figure 4). The morphology, number, and
size of OM pores varied in each member of the Qiongzhusi

Formation. Specifically, the OM pores in the upper- and
middle-member shales are round, elliptical, and irregular
(Figures 4b,d, and 10d). The morphology of these pores is
characteristic of small pores fusing to form large pores.
Additionally, smaller pores were observed within the rough
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Figure 8. Log differential pore volume and specific surface area derive from N, adsorption of the Qiongzhusi Formation shales with different TOC

ranges. (a—c) N, Log differential pore volume. (d—f) N, Log differential specific surface area.

inner walls of the larger pores (Figure 4b). In contrast, it was
challenging to observe the OM pores of the lower member in
the OM between the mineral particles (Figure 4i). Only a few
tiny elliptical or slit-shaped OM pores were observed in some
OM well protected by the mineral framework (Figure 4gh).
The diameter of the OM pores in the lower member shale was
significantly smaller than that in the upper and middle member
shales. The average diameter of OM pores in the lower
member shale was narrowed by 46.8% and 33.5% compared to
the upper and middle member shales, respectively. In addition,
the relative proportion of surface porosity for OM pores in the
lower member shale was also the lowest (Table 2).

4.2.2. InterP Pores and IntraP Pores. InterP pores were
distributed among different minerals with triangular and
irregular polygons (Figure 4i). IntraP pores were found within
dissolution-related minerals, including quartz and feldspar
(Figure 4c and f). The morphology of the IntraP pores was
angular or irregular polygonal. Notably, in the middle member
of the Qiongzhusi Formation, many IntraP pores were
observed inside the OM—apatite aggregates and OM-—rutile
aggregates (Figures 4d,e and 13). The InterP pores and IntraP
pores have a wide range of pore size distributions. Most
inorganic pores were larger in diameter than OM pores (Table
2). Approximately 5—20% of inorganic pores had diameters
greater than 200 nm (Figure 5).

4.3. CO, and N, Adsorption. Figure 6 shows the CO, and
N, adsorption isotherms of different members of the
Qiongzhusi Formation. All CO, isotherms were similar to
Type I as classified by the International Union of Pure and
Applied Chemistry (IUPAC) classification,” indicating the
presence of micropores in the Qiongzhusi Formation shale.
The maximum CO, adsorption quantity ranged from 0.12—
1.69 cm®/g, with an average of 0.98 cm?/g. Most N, isotherms
were similar to Type IV, except for sample L2 which contained
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an isotherm showing Type V. Notably, even when the
maximum relative pressure was reached, no saturation
adsorption plateau was observed in all isotherms, implying
that the macropores in the samples were not saturated.”’ The
hysteresis loops of all samples show a mixture of Type H2 and
H3, suggesting that the pores of the Qiongzhusi Formation
shale are ink-bottle-like and slitlike in shape. Notably, the
maximum adsorption quantity and hysteresis loops of the
samples in the lower member were smaller than those of the
upper and middle members (Figure 6d—f).

The log differential pore volume and specific surface area
curves for CO, adsorption showed similar trends (Figure 7).
There were two stable peaks at approximately 0.4—0.7 and
0.8—0.9 nm, indicating that these pores contributed to the
major pore volume and specific surface area. The contributions
of micropores to the pore volume and specific surface area
were positively related to the TOC content (Figure 15).

The log differential pore volume and specific surface area of
N, revealed that most shale samples with TOC less than 2%
displayed a prominent peak at a pore size of approximately
70—100 nm and a weak peak at 2—4 nm (Figure 8). For
samples with TOC greater than 2%, the middle and upper
shales exhibited more obvious bimodal characteristics than the
lower shale. Furthermore, mesopores (especially those less
than 10 nm) contributed to most of the specific surface area of
the shale. Consequentially, the pore volume and specific
surface area provided by mesopores (2—10 nm) in the lower
member of the Qiongzhusi Formation were lower than those
in the other members at each TOC content range.

4.4. Fractal Dimension. The plots of In V versus In[In(Py/
P)] obtained from the original low-pressure N, adsorption data
for the Qiongzhusi Formation shale are presented in Figure. 9.
As shown by the N, adsorption and desorption curves (Figure
6d—f), the hysteresis loop of the curve appeared at P/P, =
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Figure 9. Fractal dimension calculation obtained from low-pressure N, adsorption data for the Qiongzhusi Formation shales

0.4S5, indicating that there were differences in the pore
structure with different adsorption mechanisms in the two
regions. Therefore, the fractal dimensions of the two regions
were calculated separately. D, represents the fractal dimension
of the relatively small pores in the low-pressure stage (P/P, <
0.45), whereas D, represents the fractal dimension of the
relatively large pores in the high-pressure stage (P/P, > 0.45).

D, ranging from 2.4673 to 2.8426 (average = 2.7223) is
larger than D, ranging from 2.3745 to 2.6284 (average
2.5667), implying that the relatively large pores are more
complex. The phenomenon of large OM pores containing
small pores was observed using FE-SEM (Figure 4b); the
results were consistent with the differences of fractal
dimensions. In particular, the correlation coeflicients of the
linear fits for the D, fractal dimension of the L1 samples were

low (R? = 0.6387), implying that fractal features may not be
present in relatively small pores. Moreover, the fractal
dimensions of the upper and middle members of the
Qiongzhusi Formation shales are usually larger than those of
the lower member shales in D, values (Table 3), suggesting
that the pores in the middle and upper shales are more
complicated.

Table 3. Fractal Dimensions of the Qiongzhusi Formation

Shales
P/P,: 0—0.45 P/Py: 0.45—1

sample ID K, D, R? K, D, R?
Ul 0.4341 25659 09902 02464 27536  0.9966
U2 0.4374 25626 09724 02686  2.7314  0.9987
L2 0.6255 23745  0.987 0.5327 24673  0.9986
U3 0.4373  2.5627 09875 02583  2.7417  0.9883
M1 0.395 2.605 0.9794 02385 27615  0.9897
L1 0.4244 25756  0.6387  0.4059  2.5941  0.9961
U4 0.394 2.606 09825  0.1649  2.8351  0.9932
M2 0.3803 26197 09696  0.1574  2.8426  0.9823
L3 03716  2.6284 09723 02258  2.7742  0.9987

5. DISCUSSION

5.1. Response of Pore Characteristics of Shale to
Minerals. Previous studies have suggested that the support
effect caused by rigid minerals protects the residual primary
pores.'**>*" 1t is difficult to observe primary pores in the
Qiongzhusi shale under strong compaction, but OM
distributed among the rigid particles can be observed (Figure
10c). Meanwhile, the pressure shadow formed by the rigid

minerals protects the OM pores in this organic matter (Figure
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Figure 10. FE-SEM images of feldspars in the Qiongzhusi Formation. (a,b) IntraP pores are slit-like, elliptical, and varied in size. OM and pyrite
were distributed in IntraP pores. (c) Organic matter is distributed between feldspars. (d) Magnified image of the yellow square in (c); IntraP pores

are round and elliptical.
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Figure 12. FE-SEM images of pores associated with clay in different members of the Qiongzhusi Formation. (a) Pyrites and organic matters fill in
the deformed clay layer, sample U3. (b) Magnified image of the yellow square in (a); OM pores are elliptical. (c) Deformed clay in shale, sample
M1. (d) Magnified image of the yellow square in (c); OM pores and IntraP pores are slitlike. (e) Deformed clay in shale, sample L3. (f) Magnified

image of the yellow square in (e); IntraP pores are slitlike.

10d). According to previous studies, quartz content tended to
be positively correlated with porosity or pore volume.*”**
However, we discovered that there was no apparent correlation
between quartz and porosity (Figure 11b), whereas feldspar
showed a positive trend with the porosity of the Qiongzhusi
shales (Figure 1la). The quartz content of the Qiongzhusi
Formation was relatively stable, whereas the feldspar content is
various (Figure 3a,b). The feldspar particles were large, often
exceeding 25 um, as observed in the FE-SEM images (Figure
10). Thus, the rigid framework and the pressure shadows may
protect more pores associated with feldspar.

It is worth noting that feldspar is richer in IntraP pores than
quartz in the Qiongzhusi Formation shale (Figure 4c,f). IntraP
pores in quartz are often considered isolated and do not
contribute significantly to the porosity and permeability.*”
However, some IntraP pores in feldspar were filled with
organic matter and pyrite (Figure 10a,b), indicating that IntraP
pores in feldspar are not isolated but are connected to the
Qiongzhusi shale matrix. Feldspar is a chemically unstable
mineral that is dissolved by organic acids that are released
during the thermal maturation of OM and form IntraP pores.*
Additionally, the pores in some feldspars may be related to the
albitization of K-feldspar. Min et al."* observed the albitization

of K-feldspar in the Qiongzhusi Formation shale and suggested
that feldspar shrank in bulk and formed new pores, which were
often filled with OM, clay, and pyrite during the diagenetic
process. Compared to OM, siliceous minerals often cannot
adsorb methane,'" but IntraP pores modified by OM in
teldspar might provide adequate adsorption space for shale gas.

Clay minerals and OM have strong physical and chemical
activities, and they often appear in shale in the form of OM—
clay aggregate.”** In the Qiongzhusi shale, OM and pyrite
particles are often distributed in the clay interlayer (Figure 12).
Although most of the OM—clay aggregates were deformed by
compaction (Figure 12a, ¢, and e), the rigid pyrite formed a
pressure shadow structure between the clay mineral layers
(Figure 12b), protecting the internal pores and organic
matter.””*” However, the supporting effect of the rigid
framework may be limited. There are evident differences in
the OM content and pore development characteristics in the
OM-—clay aggregates of different members of the Qiongzhusi
Formation (Figures 11d and 12). Specifically, OM distributed
in clay minerals of the middle and lower members of the
Qiongzhusi Formation is less than that in the upper member.
Meanwhile, it is difficult to observe pores in the clay minerals
of the lower member by comparing the FE-SEM images of clay
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Figure 13. FE-SEM images of pores associated with OM—rutile and OM—apatite aggregates in different members of the Qiongzhusi Formation.
(a) OM—rutile aggregate develops in sample M2. The rutile is arranged in a triangular shape. (b) Magnified image of the yellow square in (a); OM
and IntraP pores are developed in the OM—rutile aggregate. (c¢) OM—apatite aggregate develops in sample M2. The apatite is arranged in a
quadrilateral shape. (d) Magnified image of the yellow square in (c); OM pores are round and elliptical.
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Figure 14. Correlation between TOC and porosity of the Qiongzhusi Formation in (a) Well B (data from this paper) and (b) in JY1 (data are

adopted from Xiong et al.**).

minerals in different members of the Qiongzhusi Formation.
The few visible pores were small and flat (Figures 4h and 12f).
Kulia et al** conducted compaction experiments on clay
minerals and found that the pore volume of mesopores and
macropores appeared to be significantly reduced with
increasing pressure, whereas micropores were almost un-
affected. Milliken et al.*’ suggested that intense compaction
may cause OM to migrate into InterP pores. Under strong
compaction, the pressure shadow structure of the OM—clay
aggregate in the middle and lower members of the Qiongzhusi
Formation may no longer have a protective effect against
compaction. Some of the organic matter in the clay interlayer
was discharged, and the OM pores disappeared.

15832

OM-—rutile and OM—apatite aggregates are observed in the
middle member of the Qiongzhusi Formation shale (Figure
13). FE-SEM quantitative statistics showed that IntraP pores
and OM pores contributed to the major surface porosity of the
OM-—apatite aggregate (Figure 5b). Ko et al.** observed preoil
bitumen filled in the IntraP pores of phosphatic at the peak
bitumen generation stage, implying that interconnected pore
networks were developed within the phosphate. Unlike the
randomly distributed rigid particles in the OM-—clay
aggregates, the minerals inside the OM-—rutile and OM—
apatite aggregates are often arranged in triangular or
quadrilateral shapes (Figure 13b,d). The OM and pores were
well protected in the more stable rigid frameworks. Differences
in the type, characteristics, and distribution of pores in
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proportions of micropores, mesopores, and macropores under
stable conditions of tectonic movement. In this study, OM
pores tended to be distributed in multiple OM-—mineral

different minerals and aggregates are controlled by their
physicochemical properties, combinations, and arrangements.
Xu et al.”" believed that changes in lithofacies affect the relative
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aggregates and the organic matter with pressure shadow
protection, and the inorganic pores were associated with
feldspar, OM—apatite, and OM—rutile aggregates (Table 2 and
Figure S).

5.2. Response of Pore Characteristics of Shale to
Sealing Systems. The porosity of different members of shales
is significantly different in this study (Figure 3g). The
correlation between TOC content and porosity exhibits two
distinct trends (Figure 14a). Porosity is positively correlated
with TOC content in the upper and middle member shales,
implying that OM pores contribute to porosity. Conversely,
there was a negative correlation between TOC and porosity in
the lower member. A similar trend occurred in the Qiongzhusi
Formation shales in the adjacent Well JY1 within the Sichuan
Basin (Figure 14b),>” implying that the difference might have
occurred in the southern Sichuan Basin. This difference is also

supported by the FE-SEM images (Figure 4b,e;h) and the
quantitative analysis of OM pores (Figure S), suggesting that
the contribution of OM pores to porosity is significantly
different among the various members of the Qiongzhusi
Formation.

Figure 15 presents the correlation between the TOC and
pore structure parameters to clarify the differences in
microscopic OM pores. The micropore volume and specific
surface area showed positive correlations with TOC content,
consistent with the results of the Lower Cambrian and Lower
Silurian Longmaxi Formation shales,>>* indicating that OM is
the predominant controlling factor for micropores. However,
weaker correlations were found between mesopore volume,
specific surface area, and TOC (Figure 15c,d). Other studies
have also reported a similar phenomenon of a stronger
correlation between micropores and a weaker correlation
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between mesopores.””>> In addition, fractal dimension D, is
prominently different from the D, (Table 3), implying that the
OM pores within the mesopore range might be strongly
modified, whereas OM pores within micropores have little
response.

Compaction or tectonic movements often causes modifica-
tion of OM pores.'®*° Milliken et al.”® found that TOC
content is positively correlated with porosity when TOC
content is less than 5.5%, while porosity hardly increases with
TOC when it is content greater than 5.5%, and visible pore
face porosity decreases with increasing TOC content. The
study concluded that the low-TOC samples have the support
of the rigid mineral framework to avoid the pores being
compacted. The mechanical properties of OM are significantly
different from those of other minerals in shale.”” An increased
TOC content results in a decreased Young’s modulus, thereby
increasing the ductility of the shale,”®” which makes the shale
and pores more likely to be compacted. Moreover, Ma et alt¢
suggested that compared to the non-deformed zone, OM pores
in the mesopores and macropores in the deformed zone
collapse during tectonic deformation.

However, the Qiongzhusi Formation shales in the middle
and lower members had similar mineral compositions and
organic geochemical characteristics (Figure 3). In particular,
most TOC contents were within a similar range and did not
exceed the turning point proposed by the previous study,’
implying that the mechanical properties of the middle and
lower members of the Qiongzhusi Formation were similar.
Additionally, Well B is located in the Sichuan Basin, where the
intensity of tectonic movements is generally lower than in the
outer basin.>’ The burial history curve of Well GS1, which is
close to that of Well B, reveals that the Qiongzhusi Formation
began to be buried rapidly from the Triassic and changed to
rapid uplift in the Late Cretaceous.”” Hence, different member
shales in the Qiongzhusi Formation for Well B underwent
similar thermal and structural evolution processes.

The roof, floor, and organic-rich shale with different
properties constitute sealing systems with different preserva-
tion conditions.””**®" Good preservation conditions are
significant for maintaining overpressure, pore preservation,
and shale gas enrichment.””** Therefore, the sealing systems of
the Qiongzhusi Formation shale in the different members are
quite different. Specifically, the middle and upper shales were

semiopen systems. The organic-rich shale is conformably in
contact with tight, low-porosity, and low-permeability roof and
floor, and the thicknesses of the roof and floor were 24 and 28
m, respectively (Figure 16a). In contrast, the lower member of
the Qiongzhusi Formation is an open system. Although the
roof of the organic-rich shale in the lower member shale was 20
m thick and had a good sealing capacity, the sealing capacity of
the floor was poor (Figure 16b). The strata of the Upper
Yangtze Platform were uplifted and denuded by the Tongwan
movement during the late Sinian.’’ Dissolution pores and
fractures developed in the dolomite of the Dengying
Formation under the influence of dissolution. Therefore, the
Dengying Formation has high porosity and permeability and is
a good reservoir with good physical properties and
connectivity for oil and gas.”” Additionally, a regional
unconformity between the Sinian Dengying Formation and
the Lower Cambrian Qiongzhusi Formation formed by the
Tongwan movement becomes a window for the expulsion of
hydrocarbons and a channel for migration from the organic-
rich shales.” The homogenization temperature of the oil and
gas inclusions in the Dengying Formation of the Well GS1
ranges from 90—240 °C. As the homogeneous temperature of
inclusions increases, these inclusions gradually change from oil
inclusions to gas inclusions.”” This is consistent with the
thermal evolution of the organic-rich shale of the Qiongzhusi
Formation, implying that the Qiongzhusi Formation continu-
ously expelled hydrocarbons during the burial process.

Under normal stratigraphic conditions, the rock skeleton
bore overlying formation pressure. The mechanical properties
and ability to resist compaction of the shale do not strongly
differ when the mineral composition and OM content are
similar.””*%* However, cracking and converting OM causes
volume expansion and overpressure generation while increas-
ing thermal maturity.”**> Thermal simulation experiments
under formation conditions suggested that the highest volume
of gas produced during thermal evolution was 1720 times the
volume of 0il.°® When the retention coefficient was 0.9, the
maximum pressure coefficient of the Qiongzhusi Formation
was 2.45.°” When overpressure is present, the overlying
formation pressure on organic-rich shale is borne by the shale
mineral framework and the pore fluid. During the thermal
evolution, the quantity of hydrocarbon generation (Q)
controlled by OM decomposition and the quantity of
hydrocarbon expulsion (Q.) controlled by the sealing system
affect the pore pressure variation in different sealing systems.
Therefore, the stress equilibrium state between the pore
pressure and external stress influences the shale compaction
intensity.

Organic-rich shale has a strong hydrocarbon generation
capacity in the mature stage. In the semiopen system of the
Qiongzhusi Formation, the roof and floor with strong sealing
capacity trap the hydrocarbons inside the organic-rich shale to
form overpressure. The high pore pressure of the OM pores
can resist the influence of horizontal and vertical stresses
(Figure 17a). Consequently, the OM pores were large and
round. In contrast, in the open system of the Qiongzhusi
Formation, some of the hydrocarbons generated from organic-
rich shales during thermal maturation can conveniently migrate
through the unconformity and be stored in the Dengying
Formation (Figure 16b). Liu et al.”’ suggested that over-
pressure is formed when the retention coeflicient of the
Qiongzhusi Formation shale is greater than 0.5. When the
retention coeflicient increased by 0.0S, the pressure coefficient
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increased by 0.3—0.4 at the same burial depth. Hence, the
expulsion of hydrocarbons limits the increase in pore pressure.
The size of the OM pore was reduced to maintain the stress
equilibrium state between pore pressure and horizontal and
vertical stresses (Figure 17d). In the overmature stage, the
hydrocarbon generation capacity of the organic-rich shale
gradually decreased. The pore size and morphology continu-
ously changed with the variation of the stress equilibrium state
in both the semiopen and open systems (Figure 17b,c;e,f). The
pore pressure in the open system decreased more rapidly
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because of the poor sealing capacity and high hydrocarbon
expulsion efficiency. Once the stress equilibrium state between
the pore pressure and external stresses is disrupted, OM pores
are deformed, narrowed, or even closed under the influence of
compaction owing to the loss of overpressure support.

In this study, the pore pressure decreased more rapidly
during burial because of the long hydrocarbon expulsion and
high expulsion efficiency in the open system. Without
overpressure protection, the OM pores in the open system
are deformed more intensely than those in the semiopen
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system. Therefore, OM pores in the open system are rare and
flat or slitlike in shape (Figures 4h and 17c), while OM pores
in the semiopen system are abundant and round or elliptical
(Figures 4b and 17f). Meanwhile, the average diameter of the
OM pores in the open system was the lowest, approximately
40.2% lower than that of the semiopen system (Table 2).
Moreover, the pore volume and specific surface area of the
mesopores for the shales in the open system were reduced by
an average of 38.4% and 37.7%, respectively, compared to
those in the semiopen system (Figure 18). The fractal
dimensions D, of the semiopen systems were usually larger
than those of the open systems (Table 3), implying that the
pores in the middle and upper member shales are more
complicated. Owing to the above differences, there are
dissimilar trends in the correlation between porosity and
TOC content (Figure 14).

When uplift and denudation affected the preservation
conditions of shale, the thermal evolution of shale might
have stopped. In contrast, sealing systems affect preservation
conditions through the evolution of organic-rich shale,
implying that fewer hydrocarbons remain in the shale. More
importantly, the pores were intensively compacted without
overpressure protection in an open system. The decrease in
pore volume and specific surface area may further reduce the
quantity of free gas and adsorbed gas in the shale.

5.3. Conceptual Model of Pore Evolution for Differ-
ent Sealing Systems. Based on the analysis of the mineral
composition, geochemical characteristics, pore characteristics,
sealing systems, and pore evolution of the Qiongzhusi
Formation shale,'****®® we depicted the idealized models
of the Qiongzhusi Formation shales during burial, expecting to
deepen insight into the response of pore development
characteristics to minerals and sealing systems.

The shale buries at a shallow depth in the early deposition
stage and is not mature. Various minerals and OM are
scattered within the shale, and the main pore space is
dominated by primary pores (Figure 19a,b). As the burial
evolution proceeds, compaction and cementation cause most
of the primary pores to disappear.'* Some primary pores are
preserved under the rigid framework composed of rigid
minerals such as feldspar, quartz, and pyrite.69 Dissolution
pores form in chemically unstable minerals, such as feldspar
and calcite under acidic fluids modification.”” Owing to the
continuous cracking, conversion, and migration of OM, not
only are OM pores formed in different kinds of organic matter
but also some hydrocarbons fill in various tgrpes of
interconnected pores in the shale (Figure 19¢,d).”>*"**70~7
In addition, the pore pressure in the shale increases due to the
accumulation of hydrocarbons.*”®® Notably, more hydro-
carbons in the open system were expelled through the
unconformity to be stored in the Sinian Dengying Formation
(Figure 19d). Hence, the pore pressure of shale in the open
system may be relatively lower than that in the semiopen
system.

In the overmature stage, more gas and OM pores developed
in organic-rich shales.’”**°® The pore pressures inside the two
sealing systems appear significantly different because of the
enormous difference between the oil and gas volumes.” In the
later overmature stage, some rigid frameworks gradually lose
the protective effect with increased burial depth and overlying
formation pressure but still protect the pores by the pressure
shadow to some extent (Figure 19e). Moreover, the pore
pressure gradually decreased because the quantity of hydro-
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carbon expulsion exceeded that of hydrocarbon generation.
Therefore, the stress equilibrium state between pore pressure
and external stress was progressively disrupted. The size and
morphology of the OM pores varied continuously with the
changes in the stress equilibrium state. Compared to the
semiopen system, the open system had a poorer sealing
capacity and higher hydrocarbon expulsion efficiency, resulting
in a faster pore pressure decrease and OM pores being small,
flat, or slitlike (Figure 19f).

6. CONCLUSIONS

(1) Feldspar and OM—mineral aggregates (e.g, OM—clay,
OM-—rutile, and OM-—apatite aggregates) provided various
pores to the shale and influenced the relative proportions of
surface porosity for different types of pores but also preserved
the pores to some extent with a rigid framework and pressure
shadow.

(2) The sealing capacity of the floor affects the hydrocarbon
expulsion efficiency and pore pressure of the Qiongzhusi
Formation in different sealing systems. During thermal
evolution, the quantity of hydrocarbon generation controlled
by OM decomposition and the quantity of hydrocarbon
expulsion controlled by the sealing system together affect the
variation in pore pressure and the stress equilibrium state
between pore pressure and external stresses in the shale.
Consequently, the characteristics of pore development change
continuously with variations in the stress equilibrium state.
Once the stress equilibrium state was disrupted, the OM pores
deformed, narrowed, or even closed under the influence of
compaction owing to the loss of overpressure protection.

(3) The pore characteristics of the Qiongzhusi Formation
shales responded significantly to different sealing systems. The
open system had a few OM pores that were flat and slitlike,
whereas the semiopen system had more round and elliptical
OM pores. Meanwhile, the open system had the smallest
average diameter of the OM pores, approximately 40.2%
smaller than that of the semiopen system. Furthermore, the
pore volume and specific surface area of the mesopores for the
shales in the open system were reduced by 38.4% and 37.7%,
respectively, compared to the semiopen system.
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