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Abstract: The purpose of this article was to quantitatively investigate the pore structure and fractal
characteristics of different lithofacies in the upper Permian Dalong Formation marine shale. Shale
samples in this study were collected from well GD1 in the Lower Yangtze region for mineral
composition, X-ray diffraction (XRD), and nitrogen adsorption—-desorption analysis, as well as
broad-ion beam scanning electron microscopy (BIB-SEM) observation. Experimental results showed
that the TOC (total organic carbon) content and vitrinite reflectance (Ro) of the investigated shale
samples were in the ranges 1.18-6.45% and 1.15-1.29%, respectively, showing that the Dalong
Formation shale was in the mature stage. XRD results showed that the Dalong Formation shale was
dominated by quartz ranging from 38.4% to 54.3%, followed by clay minerals in the range 31.7-37.5%,
along with carbonate minerals (calcite and dolomite), with an average value of 9.6%. Based on the
mineral compositions of the studied samples, the Dalong Formation shale can be divided into two
types of lithofacies, namely siliceous shale facies and clay-siliceous mixed shale facies. In siliceous
shale facies, which were mainly composed of organic pores, the surface area (SA) and pore volume
(PV) were in the range of 5.20-10.91 m?/g and 0.035-0.046 cm?/g, respectively. Meanwhile, the pore size
distribution (PSD) and fractal dimensions were in the range 14.2-26.1 nm and 2.511-2.609, respectively.
I/S (illite-smectite mixed clay) was positively correlated with SA, PV, and fractal dimensions, while
illite had a negative relationship with SA, PV, and fractal dimensions. I/S had a strong catalytic
effect on organic matter for hydrocarbon generation, which was beneficial to the development of
organic micropores, so I/S was conducive to pore structure complexity and the increase in SA and PV,
while illite easily filled organic pores, which was not beneficial to the improvement of pore space.
In clay-siliceous mixed shale facies, which mainly develop inorganic pores such as intergranular
pores, SA and PV were in the range of 6.71-11.38 m?/g and 0.030-0.041 cm®/g, respectively. Meanwhile,
PSD and fractal dimensions were in the range of 14.3-18.9 nm and 2.563-2.619, respectively. Quartz
and I/S showed weak positive correlations with SA, PV, and fractal dimensions. The various compact
modes between quartz particles and the disorder of I/S were conducive to the complexity of pore
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structure and the improvement of SA and PV. The research findings can provide a reference for the
optimization and evaluation of shale gas favorable area of the Lower Yangtze Platform.

Keywords: pore structure; fractal characteristics; shale lithofacies; the Upper Permian Dalong
Formation; the Lower Yangtze Platform

1. Introduction

Shale gas, as one type of unconventional natural gas resource which is generated and stored
in organic-rich shale, has become an important direction of work on exploration and development
around the world in recent years. Different from conventional natural gas resources, shale gas can be
preserved as free gas in nanopores and micro-fractures, adsorbed gas on the surface of organic matter
(OM), and clay minerals, and dissolved gas in oil, water, or kerogens [1,2]. Meanwhile, organic-rich
shale has a complicated nanoscale pore system and consists of a large number of nanopores, which
seriously influence the gas storage-flow behavior and, in some ways, affect the store capacity of
hydrocarbons [3-5]. Therefore, it is important to study the pore structure in shale reservoirs, such as
surface area (SA), pore volume (PV), pore size distribution (PSD), and fractal dimensions [3-7].

In recent decades, several researchers achieved progress in developing testing methods for shale
reservoir evaluation, which can provide a good opportunity for us to study the shale pore structure.
The occurrence of advanced 2/3D imaging techniques, such as combined broad ion beam-milling and
scanning electron microscopy (BIB-SEM), can support the qualitative visualization of nanoscale pores in
shales to characterize pore types and development [8-12]. Furthermore, quantitative measurement of
the shale pore structure parameters, including SA, PV, and PSD, is mainly obtained using a low-pressure
gas adsorption and mercury injection technique [3,11,13-20]. Among them, nitrogen gas adsorption
has been proven to be an effective method to calculate shale pore structure parameters. Moreover,
fractal dimension has been extensively used to describe the irregularities of shale pore structure in
recent years [21-26]. The fractal Frenkel-Halsey—-Hill (FHH) model and the thermodynamic method
are common means to calculate fractal dimensions [27], and the FHH model seems to be the better one.

Previous studies have shown that although the sedimentary background, compaction process,
and mineral composition of different shale lithofacies are quite different, the pore type classification is
almost certain. Pore types can be divided into pores associated with OM, clay minerals, and brittle
minerals [8,10,28]. The organic pores, which often occur in highly mature shale, are usually believed to
be generated due to the expulsion of hydrocarbons [28-31]. Pores associated with clay minerals include
intra-aggregate pores and interlayer pores. Pores associated with brittle minerals mainly consist of
inter-crystalline pores, intergranular pores, and dissolution pores. It needs to be emphasized that the
development degree of each kind of pores would decrease due to compaction, especially in the late
stage of diagenesis [28,32,33].

For a long time, shale gas exploration and development in southern China has been mainly
concentrated in the Upper Yangtze Platform and has seen great success [34-36]. However, the exploration
work in the Lower Yangtze Platform has not experienced a breakthrough. In recent years, shale gas
exploration in the Lower Yangtze region has received much more attention. The implementation
of several shale gas exploration wells and a series of basic researches has shown that the upper
Permian shale in the Lower Yangtze region has good conditions for shale oil and gas accumulation and
considerable gas bearing property [37]. The high brittle mineral content in the region is conducive to
the later fracturing development [38]. The upper Permian Dalong Formation organic-rich shale has
high organic carbon content and middle organic matter maturity. Furthermore, some publications
reported that shale gas content in the Dalong Formation is around 0.5-1.2 m?/t, and the methane
content of shale gas can reach or exceed 80% [39]. Therefore, these elements determine that the Dalong
Formation is the key target for shale gas exploration in the Lower Yangtze Platform. However, the lack
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of understanding of pore structures has seriously hindered the exploration and development of shale
gas in the region.

The purpose of this paper was to attempt to identify the characteristics of pore structure and
the fractal dimension of different lithofacies in the upper Permian Dalong Formation marine shale
using the nitrogen adsorption—desorption method. The results can provide some suggestions for the
exploration of marine shale gas reservoirs in this region.

2. Geological Setting

The Lower Yangtze region is bounded by the Tanlu fault zone on the northwest, the Qinling-Dabie
mountain tectonic zone on the west, and the Jiangshao fault zone on the southeast. The structures are
mainly distributed in the northeast-southwest direction [40,41]. The large-scale left-handling of the
Tanlu fault zone staggers the Qinling-Dabie orogenic belt and the Jiaonan orogenic belt. From north to
south, the Lower Yangtze region can be divided into six secondary structural units, namely the Jiaonan
orogenic belt, the Chuquan depression, the Yanjiang depression, the southern Anhui-southern Jiangsu
depression, the Jiangnan uplift belt, and the Qiantang depression (Figure 1).
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Figure 1. Location of the study area showing regional tectonic profile of the Lower Yangtze area and

the location of the sampling well.
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The Lower Yangtze Platform has undergone several tectonic movements and changes in
sedimentary environments, which can be roughly divided into three stages of evolution: The marine
sedimentary period from Sinian to Middle Triassic, the continental sedimentary period from Late
Triassic to Early Cretaceous, and the structural transformation period from late Cretaceous to Cenozoic.
The Lower Yangtze platform was uplifted and denuded, which resulted in the denudation of Mesozoic
strata. During the marine sedimentary stage of Permian, part of the marine-continental transitional
facies was included. The Lower Yangtze region developed three sets of organic-rich shale formations,
including the lower Cambrian Huangbailing Formation (e1/), the upper Ordovician Wufeng Formation
(O3w), the lower Silurian Gaojiabian Formation (S;g), the middle Permian Gufeng Formation (P g), the
upper Longtan Formation (P;1), and the upper Dalong Formation (P3d), which are important sources
of shale gas in this region. A simplified stratigraphic column of this area is shown in Figure 2.
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Figure 2. The study area stratigraphic column and its corresponding depositional environment, with
sampling location of the Dalong Formation.

Permian is widely distributed in the study area and relatively well-preserved, with a total thickness
of 500-1000 m. It is in conformable contact with the underlying Carboniferous system and in parallel
unconformity contact with the overlying Triassic system. It is divided into the Qixia Formation, the
Gufeng Formation, the Longtan Formation, and the Dalong Formation from bottom to top. The Qixia
Formation mainly develops dark gray/grayish black micrite and calcareous mudstone, while the
Gufeng Formation is mainly composed of grayish black/black mudstone with a thickness of black shale
about 30-60 m. The Longtan Formation is mainly composed of marine-continental transitional facies,
with grayish black mudstone, carbon mudstone, and coal seam developed. Black shale is generally
100-200 m thick. The Dalong formation and Longtan formation are closely related to one another and
mainly consist of black siliceous shale. The thickness of black shale is about 20-50 m, which thins from
east to west in the study area (Figure 2).
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3. Samples and Methods

Shale samples at a depth of 917 m to 984 m collected from the GD1 well in the Lower Yangtze region
were tested for organic geochemical features, mineral composition, and pore structure. Three main
experiments were used, namely X-ray diffraction (XRD), N, adsorption—desorption, and BIB-SEM.

We tested these samples for microscopic composition under the Chinese Oil and Gas Industry
Standard SY/T 5125 (2014) [42]. With the help of a LECO CS230 carbon/sulfur analyzer produced by
LECO Company (St. Joseph, MI, USA) in the Beijing Research Institute of Uranium Geology, the total
organic carbon (TOC) was obtained following the Chinese National Standard GB/T19145-2003 [43].
Before the analysis, all the powdered samples were prepared with HCI at 60 °C for 24 h to remove
carbonate minerals, and then washed with distilled water to remove the HCI. The vitrinite reflectance
(Ro) of the samples were measured through a reflecting light microscope with oil immersion subjected
to the Chinese Oil and Gas Industry Standard SY/T 5124 (2012) [44] in the State Key Laboratory of
Heavy Oil Processing, China University of Petroleum, Beijing, China.

Mineral compositions were measured by X-ray diffraction (XRD) adhering to the Chinese Oil and
Gas Industry Standard SY/T5163 (2018) [45], which were tested in the Beijing Research Institute of
Uranium Geology, Beijing, China. Our samples were crushed to less than 40 pm to completely disperse
the minerals. The samples were scanned from 3° to 7°, with a step size of 0.02° during the experiment
process from which we obtained the identification of minerals and quantitative results of the weight
percentage of each kind of mineral.

N, adsorption isotherms were provided using a ASAP 2020 (Micromeritics Instrument Corp.,
Norcross, GA, USA) apparatus at 77K in accordance with Chinese National Standard SY/T 6154-1995 [46],
which were tested in the Key Laboratory of Strategy Evaluation for Shale Gas, Ministry of Land and
Resources, Beijing, China. In order to complete this test, approximately 0.5 g of the powdered sample
(<80 mesh) was prepared, which was dried at 150 °C for 24 h in an oven to control moisture and
humidity, followed by eight hours of degassing under high vacuum (<10 mmHg) at 90 °C in the
apparatus to remove residual gas. After these two steps, all the atmospheric moisture can be removed.
Before gas adsorption, the standard sample was used for calibration. The errors of all samples were
not higher than 7%. SA was calculated from the sorption curve based on the adsorbed volume in a
relative pressure (P/Py) range of 0.05-0.35 using the Brunauere-Emmete-Teller (BET) method [47].
Furthermore, PV and PSD from the sorption curves were obtained for a pore size range of 1.7-200 nm
under a relative pressure (P/Py) range of 0.06-0.99 using the Barrett-Johner-Halenda (BJH) method [48].
In this paper, a slit-shaped pore was used for the Kelvin equation in BJH PSD calculations that—due
to the comprehensive consideration of SEM images and hysteresis loop shapes, organic pores, and
mineral intergranular pores—were abundant in the Dalong Formation shales. The BJH equation can
be expressed in the form:

2 n-1
"pm
Vom =|———— | | AV, — At Ag 1
pm (Vkm+Atn/2) ( n nj_zl q ( )

where me is the pore volume, "pm is the maximum pore radius, ryy, is the capillary radius, V,, is
the capillary volume, #, is the thickness of adsorbed nitrogen layer, and A is the area after previous
evacuation. Meanwhile, the nitrogen adsorption data was used to calculate the fractal dimension
through the fractal FHH method [49], which was used to present the fractal characterization.

The scanning electron microscope experiment (SEM) was conducted in China University of
Petroleum (Beijing), China, which was used to get high-resolution images with back-scattered electrons
(BSE). Before the experiment, the samples needed to be polished with an argon ion mill to create an
artifact-free surface. The shade of the grayscale image is a function of the density of the mineral in BSE
imaging. Loucks et al. (2009) [8] documented the identification method in detail.
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4. Results

4.1. Organic Geochemistry

The maceral composition, TOC, and Ro of the selected samples are listed in Tables 1 and 2.
The maceral composition of the Dalong Formation shale was predominantly liptinite, accounting
for 73.7-94.5% with an average value of 88.5%, followed by vitrinite content ranging from 5.0% to
25.0% with an average value of 10.2%, while the exinite and inertinite contents were less than 3.0%.
Generally speaking, the maceral groups can be divided into four types, including sapropelic type I,
humic-sapropelic type II;, sapropelic-humic type II;, and humic type III, based on the kerogen type
index TI value, which is expressed as follows:

TI = (Lipinite x 100 + Exinite X 50 — Vitrinite X 75 — Inertinite X 100)/100 (2)

Table 1. Results of kerogen microscopic analysis of the Dalong Formation shales.

Sample Depth Maceral Composition (%) Type Kerogen
D (m) Liptinite Exinite Vitrinite Inertinite Index (TD) Type
GD-1 984.9 73.7 0 25.0 13 53.7 1T
GD-5 979.3 927 0 6.7 0.7 87.0 I
GD-8 973.7 89.7 0 9.3 1.0 81.7 I
GD-11 967.5 87.7 0 10.7 1.7 78.0 1T
GD-13 964.0 89.4 0 9.4 12 81.2 I
GD-18 953.5 86.6 3.0 9.3 1.1 80.0 I
GD-21 945.9 94.5 0 5.0 0.5 90.3 I
GD-23 941.8 90.2 0 8.4 14 82.5 I
GD-25 937.8 90.5 0 8.9 1.0 82.8 I
GD-28 932.5 91.8 0 7.4 0.8 85.5 I
GD-31 920.7 86.3 1.0 11.8 0.9 77.1 I

Table 2. Organic abundance and maturity of the Dalong Formation shales.

Sample ID Depth (m) TOC (%) R, (%)
GD-1 984.9 3.54 1.29
GD-2 983.8 6.45
GD-3 982.0 1.89
GD-5 979.3 2.02 1.20
GD-7 975.7 4.35
GD-8 973.7 3.05 1.17
GD-10 970.5 4.56
GD-11 967.5 3.68 1.24
GD-12 966.8 2.59
GD-13 964.0 3.20 1.19
GD-14 961.5 1.42
GD-16 957.2 6.10

GD-18 953.5 2.05 1.25
GD-20 948.4 2.61
GD-21 945.9 2.81 1.15
GD-22 944.1 294
GD-23 941.8 1.86 1.24
GD-24 940.1 2.04
GD-25 937.8 1.70 1.21
GD-26 936.6 1.90
GD-28 932.5 2.18 1.16
GD-29 929.5 2.89
GD-31 920.7 1.18 1.24
GD-32 918.9 1.80
GD-33 917.2 1.24

Average 2.80 121




Minerals 2020, 10, 72 7 of 25

Whereas TI > 80, 80 > TI > 40, 40 > TI > 0 and TI < 0 indicate type I, type II;, type II,, and type
III, respectively. According to the calculated TI (Table 1), the kerogen of the Dalong Formation shale
was chiefly type I with a small amount of type II;, further suggesting that the kerogen was inclined to
sapropelic type. The massive occurrence of sapropelic components elucidates that OM input in the
western area of the Lower Yangtze Platform during the Late Permian Dalong period was dominantly
planktonic algae and bacteria, and the appearance of a small amount of humic components reveals the
input of minor terrestrial higher plants.

The Dalong Formation shale had a relative high TOC value ranging from 1.18% to 6.45%, with
an average value of 2.80% (Table 2). Ro ranging between 1.15% and 1.29%, at an average of 1.21%
(Table 2), suggests that the Dalong Formation shale was in the mature stage and underwent a certain
degree of thermal degradation.

4.2. Mineral Compositions and Lithofacies Division

According to XRD data, the mineral compositions of the investigated samples are given in Table 3
and Figure 3. The Dalong Formation shale was dominated by quartz ranging from 38.4% to 54.3%
with an average value of 47.6%, followed by clay minerals in the range of 31.7-37.5% with an average
value of of 35.1%, along with carbonate minerals (calcite and dolomite) with an average value of
9.6%. In addition, feldspar and pyrite also developed in smaller content (Figure 3a). Thus, contents of
brittle minerals (quartz and feldspar) were relatively high in the Dalong Formation shale, which was
beneficial to the later fracturing reconstruction.

With respect to clay mineral composition, illite-smectite mixed clay (I/S) played the dominant role,
ranging from 63% to 77% with an average value of 68.7%. Apart from I/S, clay mineral composition
also involved illite, chlorite, and kaolinite, which accounted for 22.1%, 4.1%, and 4.1%, respectively
(Table 3).

Table 3. Mineral composition and clay composition of the Dalong Formation shales.

Sample Mineral Composition (%) Clay Composition (%)
Quartz Feldspar Calcite Dolomite Pyrite Clay I/S Illite Kaolinite Chlorite
GD-2 47.6 43 10.1 3.2 3.1 31.7 65 24 5 6
GD-3 452 37 10.6 35 29 341 65 25 5 5
GD-5 54.3 3.5 3.4 2.5 25 33.8 70 23 3 4
GD-7 50.1 2.8 6.5 25 2.9 352 63 26 5 6
GD-10 51.6 3.1 4.8 49 2.8 328 71 20 4 5
GD-12 477 2.0 41 32 7.3 357 67 23 3 7
GD-14 39.2 27 114 5.7 37 373 69 19 4 8
GD-16 38.4 5.9 9.7 3.5 8.1 344 67 22 6 5
GD-20 494 5.1 0 3.2 5.4 369 70 25 3 2
GD-22 41.8 2.6 8.6 5.4 5.5 36.1 66 22 4 8
GD-24 51.5 0 4.7 29 5.8 351 68 21 5 6
GD-26 415 5.3 4.4 2.3 9.0 375 72 19 3 6
GD-29 542 0 35 24 5.3 346 69 23 4 4
GD-32 52.4 14 41 19 5.9 343 71 22 4 3
GD-33 48.4 0 7.8 24 4.7 36.7 77 18 3 2
Average 47.6 2.8 6.2 33 5.0 351 687 221 4.1 5.1

Note: I/S means illite-smectite mixed clay.

The Dalong Formation shale was mainly composed of quartz, clay, and carbonate minerals, with
less feldspar minerals and pyrite according to the XRD data of the samples. The high contents of detrital
minerals (quartz, feldspar, etc.) usually represent the strong input of terrigenous debris. A large number
of clay minerals usually indicates weak hydrodynamic conditions during the sedimentation period.
The middle contents of carbonate minerals during the sedimentation period often represent the shallow
water environment [50]. These environmental factors have a great influence on the development of
various pores in shale. The relative content of the three minerals also directly affects shale porosity,
rock strength and brittleness. Based on this, we adopted quartz and feldspar, clay minerals, and calcite
and dolomite as the three-terminal component to divide lithofacies [51].
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Figure 3. Distribution diagrams of mineral composition (a) and clay mineral (b).

First, quartz and feldspar, clay minerals, and calcite and dolomite were taken as three end elements to
establish a triangular chart. According to the classification standard of sedimentary petrology, lithofacies
are divided into four types, namely shale, clay rock, siliceous rock, and limestone. Then, the shale
lithofacies can be further divided into clay shale, siliceous shale, calcareous shale, clay—siliceous mixed
shale, clay—calcareous mixed shale, calcareous-siliceous mixed shale, and calcareous-siliceous clay mixed
shale facies. On the basis of the setting lithofacies division scheme, the division results of investigated
samples are shown in Figure 4, from which we can discern that the Dalong Formation shales were mainly
distributed in the siliceous shale facies (GD-2, GD-5, GD-7, GD-10, GD-20, GD-24, GD-29, GD-32) and
clay-siliceous mixed shale facies (GD-3, GD-12, GD-14, GD-16, GD-22, GD-26, GD-33).
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Figure 4. The lithofacies division results of the Dalong Formation shale (base map cited from Wang et al.,

2016) [43].
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4.3. N, Adsorption—Desorption Isotherm Characteristics

From the shape of the adsorption isotherms and the hysteresis loops, we can obtain useful
information relating to the mechanism of the physisorption process in the shale pores, which can help
qualitatively indicate the shale pore types and shapes.

4.3.1. Adsorption Isotherms Types and Their Implications for PSD

The International Union of Pure and Applied Chemistry (IUPAC) classified N, adsorption
isotherms into six types, type I to type VI (Figure 5a), and the detailed description provided by IUPAC
is in Rouquerol, J. et al. (1994) [52]. The Dalong Formation shales belong to type IV isotherm with a
hysteresis loop (Figure 6), which resulted from capillary condensation in the mesopores (diameter,
2 < d < 50 nm) at the relative pressure range of 0.45-0.9 P/Py. From Figure 6, it can be worked
out whether it the shale was siliceous or clay-siliceous mixed. The adsorption isotherms of the
investigated samples rose progressively during the relative pressure range of 0-0.4 P/Py, which means
mono-molecule layer adsorption occurring on the shale surface. Then, the adsorption curves rose
steadily, resulting in the saturation of mono-molecule layer adsorption followed by the multi-molecular
layer adsorption. When the relative pressure was 0.4-0.9 P/P, the desorption branch was obviously
higher than the adsorption branch, along with the appearance of capillary condensation, which resulted
in the hysteresis loop. At the relative pressure of 0.9-1.0 P/Py, the adsorption branch and desorption
branch suddenly rose and coincided at the end. Therefore, the occurrences of hysteresis loops indicate
that the Dalong Formation shale had a lot of mesopores. Similarly, the smaller adsorption amount at
P/Py < 0.4 and the large adsorption amount at P/Py > 0.9 show that the Dalong Formation shale had a
certain number of macropores (d > 50 nm) and a small amount of micropores (d < 2 nm).

=
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Inkbottle-shaped

Cylindrical pore
pore
Relative Pressure ————————Pp Relative pressure
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Figure 5. Types of adsorption isotherms (a), hysteresis loops and corresponding pore types (b) (base
map cited from Sing, K. S. W. et al., 1985) [53].
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Figure 6. N; adsorption—desorption isotherms of the Permian Dalong Formation shales.

4.3.2. Hysteresis Loops and Reflections on Shale Pore Shapes and Types

The IUPAC classified hysteresis loops into four types, each representing a different pore shape
(Figure 5b) [53]. Type Hj represents cylindrical pores in which both ends are open and capillary
condensation occurs in the middle of the relative pressure; Type Hj is associated with ink-bottle-shaped
pores with poor connectivity and uneven pore structure, Type Hj is attributed to wedge-shaped pores
formed by the loose stacking of flaky particles, and Type Hy is a result of slit-shaped pores resulting
from internal parallel pore structure.

Accordingly, hysteresis loops of the Dalong Formation shales belong to type H3, along with a small
amount of type Hy, demonstrating that slit-shaped pores or wedge-shaped pores took the primary
position in the Dalong Formation shales. Previous studies proved that plate-like pores are associated
with clay minerals [5,9,32,54-56]. The differences in hysteresis loops between H; and Hy may be caused
by the various compositions of clay minerals. The smectite and I/S have inner and outer surfaces
generated slit-shaped pores, while illite, kaolinite, and chlorite can only produce wedge-shaped pores
formed by loosely stacking of flaky particles. Therefore, shales with more I/S were mainly composed
of type Hy, caused by the internal interlayer structure of /S, while shales with less 1/S were dominated
by type H3, resulting from the pellet stacking of illite, kaolinite, etc.
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4.4. Pore Structure Parameters

4.4.1. Pore Volume (PV) and Surface Area (SA)

Pore structure parameters obtained from the nitrogen adsorption experiment are listed in Table 4.
The BJH pore volumes of the siliceous shale facies ranged from 0.035 cm?/g to 0.046 cm®/g, with an
average value of 0.039 cm3/g. The BET surface areas were in the range of 5.20-10.91 m?/g, with an
average value of 8.53 m?/g. In the clay-siliceous mixed shale facies, the PV was of a relative low value,
ranging from 0.030 cm®/g to 0.041 cm®/g, with an average value of 0.035 cm®/g, while the SA ranged
from 6.71 cm3/g to 11.38 mz/g, with an average value of 8.59 mz/g.

The average BET surface area and the average pore volume of the Longmaxi Formation shale were
18.65 m?/g and 0.042 cm®/g, respectively [57]. The Permian Longtan Formation shale had a relatively
low surface area and pore volume, which were around 15.79 m?/g and 0.032 cm?/g, respectively [58].
Compared with these two samples, the SA of the different lithofacies shales in the Dalong Formation
was relatively low, but the PV was higher than that of the Longtan Formation shale, which provided
more space for free gas storage.

Table 4. Pore structure parameters of the Dalong Formation shales.

Lithofacies Sample SA (m?/g) R? (SA) PV (cm3/g) APS (nm)
GD-2 7.76 0.9989 0.036 18.1
GD-5 8.66 0.9998 0.040 18.2
GD-7 5.20 0.9994 0.035 26.1
GD-10 1091 0.9999 0.046 16.6
Siliceous shale GD-20 10.22 0.9998 0.037 14.2
GD-24 8.31 0.9999 0.037 17.6
GD-29 6.92 0.9998 0.038 21.6
GD-32 10.24 0.9999 0.041 15.8
Average 8.53 0.039 18.6
GD-3 8.87 0.9997 0.034 15.0
GD-12 11.38 0.9999 0.041 14.3
GD-14 7.02 0.9995 0.030 17.1
Clay-siliceous GD-16 7.92 0.9999 0.033 16.5
mixed shale GD-22 7.90 0.9998 0.037 18.4
GD-26 6.71 0.9999 0.032 18.9
GD-33 10.32 0.9999 0.041 15.8
Average 8.59 0.035 16.6

Note: SA: BET surface area; PV: Barrett-Johner-Halenda (BJH) pore volume; APS: Average pore size.

4.4.2. Pore Size Distribution (PSD)

In Table 4, it can be seen that the average pore size (APS) ranged from 14.2 nm to 26.1 nm in the
siliceous shale facies, while APS was in the range of 14.3-18.9 nm in the clay-siliceous mixed shale
facies. Through observing the PSD curves (Figure 7), it can be found that there were two different
forms existing in both shale facies. The first one appears to be unimodal, with a major peak ranging
from 4 nm to 10 nm, including GD-5, GD-16, GD-24, GD-32, and GD-33. The second one appears to be
a bimodal distribution, with one major peak at 3-6 nm and another at 8-12 nm, including GD-2, GD-3,
GD-7, GD-10, GD-12, GD-14, GD-20, GD-22, GD-26, and GD-29.
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Figure 7. Barrett-Johner-Halenda (BJH) pore size distribution curves of the Dalong Formation shales.

In the PSD curves of some samples (e.g., GD-12, GD-16, GD-22, GD-24, GD-32), the vertical axis
(dV/dlog(d)) representing the rate of change of pore volume with pore diameter increased with the
increasing pore diameter, and tended to be flat when the pore diameter approached 50 nm, which
means micropores (<2 nm) and mesopores at 2-50 nm contributed more pore space, while macropores
(>50 nm) were rare. This indicates that micropores and mesopores were predominant in such samples,
and mesopores contributed more to PV. The results are consistent with those observed by BIB-SEM.
In this kind of sample, pyrite intergranular pores (Figure 8a—c) and inorganic pores (Figure 8d-h),
such as clay mineral intergranular pores and intragranular pores, played a dominant role, along with
some organic pores (Figure 8i-1). However, in other samples (e.g., GD-2, GD-14, GD-26, GD-33), when
the dV/dlog(d) also increased gradually with the increasing pore size, the pronounced difference is
that when the pore diameter was close to 50 nm, the dV/dlog(d) curve continued to rise without the
tendency of being flat. This difference indicates that mesopores and macropores in such samples took
more proportion, which is in line with the BIB-SEM analysis that all kinds of pores are well developed.
The main pore space was occupied by mesopores and macropores, including clay mineral intergranular
pores and carbonate dissolution pores (Figure 8m-o).
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Figure 8. Combined broad ion beam-milling and scanning electron microscopy (BIB-SEM) images of
different kinds of pores in the Dalong Formation shales (a—c: Pyrite intergranular pore; d-h: Inorganic
pore; i-1: Organic pore; m—o: Clay mineral intergranular pore and carbonate dissolution pore).

4.5. FHH Fractal Dimensions
The FHH model can be described as follows:

In(V/Vy) = Aln[In(Py/P)] + K 3)

where P is the equilibrium pressure, MPa; Py is the saturation pressure, MPa; V is the volume of
adsorbed gas molecules at the equilibrium pressure p, cm®/g; V is the monolayer coverage volume,
Cm3/g; A is the linear correlation coefficient; and K is the constant.
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The fractal dimension (D) can be calculated through the following equation: D = A + 3 [33,57-62].
According to previous studies [63], when the fractal dimension of rock is between two and three, it
accords with the fractal meaning of pore system. Fractal dimension is related to the complexity and
anisotropism of the pore structure. Generally, the larger the fractal dimension is, the more complex the
pore structure becomes. Concretely speaking, when D is close to two, the pore surface becomes more
regular. When D is close to three, the pore surface becomes more irregular, which indicates that the
pore structure of the sample is more complex. Because the divergence of the adsorption-desorption
curve was at the value of P/Py approximating 0.45, D was calculated with the experimental data of
adsorption process when the relative pressure P/Py > 0.45. The FHH plots of 15 shale samples are
shown in Figure 9. Table 5 summarizes the slopes of the regression lines and D values. Prob > F
refers to the significant value, both of which were less than 0.005, indicating that the fitting equation is
statistically significant. D ranged from 2.511 to 2.609, with the average value of 2.570 in the siliceous
shale facies, while D was in the range of 2.563-2.619, on an average of 2.597 in the clay—siliceous mixed
shale facies, which means that the pore structures of samples in both shale facies were complex and the
microscopic pore heterogeneity was strong.
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Figure 9. The fractal dimensions of the Dalong Formation shales. P is the equilibrium pressure, MPa; P
is the saturation pressure, MPa; V is the volume of adsorbed gas molecules at the equilibrium pressure
p, cm?/g; V is the monolayer coverage volume, cm?/g.
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Table 5. Fractal dimensions derived from Frenkel-Halsey-Hill (FHH) model. R2: Correlation coefficient.

Lithofacies Sample Fitting Equation R? Prob > F D
GD-2 y =—0.447x + 1.030 0.9979 0 2.553
GD -5 y=-0441x + 1.134 0.9998 0 2.559
GD-7 y = —0.489x + 0.628 0.9996 0 2.511
Siliceous shale GD-10 y = —0.406x + 1.379 0.9997 0 2.594
GD-20 y =-0.399x + 1.321 0.9994 0 2.601
GD-24 y = —0.405x + 1.106 0.9998 0 2.595
GD-29 y =—0.462x + 0.919 0.9997 0 2.538
GD-32 y=-0.391x + 1.313 0.9998 0 2.609
GD-3 y = —0.406x + 1.180 0.9994 0 2.594
GD-12 y = —0.385x +1.428 0.9995 0 2.615
Clay—siliceous GD-14 y =-0.397x + 0.929 0.9987 0 2.603
mixed shale GD-16 y = —0.408x + 1.055 0.9996 0 2.592
GD-22 y = —0.437x + 1.056 0.9996 0 2.563
GD-26 y =—0.410x + 0.891 0.9996 0 2.590
GD-33 y =-0.381x + 1.317 0.9997 0 2.619

5. Discussion

5.1. Relationships between TOC and Clay Minerals and Quartz

The depositional environment can be judged by observing the mineral composition.
The relationships between TOC content and clay minerals and quartz are shown in Figure 10. It could
be found that TOC was negatively correlated with clay minerals (Figure 10a) and had no obvious linear
correlation with quartz (Figure 10b).

38+ a b
o * 554 . .
¢ L]
364 A L] [ ] Y
A ~ 50 . [
9 ® -~ * s | el & - ___ .
< e - L T
& ., . 5 45 o y=-0.397x+48.739
S ¢ < R2=0.015
y=-0.638x+36.985 ">~ __ .
R*=0.394 - J °
40
®
324 °
[ ]
, . . 35 . . .
0 2 4 6 0 2 4 6
TOC (%) TOC (%)

Figure 10. Relationships between TOC and clay (a) and quartz (b).

The relationships between TOC and mineral compositions mainly depend on the sedimentary
environment. On one hand, as mentioned above, the Dalong Formation shales were deposited
in a marine sedimentary setting in which OM was predominantly derived from planktonic algae
living in deep-water shelf. Therefore, it is not beneficial to the input of continental clay minerals
because the sedimentary environment is far away from land. Previous studies also discussed the
relationships between TOC and clay minerals in the marine sedimentary environment, which coincide
with ours [16,64-66]. Deep-water shelf and other sedimentary environments conducive to the formation
of organic-rich marine shales are usually relatively low in clay content due to the long distance from
the provenance, which results in a lack of various transported continental minerals [34,35,67-69].
On the other hand, quartz in the marine sedimentary setting mainly comes from siliceous or calcareous
planktonic aquatic organisms, which mainly live in the upper part of the water [16,70,71]. Generally,
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the marine shale has relatively high quartz content, which has positive linear relation with TOC,
because the lower part of the water body is in a strong reducing environment [16,72]. However, quartz
content in the present study showed no obvious correlation with TOC, which indicates the Dalong
Formation shale in the western area of the Lower Yangtze Platform probably experienced multiperiod
hydrothermal activities, resulting in the quartz being of hydrothermal origin [73-75].

5.2. Relationships among Pore Structure Parameters

The relationships between different pore structure parameters in the Dalong Formation shales
are shown in Figure 10. PV showed a relatively positive correlation with SA (Figure 11a), which
is consistent with previous studies of mature marine shales [11,76,77]. SA exhibited an obvious
negative correlation with APS (Figure 11b), while PV had no obvious linear correlation with APS
(Figure 11c). Previous studies suggested that micropores have a significant contribution to SA and that
mesopores contribute more to PV [78,79]. Fractal dimension had a relatively positive correlation with
SA (Figure 11d), which indicates that the fractal dimension and SA jointly reflected the complexity of
pore structure.
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Figure 11. Relationships between pore volume and surface area (a), surface area and average pore size
(b), pore volume and average pore size (c), surface area and fractal dimension (d).

As presented in Figure 12, there was no obvious variation trend among SA, PV, and APS, along
with depth change. However, at the depth of 975-980 m (the shaded rectangle in Figure 12), we noticed
that there were obvious abnormalities in SA, PV, and APS, where SA and PV significantly decreased,
while APS suddenly increased. The TOC contents of two samples (GD-7 and GD-10) were twice or
more than that of the surrounding samples. Therefore, it is supposed that the exceptional increase in
TOC was a possible factor [17,31,80,81], and that the easy compaction of rock structure, the abnormal
pressure in the process of hydrocarbon generation [28,82,83], the collapse of organic pores, and the
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occupation of pore space by some non-hydrocarbon-generating macerals [35,83-87] may be actual
factors which led to the decrease in SA and PV, as well as the increase in APS.

Depth

SA (m¥/g) PV (cm’/g) APS (nm) TOC (%)
(m) ) 30
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Figure 12. Variations of surface area (SA), pore volume (PV), average pore size (APS), and total organic
carbon (TOC) with burial depth (lithology legend is the same as in Figure 2).

5.3. Relationships between Mineral Compositions and SA, PV

As described above, shale lithofacies in the Dalong Formation were composed of siliceous shale
and clay-siliceous mixed shale. Therefore, the relationships between mineral compositions and SA, PV
in different shale lithofacies are separately discussed.

In siliceous shale facies, quartz had no obvious linear correlation with SA (Figure 13a) and PV
(Figure 13b), while I/S was positively correlated with SA (Figure 13c) and PV (Figure 13d), and illite
had negative correlation with SA (Figure 13e) and PV (Figure 13f). Siliceous shale had a significant
amount of hydrothermal quartz, which resulted in the inconspicuous linear relationship between
quartz and SA/PV. BIB-SEM images showed that pore type in siliceous shale was dominated by organic
pores (Figure 14a), while I/S had a catalytic effect on OM for hydrocarbon generation [87,88]. Therefore,
1/S associated with OM was beneficial for the formation of organic pores, resulting in the positive
correlation with SA and PV [3,89,90]. Although illite mainly produced wedge-shaped pores formed by
the loose accumulation of lamellar single crystals, it easily filled organic pores. Consequently, illite was
not conducive to the development of organic pores in siliceous shale, so it was negatively correlated
with SA and PV.
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Figure 13. Relationships between quartz, I/S, illite, TOC content, and SA, PV among different shale
lithofacies. (a) realtionships between quartz and SA among differnet shale lithofacies; (b) realtionships

between quartz and PV among differnet shale lithofacies; (c) realtionships between I/S and SA among
differnet shale lithofacies; (d) realtionships between I/S and PV among differnet shale lithofacies; (e)
realtionships between illite and SA among differnet shale lithofacies; (f) realtionships between illite

and PV among differnet shale lithofacies; (g) relationship between SA and TOC in clay-siliceous mixed
shale; (h) relationship between PV and TOC in clay-siliceous mixed shale.
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Figure 14. Different kinds of pores in siliceous shale and clay-siliceous mixed shale (a: organic pore,
GD-7; b: intergranular pore, GD-22).

In clay-siliceous mixed shale facies, quartz had a positive correlation with SA (Figure 13a) and
PV (Figure 13b), while I/S and illite had no obvious correlation with SA and PV. Based on BIB-SEM
images, it can be figured out that pore type in clay-siliceous mixed shale was chiefly composed of
inorganic pores, such as intergranular pores (Figure 14b), with fewer organic pores. The positive
correlations between quartz and SA/PV resulted from intergranular pores generated by the complex
contact modes between hydrothermal quartz particles [91-94]. SA (Figure 13g) and PV (Figure 13h)
had no obvious linear correlations with TOC, while TOC was negatively related with clay minerals, as
discussed in Section 5.1. Therefore, the negative relationship between TOC and clay minerals resulted
in I/S and illite, demonstrating no obvious linear correlation with SA and PV (Figure 13c—f). The result
illustrates that quartz had great influence on the development of inorganic pores, while organic pores
were mainly affected by TOC in the clay-siliceous mixed shale.

The correlation differences between mineral compositions and SA/PV in both shale lithofacies
largely depend on which kind of pore developed in shale. The Dalong Formation siliceous shale
mainly developed organic pores, which were greatly influenced by hydrocarbon generation catalyzed
by clay minerals, while clay-siliceous mixed shale chiefly developed inorganic pores, which were
significantly affected by the complex contact modes between quartz particles.

5.4. Relationships between Mineral Compositions and Fractal Dimensions

In order to deeply understand the influence of mineral compositions on shale pore structure, the
relationships between mineral compositions and fractal dimensions in different shale lithofacies are
also separately discussed.

In siliceous shale facies, quartz had no obvious linear correlation with fractal dimensions
(Figure 15a), while I/S was positively correlated with fractal dimensions (Figure 15b), and illite showed
a negative correlation with fractal dimensions (Figure 15¢). As discussed in Section 4.5, fractal
dimension can be applied for representing the complexity of pore structure. Therefore, I/S contributed
much more complexity to the pore structure and illite presented the opposite effects. I/S has a strong
catalytic effect on OM for hydrocarbon generation [87,88], resulting in the formation of a large number
of micropores, so I/S showed positive correlation with fractal dimensions, which was beneficial to the
complexity of pore structure. Because illite can easily fill organic pores, it has a negative correlation
with fractal dimensions. Furthermore, the relationships between mineral compositions and fractal
dimensions were consistent with the corresponding conclusions between mineral compositions and
SA and PV as discussed in Section 5.3. Therefore, the fractal dimension was positively correlated with
SA and PV.

In clay-siliceous mixed shale facies, quartz (Figure 15a) and 1/S (Figure 15b) showed weak
positive correlations with fractal dimensions, while illite had no obvious linear relationship with fractal
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dimension (Figure 15c). Clay-siliceous mixed shale had less quartz than siliceous shale. Therefore,
the complex contact modes between quartz particles resulting from the hydrothermal activities
were conducive to the complexity of pore structure followed by the increase of fractal dimension.
Clay-siliceous mixed shale mainly developed inorganic pores along with less organic pores related
to clay minerals, so the relationships between I/S, illite, and fractal dimension were weak. Under
the effect of compaction, the preferred orientation of flake clay minerals begins to generate, but the
orientation of smectite with larger surface occurs more slowly [95]. Furthermore, the structure of I/S
was more disordered than that of illite. Therefore, the slow preferred orientation of smectite in I/S and
the disordered structure of I/S were conducive to the complexity of pore structure, which resulted in
the relatively positive correlation between I/S and fractal dimension.

265 - i 2,65+ o
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Figure 15. Relationships between mineral compositions and fractal dimension among different shale
lithofacies. (a) relationships between quartz and fractal dimension among different sgale lithofacies;
(b) relationships between I/S and fractal dimension among different sgale lithofacies; (c) relationships
between illite and fractal dimension among different sgale lithofacies.

6. Conclusions

In this study, based on our analysis of organic geochemistry, XRD, nitrogen adsorption-desorption
and BIB-SEM, pore structure, and the fractal characteristics of different shale lithofacies in the upper
Permian Dalong Formation in the western area of the Lower Yangtze Platform were discussed.
The following conclusions can be drawn:

(1) The Dalong Formation shale is in the mature stage and its TOC content is relatively high.
The Dalong shale is dominated by quartz, while I/S accounts for the majority of clay group composition.
The shale lithofacies in the Dalong Formation can be divided into the siliceous shale facies and the
clay-siliceous mixed shale facies according to the mineral composition.

(2) The Dalong Formation shale exhibits a low value of SA and PV compared with the Longmaxi
shale, while its PV is relatively high compared with the Longtan shale. Additionally, in the Dalong
Formation shales, the siliceous shale has a relatively low SA and relatively high PV compared with the
clay-siliceous mixed shale. Furthermore, PSD curves mainly tend to indicate bimodal distribution,
with one major peak at 3-6 nm and another one at 8-12 nm.

(3) The factors influencing the pore structure parameters of different shale lithofacies in the Dalong
Formation are different. I/S is the main contributor to SA and PV, while illite is not conducive to them
in the siliceous shale facies. Quartz contributes significantly to SA and PV, while OM contributes less
to them in the clay-siliceous mixed shale.

(4) The influence factors of fractal characteristics of both shale lithofacies in the Dalong Formation
are different. In the siliceous shale facies, I/S is beneficial to the complexity of pore structure because
of its beneficial effect on the development of micro organic pores. In the clay-siliceous mixed shale
facies, quartz and I/S contribute more to the complexity of pore structure because of the various contact
modes between quartz particles and the disorder of I/S.
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