225 (2023) 211701

Contents lists available at ScienceDirect

Geoenergy

Geoenergy Science and Engineering

o %

ELSEVIER journal homepage: www.sciencedirect.com/journal/geoenergy-science-and-engineering

Check for

Reservoir characteristics of different shale lithofacies and their effects on %@
the gas content of Wufeng-Longmaxi Formation, southern Sichuan
Basin, China

Chao Qian™™%", Xizhe Li™", Qing Zhang®, Weijun Shen® ~, Wei Guo ", Wei Lin¢,
Lingling Han ™, Yue Cui ™, Yize Huang ¢, Xiangyang Pei", Zhichao Yu'

2 Shale Gas Exploration and Development Department, CNPC Chuanging Drilling Engineering Co., Ltd., Chengdu, Sichuan, 610051, China

b Research Institute of Petroleum Exploration and Development, PetroChina, Beijing, 100083, China

¢ Key Laboratory for Mechanics in Fluid Solid Coupling Systems, Institute of Mechanics, Chinese Academy of Sciences, Beijing, 100190, China
4 School of Geosciences, Yangtze University, Wuhan, 430100, China

¢ Institute of Porous Flow and Fluid Mechanics, Chinese Academy of Sciences, Langfang, Hebei, 065007, China

f College of Geosciences, China University of Petroleum, Beijing, 102249, China

ARTICLE INFO ABSTRACT
Keywords: Various shale lithofacies differ significantly in terms of gas content and pore structure characteristics. In this
Shale lithofacies study, FE-SEM, low-pressure gas adsorption (LPGA), in-situ reservoir water saturation restoring, and high-

Pore structure characteristics
Water saturation

High-pressure methane adsorption
Gas content

Wufeng-Longmaxi Formation

pressure (0-51Mpa) methane adsorption were conducted to systematically characterize pore structure and
evaluate the gas content of different shale lithofacies in the Wufeng-Longmaxi Formation, southern Sichuan
Basin. The mineral compositions identified four shale lithofacies, and pores are abundant in siliceous shale and
mixed shale. Siliceous shale has the largest pore volume (PV) and specific surface area (SSA), averaging 0.0310
em®/g and 25.827 m?/g, respectively. However, the PV and SSA are lowest in argillaceous shale, averaging
0.0217 cm®/g and 18.734 m?/g, respectively. Water saturation is positively correlated with clay minerals, and
argillaceous shale possess the highest water saturation of 60% due to the highest clay content. The supercritical
Dubinin-Astakhov (S-DA) excess adsorption model predictions deviated less from the measured data and fitted
well. The shale adsorption capacity are dominated by TOC content and total SSA. However, water and tem-
perature have an inhibitory activity on adsorption capacity, with the adsorption capacity of water-bearing shales
decreasing by 28%~81% at a water saturation of 30%~65% compared to dry shales. As the temperature
increased from 40 °C to 80 °C, the methane adsorption capacity decreased from 3.95 to 2.79 m®/t, a 29%
decrease. The shale gas content prediction models were established and extrapolated into the functions of
reservoir depth. Deep shale gas reservoirs are dominated by free gas, accounting for over 90% at 5000 m.
Siliceous shale has the highest gas content, followed by mixed shale, argillaceous-siliceous shale, and argilla-
ceous shale. It is estimated that siliceous shale has a three-fold higher gas content than argillaceous shale.
Siliceous and mixed shale are favorable reservoirs for shale gas exploration and development due to their high
gas contents and low water saturation.

1. Introduction economic and social development. Due to the extremely low perme-
ability of shale reservoirs, shale gas fields have only been successfully
In China, shale gas is becoming crucial to meeting the demand for developed with horizontal drilling and hydraulic fracturing techniques
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Fig. 1. Study area location and stratigraphic units of the southern Sichuan Basin.

over the past few decades (Hughes, 2013; Shen et al., 2022). Shale gas
production in China reached 230X 108 m® in 2021, growing at an annual
rate of over 30X 10% m3, making it the world’s second largest producer.
Shale gas reserves and future production enhancement will be derived
from the marine shale in Sichuan Basin (Ma et al., 2020; Han et al.,
2022). As exploration and development progress, it is noted that sig-
nificant differences in wells productions depend on their lithofacies
(Gou et al., 2020; Xu et al., 2020a). A lithofacies combines mineral
composition, texture, rock color, layering and grain size, etc. (Loucks
and Ruppel, 2007; Yang et al., 2019; Pan et al., 2020). Lithofacies
consisted of different mineral compositions, TOC, and the shale pores
system varies largely from one formation to another (Tang et al., 2016;
Wang et al., 2017; Zhang et al., 2018; Xu et al., 2020a). Shale gas is
mainly adsorbed on pore surfaces as adsorbed gas, while free gas mol-
ecules exist in pore and microfracture spaces (Curtis, 2002; Ambrose
et al., 2012; Qi et al., 2017; Chen et al., 2019). Thus, a comprehensive
understanding of the pore structure of shale is essential for estimating
shale gas reserves and gas content. The FE-SEM allows the morphology
and size of nanoscale pores to be observed directly (Loucks et al., 2009;
Yang et al., 2016; Lin et al., 2018; Chandra and Vishal, 2021). By using
the FE-SEM image stitching technique, the pores and microfractures of
the shale samples can be extracted and analysed (Li et al., 2021; Qian
et al., 2022). Additionally, low-pressure gas adsorption (LPGA), and low
field NMR, can reveal pore volume (PV), specific surface area (SSA), and
pore size distributions (PSD) from nanometres to millimeters (Clarkson
et al., 2013; Mastalerz et al., 2013; Zhang et al., 2017).

The adsorbed gas of shale gas reservoirs in North America accounts
for 20%~85%, and the Sichuan Basin accounts for 27.1%~47.8%
(Curtis, 2002; Borjigin et al., 2017). An effective method to determine
the adsorbed gas content of shale is methane adsorption experiments
(Rexer et al., 2013; Yuan et al., 2014; Ji et al., 2015; Wang et al., 2016a).
Currently, the adsorption amount measured by the isothermal adsorp-
tion experiment in the laboratory is the excess adsorption amount,
which follows Gibbs’s excess adsorption behavior (Sakurovs et al., 2007;
Bi et al., 2017; Zhou et al., 2018; Dang et al., 2020). However, most of

the methane adsorption experiments carried out by scholars far below
the in-situ reservoir temperature (80-120 °C) and pressure (> 30 MPa)
of China, which cannot accurately reveal the characteristics of shale
reservoir methane adsorption (Chareonsuppanimit et al., 2012; Rexer
etal.,, 2013; Yang et al., 2017b; Chen et al., 2018; Dang et al., 2020). For
subcritical gas adsorption characterization, the adsorption isotherms
have been described using Langmuir, Brunauer-Emmett-Teller (BET),
Dubinin-Astakhov (DA), Dubinin-Radushkevich (DR), density functional
theory (DFT), and Ono-Kondo models. However, there are obvious dif-
ferences between supercritical gas and subcritical gas adsorption, and
supercritical gas adsorption cannot be directly characterized by these
subcritical gas adsorption models (Langmuir, 1918; Brunauer et al.,
1938; Astakhov and Dubinin, 1971; Sakurovs et al., 2007; Char-
oensuppanimit et al., 2016; Bi et al., 2017). It is reported that a modified
DR model was found to be superior to the Langmuir model for charac-
terization of supercritical methane adsorption (Rexer et al., 2013). For
supercritical carbon dioxide and methane gas adsorption, the DA model
is significantly more reliable than the D-R and Ono-Kondo models (Zhou
et al., 2019). At high pressure, the difference between the absolute and
excess adsorption is not negligible, and an accurate density of adsorbed
methane (p,,) is crucial to correct the excess adsorption to absolute
adsorption (Zhou et al., 2018; Feng et al., 2020; Chen et al., 2021a).
However, due to the nature of supercritical gases, it is generally
impossible to measure the adsorbed phase density (p,4) experimentally
(Zhou et al., 2018). Previous literature reported that the p 4 is consid-
ered to be constant at 0.373 g/cm® for adsorbent-adsorbate energy
greater than the thermal energy (~20 kJ/mol for methane) (Genster-
blum et al., 2013). Some scholars considered the p, to be 0.424 g/cm®
(the density of methane at the boiling point at atmospheric pressure)
(Yang et al., 2015).

Shale mineral composition, organic matter (OM), pore structure,
water saturation, temperature and pressure characteristics are the main
factors affecting the shale adsorption capacity (Hao et al., 2013). The
micropores volume and SSA in shale increase with total organic carbon
content (TOC). Meanwhile, the adsorption capacity of shale increases
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Fig. 2. Typical paleontological fossils in shales of Wufeng-Longmaxi Formation. (a,b) radiolarians; (c,d) spicules; (e) acritarchs; (f) lingula; (g)Hirnantia; (h) bra-

chiopods; and (i) horizontal burrows.

with micropores volume and SSA (Ross and Marc Bustin, 2009; Hao
et al., 2013). Most clay minerals with large SSA play a vital role in the
adsorption capacity of organic-poor shale under anhydrous conditions
(Lu et al., 1995; Heller and Zoback, 2014).

In-situ shale reservoirs usually contain some water, with water
saturation varying between 10% and 35% in North American shale gas
reservoirs and ranging from 10% to 90% in the Sichuan Basin (Chalmers
and Bustin, 2008; Gasparik et al., 2014; Yang et al., 2017a; Zou et al.,
2018). The adsorption capacity of Devonian-Mississippian and Jurassic
shales in the northeastern British Columbia basin, Canada at equilibrium
moisture is 58.3% and 71.5% of that in the dry state, respectively (Hao
et al., 2013). Water can exert an important effect on in-situ shale oil/gas
reserves and water adsorption characteristics of shale have been sys-
tematically and comprehensively studied (Wang and Yu, 2016; Yang
etal., 2017a, 2020; Feng et al., 2018). When the relative humidity (RH)
value is relatively low, water molecules are directly adsorbed in the
hydrophilic clay-associated pore spaces of the shale surface as a mono-
layer by the van der Waals force. And in the high RH region, the
abundance of pores for gas adsorption is progressively blocked by
clusters of water and capillary condensation of water molecules (Yang
et al., 2020). The amount of adsorbed gas would be overestimated if the
water content of the reservoirs is overlooked. However, the previous
methane-shale adsorption experiments usually tested at the full
moisture-equilibrated shale. Thus, the methane adsorption test on
water-bearing shale at the in-situ water saturation is required to obtain a
more precise estimate of the adsorbed gas content (Yang et al., 2020).

The characteristics of reservoirs and gas content of shale lithofacies
vary substantially, and the shale gas occurrence and content in different
lithofacies need to be further investigated. Then, FE-SEM and LPGA
experiments were used to fully characterize and clarify the differences in
the pore structure of various lithofacies. The shale adsorption capacity
was investigated by high temperature and pressure methane adsorption
experiments and characterized by supercritical excess adsorption S-L, S-
BET, S-DA, S-DR, and Ono-Kondo models. The maximum methane
adsorption capacity, the p,4, and other parameters were obtained by the
S-DA model fitting. In addition, the correlation between shale adsorp-
tion capacity and TOC content, mineral composition, and water content

were also discussed. Finally, the pattern of shale gas occurrence and
content in different lithofacies are summarised based on the mineral
composition, OM, pore structure, and water saturation characteristics of
various lithofacies.

2. Geological setting

Sichuan Basin is known for its vast natural gas resources, with over
4.0x10'® m> of shale gas resources, of which about 5.0x10'2 m® of
economically recoverable reserves. The Sichuan Basin has undergone
multi-stage tectonic movements, with the Himalayan orogeny causing
the sedimentary caprocks from the Sinian to the Early Tertiary to be fully
folded, forming the present-day tectonic landscape (Wei et al., 2014). It
is a diamond-shaped basin with a total area of approximately 1.8X10°
km? (Lietal., 2021; Qian et al., 2022). The Sichuan basin is divided into
four hydrocarbon accumulation areas based on the nature of the base-
ment, sedimentary characteristics and hydrocarbon genesis (Li et al.,
2022), Fig. 1(a). During the late deposition of the Wufeng Formation,
the formation of polar glaciers led to a drop in sea level, and large-scale
sea regression occurred in the Yangtze area, and the deep-water reten-
tion environment was transformed into shallow-water shelf deposition.
In the early stage of the Silurian Longmaxi Formation, a large-scale
transgression occurred in the Yangtze region, and the southern
Sichuan region was transformed into a deep-water shelf depositional
environment; in the middle and late Longmaxi Formation, the sea level
in the southern Sichuan region dropped significantly and gradually
transformed into a shallow-water continental shelf depositional envi-
ronment (Zhao et al., 2017; Xiao et al., 2021; Qiu et al., 2022). In
addition, radiolarians and spicules are abundant in the early
Wufeng-Longmaxi Formation, as illustrated in Fig. 2(a)-(d), indicating a
deep-water sedimentary environment. Fossils of planktonic (e.g., Acri-
tarchs) and benthic calcareous organisms (e.g., brachiopods, Lingula, and
Hirnantia) have also been found in the Wufeng-Longmaxi Formation,
Fig. 2(e)—(h). As shown in Fig. 2(i), trace fossils of horizontal burrows
have been found in some wells, which reflects that the depth of sedi-
mentary water bodies in southern Sichuan varies greatly, with both
relatively shallow water environments and rather deep water
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Table 1
TOC, porosity, bulk density, mineralogical compositions and lithofacies of the Wufeng-Longmaxi Formation, southern Sichuan.
Sample ID Depth (m) TOC (%) Porosity ( % ) Bulk density (g/cm®) Mineral content ( % ) Lithofacies
Quartz Feldspar Calcite Dolomite Pyrite Total Clay
W8-8 2747.60 3.76 5.61 2.71 66.2 1.9 10.3 8.8 1.5 11.3 SS
L2-3 4309.87 4.14 6.01 2.68 55.8 5.1 4.9 6.5 5.9 21.8
L6-4 4039.00 4.11 5.81 2.69 59.8 3.3 6.8 12.6 3.0 14.5
L6-5 4041.45 3.62 4.09 2.68 47.2 6.6 18.7 10.2 23 15.0
W8-5 2743.45 2.55 5.24 2.68 43.9 7.7 4.7 5.0 3.1 35.6 A-SS
W8-6 2737.52 3.54 5.53 2.65 52.1 5.5 2.9 4.4 4.5 30.6
L2-2 4303.75 2.53 2.26 2.67 44.7 9.8 4.6 9.5 1.5 29.9
L5-1 4012.98 2.48 3.76 2.68 44.7 8.4 9.0 6.7 3.2 29.0
L6-3 4029.08 3.56 5.38 2.68 49.3 4.6 3.8 5.0 3.2 34.1
W8-2 2720.10 2.53 3.24 2.68 25.3 4.2 22 17.7 3.6 27.2 MS
Ws8-4 2744.95 4.70 5.72 2.64 31.8 3.0 15.6 19.6 8.4 21.6
W8-7 2734.98 4.20 5.63 2.66 35.4 5.4 10.8 13.5 4.7 30.2
L5-2 3993.03 3.50 4.66 2.68 34.6 5.6 11.9 10.3 3.1 345
L6-7 4035.05 3.87 3.94 2.67 37.1 4.3 14.3 10.1 4.1 30.1
W8-1 2716.90 0.46 2.78 2.61 21.9 3.2 9.1 6.9 7.5 51.4 AS
Ww8-9 2751.31 2.06 3.06 2.64 40.6 4.8 0.9 1.2 1.4 51.1
L5-3 4005.25 2.38 4.21 2.63 27.0 4.8 5.2 4.0 4.4 54.6
L5-4 4284.00 2.43 4.50 2.66 36.6 5.0 2.4 6.1 1.0 48.9

Fig. 3. The operation procedures of SEM image stitching technology.

environments (Nie et al., 2017). Before the Permian, marine sediments
dominated the Sichuan Basin, as well as mud shale and carbonate. The
Wufeng-Longmaxi Formation generally deposited a set of deep-water
organic-rich carbonaceous graptolite shale, with a thickness surpass-
ing 200 m (Gou et al., 2020; Xu et al., 2020a), Fig. 1(b).

3. Samples and methods
3.1. Samples

Samples were collected from four wells in the Luzhou-Weiyuan play,
W8, L2, L5 and L6, in the Wufeng-Longmaxi Formation shale, Fig. 1. And
the pattern of shale gas enrichment and preservation conditions is
basically the same in southern Sichuan (Ma and Xie, 2018). The samples
information including depth, porosity, and TOC is listed in Table 1. The
porosity was measured by the fluid saturation method. The TOC con-
tents were tested by a CS-600 carbon/sulfur analyzer. The shale samples
mineralogical compositions were tested by the X-ray diffractometer
RINT-TTR3.

3.2. FE-SEM

The FE-SEM allows the morphology and size of nanoscale pores to be
observed directly (Loucks et al., 2012; Chalmers et al., 2012; Yang et al.,
2016; Gou et al., 2019). The shale sample was observed using the
Crosbeam540 apparatus. Prior to the observation, the surface of the
shale sample needs to be finely ground and argon ion polished, and
sprayed with gold to enhance the conductivity and obtain a better

resolution effect (Xu et al., 2020a; Chandra and Vishal, 2021). The
operation process and advantages of SEM image stitching technique can
be referred to the study of Li et al. (2021). As illustrated in Fig. 3, five
regions (100 pm x 100 pm) were randomly selected on the surface of
each sample, each consisting of a 10 x 10 matrix image with a resolution
of 4 nm.

3.3. Low-pressure gas adsorption

Shale pore structure parameters (PV, SSA, PSD, porosity, etc.) can be
more accurately characterized by CO5 and N3 gas adsorption (Wei et al.,
2016; Liu et al., 2018; Tripathy et al., 2019; Vishal et al., 2019). The
low-pressure Ny adsorption (LPNA) experiment can well characterize
the shale meso-macropores (2-100 nm), and the low-pressure COy
adsorption experiment can elaborated explain the shale micropores
(0-2 nm) characteristics. In this study, LPGA experiments were carried
out by using a BeiShiDe PS2 fully automated specific surface area
analyzer. Prior to the LPGA experiment, the core samples were crushed
to 60-80 mesh (180-250 pm), and dried at 110 °C for 24 h, weighed
about 5 g, and put into the analyzer workstation for vacuum degassing.
Ny adsorption experiments were conducted at 77 K, and CO, were
conducted at 273 K, respectively. The pore structure parameters (PV,
SSA, PSD, etc.) of shale micropores are accurately characterized by COy
adsorption experiments and density functional theory (DFT). Mean-
while, those of meso-macropores were obtained by N3 adsorption ex-
periments combined with BJH and multi-point BET models (Wei et al.,
2016; Chen et al., 2017; Pang et al., 2021).
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Fig. 4. Diagram of the process of water content restoring experiments on shale samples.

3.4. Water content restoring

Shale cores taken out of the ground are exposed to air for long pe-
riods of time, and their original moisture suffers from fugitive loss. To
maintain the water content of the actual in-situ shale reservoir, it is
necessary to restore the water content of the sample according to the
water saturation data obtained at the coring site. The main experimental
methods are as follows:

(1) Approximately 1 g of dry shale sample in 60-80 mesh was put
into the workstation and degassed. Then, shale moisture
adsorption was carried out at 50 °C using the dynamic weight
method to obtain the amount of moisture adsorbed at different
relative humidities. The experimental apparatus is BeiShiDe
Vacuum Vapor/Gas Sorption Analyzer. An elaborated explana-
tion of the workflow and function of the experimental apparatus
can be found in Dang et al. (2021). In this work, 8 relative hu-
midity steps were measured to establish isotherms, and the
equilibrium condition was set to 0.01%/60 min. When all sam-
ples’ adsorption/desorption equilibrium was reached, the next
relative humidity step was automatically entered.

(2) The original water content of the sample is determined by the
water saturation and porosity of the sample measured at the
coring site, and it is matched with the water adsorption amount to
obtain the relative humidity required to restore the water satu-
ration under the in-situ conditions. Then, the corresponding
saturated salt solution was used to restore the water content of
the dried sample in a closed constant temperature (50 °C) envi-
ronment, the experiment procedure is demonstrated in Fig. 4. The
water saturation, original water content, relative humidity and
saturated salt solution type of shale samples are listed in Table 3.
The reason for restoring sample water content via saturated salt
solutions is that the binding of water to the shale samples is stable
compared to the dynamic weight method, which facilitates the
subsequent LPNA experiments and high-pressure methane
adsorption experiments on wet shale samples. The original water
content can be determined by Eq. (1):

q=1000 % * Sy * py /p, @

where q is water content, mg/g; ¢ is porosity, %, listed in Table 1; Sy is
water saturation, %, listed in Table 3; p,, is the water density, regarded
as 1 g/cm?; py is the bulk density of shale, g/cm?®, listed in Table 1.

3.5. High-pressure methane adsorption

Approximately 130 g of 60-80 mesh dry shale samples were put into
the BeiShiDe 3H-2000 PH adsorption equipment to carry out the

methane adsorption measurements. An elaborated explanation of the
workflow and function of the experimental apparatus can be found in
the research of Shen et al. (2021). To match the in-situ reservoir pressure
as much as possible, the highest pressure of experimental reached 51
MPa in this study. Two samples, W8-6 and L6-3, were selected for
high-pressure (0-51 MPa) methane adsorption experiments at different
temperatures (313.15 K, 333.15 K and 353.65 K) to investigate the effect
of temperature. Furthermore, to obtain actual methane adsorption
characteristics under in-situ reservoir water-bearing conditions, water
content restoring shale samples of W8 well were selected for
high-pressure methane adsorption tests at 60 °C without degassing prior
to the experiment.

4. Modeling study for gas content
4.1. Supercritical adsorption characterization model

Many scholars have proposed various subcritical gas adsorption
isotherm models to characterize shale methane adsorption based on
different theoretical assumptions such as monolayer adsorption, multi-
layer adsorption, and adsorption potential (micropore filling, volume
filling) (Langmuir, 1918; Brunauer et al., 1938; Astakhov and Dubinin,
1971; Sakurovs et al., 2007; Charoensuppanimit et al., 2016; Bi et al.,
2017). Nevertheless, supercritical shale methane adsorption is charac-
terized by a decrease in excess adsorption amount during the
high-pressure phase, the above absolute adsorption isotherm models are
no longer applicable, and a correction term needs to be added according
to Gibbs’ excess adsorption theory (Gibbs, 1878; Dang et al., 2020; Shen
et al., 2021). In this research, the commonly used Langmuir model,
Brunauer-Emmett-Teller (BET) model, Dubinin-Astakhov (DA) model,
Dubinin-Radushkevich (DR) model and Ono-Kondo model were
selected, and the excess adsorption correction term was added to eval-
uate the optimal supercritical methane adsorption isotherm model based
on experimental data.

4.1.1. A modified Langmuir-based supercritical methane excess adsorption
model (S-L model)

The Langmuir model assumes that methane molecules are adsorbed
in a single layer on the adsorbent surface, that the surface of adsorbent is
energetically homogeneous, and that one mass is adsorbed at each
adsorption site (Langmuir, 1918). The Langmuir model is generally
depicted as follows:

VP
P+P,

(2)

Naps =

where n,,s is absolute adsorption amount, m3/t; V is the Langmuir
volume, m>/t; P is the adsorption equilibrium pressure, MPa; Py, is the
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Langmuir pressure, the corresponding pressure when the adsorption
amount reaches half of V;, Mpa.

The Langmuir model’s adsorption isotherm exhibits I-type isotherm
adsorption behavior; which is in conflict with the fact that the amount of
methane gas adsorbed decreases under supercritical conditions. The
supercritical shale methane adsorption follows the Gibbs’s excess
adsorption behavior, so the excess adsorption correction term is intro-
duced, and the excess adsorption isotherm model is obtained as follows:

VP Pgas
ex — 1—— 3
" P+P, ( pnds) ®

where n,, is the excess adsorption amount, m®/ t; pggs is methane density
of adsorbed phase, g/cm?; Pgas is methane density of free phase, g/cm?,

4.1.2. A modified BET-based supercritical methane excess adsorption
model (S-BET model)

The well-known BET model assumes that gas molecules are adsorbed
on solid surfaces in multiple layers (Brunauer et al., 1938), with the
equation:

L Vier CP
T (Py = P)[1+(C— 1)(P/Py)]

G

where Vpgr is the maximum monolayer adsorption volume of BET
model, m3/t; C is a constant, dimensionless; Py is the saturation vapor
pressure, MPa.

Similarly, the introduction of an excess adsorption correction term
gives the following supercritical BET excess adsorption model:

_ Veer CP  Pgas
" =Py~ P14 (C— D)(P/Py)] (1 p) ®

Eq. (5) can be simplified and rearranged as (Dang et al., 2020):

P paas
S
"l + kP + K P? ( pm) ©)

where k1, ko, and k3 are the three fitted parameters, and defined as: k; =
PO/VBETC; k2 = (C — 2)/ VBETC; k3 = (1 — C)/VBETCPO However, the
saturation vapor pressure cannot be accurately determined under su-
percritical phase, and when the gas density is used in place of the gas
pressure, then Eq. (6) becomes

pgas < pgus >
SR N—— @
ki + kap gy + k33 Pads

4.1.3. Modified supercritical methane excess adsorption models based on
the DA and DR model (S-DA, S-DR)

Strongly heterogeneous shale has a complicated pore structure and a
wide distribution of pore sizes ranging from a few to several hundred
nanometres (Loucks et al., 2009; Teng et al., 2022). The Polanyi theory
assumes that the methane molecules is sequentially filled into the mi-
cropores according to the size of the pore adsorption potential. This
model, which takes into consideration the surface heterogeneity, can
more accurately describe the gas adsorption behavior of heterogeneous
shale (Astakhov and Dubinin, 1971; Dang et al.,, 2020). The
Dubinin-Astakhov (DA) micropore filling model derived based on the
Polanyi theory is as follows:

Nabs = Vi exp{ -D {ln <%> ] “} 8)

where V) is the maximum adsorption volume of micropore filling of DA
model, m3/t; D is pore structure parameter; n is a constant.

As noted above, the saturation vapor pressure cannot be accurately
determined under the supercritical phase and the gas pressure Py and P
are replaced with the methane density of adsorbed phase p,; and free
phase p,,, respectively. Meanwhile, taking the Gibbs excess adsorption

Rex
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behavior into account and establish the supercritical Dubinin-Astakhov
(S-DA) excess adsorption model as follows:

nex:VMeXp{—D{anpﬂ)} } (1—pgi> 9
gas Pads

When n = 2, Eq. (9) becomes the supercritical Dubinin-Radushkevich
(S-DR) excess model, which is derived from Dubinin’s volume filling

theory (Sakurovs et al., 2007; Song et al., 2018). The expressions are as
follows:

2
Hex = Vi €Xp 7D{ln&@)} .<1 Jﬁ) (10)
gas Pads

4.1.4. Ono-Kondo supercritical methane adsorption model based on
multilayer adsorption theory

The Ono-Kondo model assumes a three-dimensional lattice of
adsorbate molecules in contact with a planar adsorbent surface (Xiong
et al., 2020). Shale pores can be characterized simply as silt pores (Bi
et al., 2017). The expressions are as follows:

20, [1 — exp ()]
PadsP s

P o Py, exp ()

Pads ~Pgas

an

Naps = Vo

Where Vj, is the saturated adsorption capacity of the monolayer, m3/t; k
is the Boltzmann’s constant, 1.38 x 1072 J/K; & is the energy of the
methane—pore interaction; T is the temperature of methane adsorption
experiment, K.

Similarly, the introduction of an excess adsorption correction term
gives the following supercritical excess Ono-Kondo model:

2p,.,.[1 — exp (&
Nex = Vo ﬂ.\df/)’ii: [ o (k.T)j (l - @> (12)
Pads ~Pgas + p“ds CXp(ﬁ) pads

4.2. Density of adsorption methane

An accurate density of adsorbed methane (p,,,) is crucial to correct
the excess adsorption to absolute adsorption (Zhou et al., 2018; Chen
et al., 2021b), however, it is generally impossible to measure the p,
experimentally. The p,y is assumed as either 0.373 g/cm® (the van der
Waals density) or 0.424 g/cm? in previous reports (Sakurovs et al., 2007;
Bietal, 2017; Han et al., 2021), but the p,4 varies significantly among
samples and will lead to discrepancies with the actual data. Besides, the
excess adsorption amount is linearly related to the methane density of
the free phase py,,, and the py4 is the value of the intersection of the
straight line with the methane density of the free phase axis (Zhou et al.,
2018). For all samples, this method may not be the most accurate way to
estimate the p,,,, and the results are often higher than the real data
(Zhou et al., 2018). Furthermore, regarding the p 4 as an undetermined
parameter, the value obtained by mathematically optimizing a super-
critical methane excess adsorption model combined with experimental
data is consistent with the thermodynamic properties of methane and
minimizes the discrepancies from the experimental data (Feng et al.,
2020; Zhou et al., 2018).

4.3. Prediction model for adsorbed gas

Currently, experimental measurements are all excess methane
adsorption amount which is the portion where the gas density in the
adsorbed phase exceeds the density of the free phase according to Gibbs’
theory (Gibbs, 1878; Feng et al., 2020). Excess adsorption is a function
of absolute adsorption:

s :nﬂ/ (1L a3)
pad:

The S-DA excess adsorption model works best and will be elaborated
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in Section 5.4. Meanwhile, excess adsorption and absolute adsorption
differ significantly under in-situ shale reservoir conditions. The absolut
adsorption amount model are established by combining Eq. (9) and Eq.
(13) as follows:

Naps = Vi exp{ -D {ln <’M>} } 14)
/)gax

Both the maximum adsorption volume of micropore filling V,, and
the methane density of adsorbed phase p,, are dependent on tempera-
ture (Yang et al., 2017b; Chen et al., 2018; Han et al., 2021). Due to
methane adsorption saturation at high pressure, the p,; increases and
tends to stabilize (Tang et al., 2019; Feng et al., 2020), thus, it is
assumed that the p,, is only a function of temperature p,,(T). The
methane density of free phase p,,, is dependent on both temperature and
pressure, however the gas state of methane under in-situ reservoir de-
viates from the ideal gas state and cannot be obtained directly using the
PVT equation of ideal gas. In this study, the p,, at a given temperature
and equilibrium pressure is available at the NIST (https://webbook.nist.
gov/chemistry/fluid/) (Dang et al., 2020), and the applicable temper-
ature and pressure ranges are 90.6941-625.0 K and 0-1000 MPa
respectively. The relationship between the prediction model of adsorbed
gas and reservoir temperature and pressure is obtained by substituting
parameters such as Viu(T), pog(T), and pg, (P, T) into Eq. (14):

vt ~o[u(240) ) ”

4.4. Prediction model for free gas

In previous studies, the prediction model for free gas is usually
established without taking the pore space occupied by adsorbed gas into
account (Ambrose et al., 2012), and over-mature shale gas reservoirs
contain almost no liquid hydrocarbons (Li et al., 2015), the equation for
free gas is expressed as follows:

(1 -35.)

Gem —
! Py-Bg

(16)
where G;"” is the free gas content at standard temperature and pressure
(STP) without taking the pore space occupied by adsorbed gas into ac-
count, m/t; and B, is the coefficient of gas volume, dimensionless, and it
can be calculated as follows:

B, =5 an
pga.s

where pgrp is methane density at STP.
Then, substitute Eq. (17) into Eq. (16), then it becomes

e = @ Pear (1= 50)

i (18)
PuPsrp

The adsorbed gas volume is quite small and negligible at lower
pressures; whereas at high pressure, it is impossible to ignore the volume
of the adsorbed gas. Thus, the amount of pore space filled by the
adsorbed gas need be subtracted to obtain the actual free gas content:

/)gm"vﬂ

Gf — G —
4 Pstr

19

where V, is volume of the adsorbed gas, cm®/g; and it can be calculated
by Eq. (20)

v, = Mo Psre (20)
Pads

Combining Eq. (15), Eq. (18), Eq. (19) and Eq. (20), the equation for
the actual free gas is rearranged as:
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The relationship between the prediction model of free gas and
reservoir temperature and pressure is obtained by substituting param-
eters such as Viy(T), pq(T), and py,(P, T) into Eq. (21)

6=t VM| [ )

gay( )
(22)

5. Results and discussion
5.1. Geochemical and lithofacies characteristics

Quartz and clay minerals predominate in the Wufeng-Longmaxi
Formation shale in southern Sichuan, listed in Table 1. Typical classi-
fication schemes are based on siliceous minerals (quartz and feldspar),
carbonate minerals, and clay minerals (Zhang et al., 2020). As illus-
trated in Fig. 5, the Wufeng-Longmaxi Shales mainly consiste four lith-
ofacies: siliceous shale lithofacies (SS), argillaceous-siliceous shale
lithofacies (A-SS), mixed shale lithofacies (MS), and argillaceous shale
lithofacies (AS). Both the SS shale and A-SS are quartz-rich, with con-
tents ranging from 47.2% to 66.2% and 44.7%-52.1%, with an average
of 57.3% and 46.9%, respectively. It is noteworthy that the clay mineral
content in A-SS is relative high, ranging from 29.0% to 35.6% with an
average of 31.8%. The MS consist of moderate quartz content and clay
mineral content, with an average of 32.8% and 28.7%, respectively. The
AS is dominated by clay, which varies between 48.9% and 54.6%.

The TOC content is highest in siliceous shale, ranging from 3.62% to
4.14%, averaging 3.91%; followed by mixed shale and argillaceous-
siliceous shale, averaging 3.76% and 2.93%, respectively. The argilla-
ceous shale possess the lowest TOC, varing between 0.46% and 2.43%,
averaging 1.83%. Moreover, the clay content of siliceous shale, mixed
shale, argillaceous-siliceous shale, and argillaceous shale increase
sequentially, with an average of 15.65%, 28.72%, 31.84% and 51.5%,
respectively.

5.2. Shale lithofacies and pore characteristics

5.2.1. OM pores

Pyrobitumen and penstones make up more than 90% of the OM in
the Wufeng-Longmaxi Shale, which also contains graptolites, vitrinite-
like particles, and acritarchs (Teng et al., 2022). Pyrobitumen filled
pore sapce between brittle mineral and mixed with ductile clay
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Fig. 6. FE-SEM images for shale samples of Wufeng-Longmaxi Formation, southern Sichuan.

minerals, Fig. 6(a)-(d) and Fig. 6(m)—(0). The OM pores are continuously
distributed in the interior or edge of the OM in a large area, and the pore
shapes are oval, bubble-like, or sponge-like with sizes ranging from a
few to several hundred nanometres, with good connectivity, Fig. 6(e)-
(1). The amount of OM pores in siliceous and mixed shale is more than
that of argillaceous-siliceous and argillaceous shale due to the

abundance of OM, as illustrated in Fig. 6(a)-(d). The OM pores have
larger SSA because of irregular boundaries, which can provide more
adsorption sites (Chalmers and Bustin, 2008; Li et al., 2015; Chen et al.,
2021). Thus, abundant OM pores facilitate enhancing the shale
adsorption capacity.
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Fig. 7. PSD and surface porosity characteristics of different shale lithofacies calculated from SEM images.
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5.2.2. Interparticle (InterP) pores

The edges of brittle minerals, such as quartz, calcite, and dolomite in
siliceous and mixed shale, are frequently where the interP pores are
found, and the pore shapes are triangular or polygonal, Fig. 6(m) and
(0). Moreover, interP pores associated with clay are usually found in
argillaceous-siliceous and argillaceous shale, with triangle or slit shapes,
as demonstrated in Fig. 6(n) and (p).
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5.2.3. Intraparticle (IntraP) pores

On the surface of the particles, there are isolated intraP pores, in the
shape of triangular or elliptical, and are mainly formed by the dissolu-
tion of quartz and carbonate minerals by acidic fluids, Fig. 6(m)-(p) (Xu
et al., 2020a; Li et al., 2021). The intraP pores are generally less than
300 nm. In addition, pyrite framboids are common in the
Wufeng-Longmaxi Shale. The non-compact aggregation of pyrite crys-
tals during growth creates the pyrite intraP pores, which are typically
fewer than 300 nm in size, as shown in Fig. 6(a), (c), and 6(0).
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Fig. 9. PSD characteristics of different lithofacies.
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5.2.4. Microfractures

Microfractures are conducive to enhancing the shale reservoirs
storage capacity, and the microfracture network is useful to improve the
seepage capacity and facilitate the accumulation of natural gas because
of its good connectivity (Xu et al., 2020b). Microfractures among par-
ticles are most developed in the reservoir, which are influenced by the
particles and are formed along the interface of mineral particles or OM.
These microfractures generally do not extend far and the distance be-
tween the connecting microfractures is depended on the size of the
particles, with fracture aperture commonly ranging from 0.01 pm to 30
pm.

5.2.5. Correlation between shale lithofacies and pore characteristics
Various pores and microfractures in shale samples from Wufeng-

Longmaxi were identified and quantitatively characterized by SEM im-
ages (Li et al., 2021). However, it should be noted that only organic
pores, inorganic pores and microcracks with pore width larger than 10
nm were identified and counted in the SEM images due to the limitation
of resolution. As demonstarted in Fig. 7(a) and (c) and Fig. 8(a), the
frequency distribution characteristics of OM pores and inorganic pores
of siliceous shale and mixed shale are similar, most OM pores are found
in the range of 10-40 nm, accounting for 45.7% and 50.4%, respec-
tively. The majority of inorganic pores are found in the range of 10-50
nm, accounting for 50.4% and 46.9%, respectively; the number of
microfractures is less, 3.9% and 6.0%, respectively. However, the
number of OM pores is relatively small in argillaceous-siliceous shale
and argillaceous shale, accounting for 21% and 8.7% respectively; the
number of inorganic pores is large, accounting for more than 70%,

Table 2
Pore Characteristic Parameters of the Wufeng-Longmaxi Shale Samples, southern Sichuan.
Sample ID Pore volume (cm3/g) Surface area (m2/g) Lithofacies
Micropore Mesopores Macropores Total Micropore Mesopores Macropores Total
Ww8-8 0.0062 0.0215 0.0046 0.0324 19.578 4.837 0.288 24.703 SS
L2-3 0.0075 0.0190 0.0051 0.0317 24.972 3.798 0.256 29.026
L6-4 0.0063 0.0198 0.0068 0.0329 19.887 4.515 0.369 24.771
L6-5 0.0054 0.0163 0.0050 0.0268 17.875 6.694 0.237 24.806
W8-5 0.0062 0.0201 0.0053 0.0316 19.217 2.206 0.498 21.921 A-SS
W8-6 0.0066 0.0202 0.0045 0.0313 20.792 4.365 0.262 25.419
L2-2 0.0043 0.0143 0.0016 0.0202 13.531 6.559 0.239 20.329
L5-1 0.0048 0.0150 0.0055 0.0253 14.845 2.529 0.273 17.647
L6-3 0.0062 0.0207 0.0043 0.0312 19.428 6.098 0.221 25.747
W8-2 0.0051 0.0171 0.0028 0.0250 15.176 5.102 0.150 20.428 MS
w8-4 0.0073 0.0212 0.0044 0.0329 22.930 2.490 0.271 25.691
W8-7 0.0077 0.0216 0.0055 0.0348 24.540 2.189 0.350 27.079
L5-2 0.0056 0.0183 0.0051 0.0289 17.455 5.225 0.271 22.951
L6-7 0.0055 0.0163 0.0044 0.0262 18.078 6.491 0.237 24.806
W8-1 0.0034 0.0145 0.0039 0.0218 10.143 2.715 0.267 13.125 AS
w8-9 0.0053 0.0123 0.0015 0.0191 15.588 2.379 0.070 18.037
L5-3 0.0050 0.0126 0.0012 0.0188 15.174 6.754 0.581 22.509
L5-4 0.0047 0.0184 0.0039 0.0270 14.760 6.311 0.194 21.265

10
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Table 3

Water saturation, original water content, relative humidity and saturated salt

solution type of shale samples.

Sample Water Original water Relative Saturated salt
D saturation content (mg/g)  humidity solution
(%) (%) (50°C)
W8-8 27.78 5.75 50 NaBr
L2-3 31.79 7.13 30 MgCl,
L6-4 32.89 7.10 30 MgCl,
L6-5 29.73 4.54 10 LiCl
W8-5 59.95 11.72 85 KCl
W8-6 45.12 9.42 50 NaBr
L5-1 27.88 3.91 30 MgCl,
L6-3 41.04 8.24 50 NaBr
W8-2 53.62 11.92 85 KCl
W8-4 40.60 10.17 50 NaBr
W8-7 49.98 12.31 50 NaBr
L5-2 32.92 5.72 30 MgCl,
L6-7 28.00 4.13 10 LiCl
W8-1 65.67 11.25 70 NaCl
L5-4 55.00 9.30 30 MgCl,

mainly distributed in the range of 10-60 nm; and microfractures account
for 5.6% and 10.5% respectively; as illustrated in Fig. 7(b), (d) and Fig. 8
(a).

The surface porosity distribution characteristics of siliceous and
mixed shale are similar, with OM pore face porosity accounting for
about 24%, provided by organic pores in the range of 20-80 nm. Inor-
ganic pore face porosity accounts for 63.7% and 59.1%, respectively,
and is provided by OM pores ranging from 20 to 150 nm; microfractures
account for 12.7% and 17.0%, respectively, as depicted in Fig. 7(e), (g),
and 8(b). However, the OM pore surface porosity of argillaceous-
siliceous shale and argillaceous shale is only 11.3% and 7.0%; pro-
vided by OM pores in the range of 20-70 nm. Inorganic pore face
porosity is 56.3% and 63.3%, respectively, and microfractures are
12.7% and 17.0%, respectively, Fig. 7(f), (h) and 8(b). Compared with
the other lithofacies, the surface porosity of inorganic pores in argilla-
ceous shale is mainly contributed by the pores ranging from 10 to 40 nm,
Fig. 7(e)—(h). The reason is that the pore space in argillaceous shale is
easily reduced by compaction due to clay-rich shale lacking a siliceous
frame that is more resistant to compression (Guo et al., 2020).

Pore structure parameters of the Wufeng-Longmaxi Shale are ob-
tained based on the COy adsorption and NLDFT model, as well as Ny
adsorption, BJH model, and BET model. As illustrated in Fig. 9, the PSD
characteristics of the different shale lithofacies are similar. The PV of the
shale samples vary between 0.0188 and 0.0348 cm®/g, with mesopores
contributing more than 60% of the PV; followed by micropores ac-
counting for 20%. The total SSA ranges from 13.125 to 29.026 m?/g,
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with micropores providing more than 75% of the SSA, followed by
mesopores, as shown in Figs. 9 and 10, and Table 2.

The siliceous shale has the largest PV and SSA, with a total PV
varying between 0.0268 and 0.0329 cm®/g (average 0.0310 cm®/g) and
a total SSA ranging from 24.703 to 29.026 m?/g (average 25.827 m2/g).
The total PV of the argillaceous-siliceous shale ranges from 0.0202 to
0.0343 cm®/g, averaging 0.0289 cm®/g; and the total SSA varies be-
tween 17.647 and 25.747 m?/g, averaging 22.213 m?/g. The total PV of
the mixed shale ranges from 0.0250 to 0.0348 cm®/g, averaging 0.0296
cm3/g; and the total SSA varies between 20.428 and 27.079 m2/g,
averaging 24.191 m?/g. The PV and SSA are lowest in argillaceous shale,
with a total PV varying between 0.0188 and 0.0270 cm®/g, averaging
0.0217 cm®/g; and a total SSA ranging from 13.125 to 22.509 m?/g,
averaging 18.734 m?/g.

5.3. Shale lithofacies and water content

Shale water saturation is positively correlate with clay content, with
water saturation increasing with clay mineral content, as shown in
Fig. 11(a). The reason is that clay minerals possess abundant hydrophilic
sites, which facilitate the adsorption of water molecules (Roshan et al.,
2015; Shen et al., 2019; Wang et al., 2019). Furthermore, Fig. 11(b)
demonstrates the apparent disparity in the water saturation of different
shale lithofacies, with siliceous shale possessing the lowest water satu-
ration of 30% due to its lowest clay content, and argillaceous shale
having the highest water saturation of 60% due to its highest clay
content.

5.4. Characteristics of high-pressure methane adsorption and evaluation
of supercritical adsorption models

5.4.1. Characteristics of high-pressure methane adsorption

The Wufeng-Longmaxi Shale samples exhibit similar high-pressure
methane adsorption characteristics. However, the shale adsorption
amounts varies significantly from sample to sample due to the difference
of OM and mineral composition within the shale (Li et al., 2015; Chen
et al., 2021). The methane adsorption isotherm of the dry shale samples
showes a trend of increasing and then decreasing with pressure
increasing, as shown in Fig. 12(a). When pressure is increased in the
low-pressure stage (0-5 MPa), the methane adsorption rises sharply and
almost linearly. In the intermediate stage (0-11 MPa), the excess
methane adsorption increases slowly and reaches a maximum at 11
Mpa. Additionally, in the high-pressure stage, the adsorption capacity is
saturated as the methane molecules in the adsorption layer gradually
increase to saturation, with further pressure increases the excess
adsorption gradually decreases. As illustrated in Fig. 12(b) and (c), in

(b) 70

D
S
1

60.34

N
(e
1

Water saturation (%)
(9,
(@]

30+

T T T T
Siliceous shale Mixed shale Argillaceous- Argillaceous
siliceous shale shale

Fig. 11. (a) Correlation between water saturation and clay content; (b) Water saturation of various shale lithofacies.
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Fig. 12. Characteristics of high-pressure methane adsorption. (a) Isotherms of dry sample excess methane adsorption at 333.15 K. (b) Comparison between excess
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isotherms in the dry shale sample 1L6-3 at 313.15 K, 333.15 K and 353.65 K. (d) Isotherms of dry and wet samples excess methane adsorption at 333.15 K.

the low-pressure stage, the rate of increase in methane adsorption de-
creases with higher temperatures, and the maximum methane excess
adsorption decreases with higher temperatures. In the high-pressure
stage, the rate of decrease in excess adsorption decreases at lower
temperatures. As depicted in Fig. 12(d), wet shale samples exhibit sub-
stantially less excess adsorption than dry samples, indicating that water
takes up the adsorption sites in the pores and significantly reduces the
shale adsorption capacity. This result agrees with Wang et al. and Zou
et al. (Wang and Yu, 2016; Zou et al., 2018).

5.4.2. Evaluation of supercritical adsorption models

The supercritical excess adsorption models such as S-L, S-BET, S-DA,
S-DR and Ono-Kondo were selected and combined with experimental
data on supercritical methane adsorption to obtain the values of pa-
rameters to be determined in each model via the Levenberg-Marquardt
(LM) optimisation algorithm in Origin software. The above five models’
fitted correlation coefficients (R?) were greater than 0.95, indicating a
very well fit, as listed in Table 4. Typical W8-8 sample was selected and
the fit results of the S-L, S-BET, S-DA, S-DR and Ono-Kondo models were
compared and analysed, as illustrated in Fig. 13. The results reveal that
all models fits the measured data well at the low pressure stage, while
the S-L and S-DR models differ significantly from the measured data at
the high pressure stage and are not as well suited; the predicted values of
the S-DA and Ono-Kondo models differ little from the measured data
throughout the whole pressure stage. However, the adsorbed gas density
of many shale samples fitted by the Ono-Kondo model exceed the 0.424
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g/cm? and thus lose its actual physical significance. As shown in Fig. 14
and Table 4, the adsorbed gas density obtained from the S-L, S-BET, S-
DA and S-DR models did not exceed 0.424 g/cm® (except for the
experimental results of the W8-6 sample at 80.5 °C); all of them were
consistent with the thermodynamic properties of methane in the su-
percritical conditions and the fitting results were reliable.

To further evaluate each excess adsorption model’s efficacy and
applicability, the root mean square error (RMSE) is introduced to assist
in the determination. A smaller RMSE value suggests that the model fits
better, and the RMSE is calculated as follows:

1 N
T (Ve m

where RMSE is the root mean square error; N is the number of obser-
vations; K is the number of fitted parameters; V, is measured data; V,, is
modeling data.

The RMSE values of the S-L, S-BET, S-DA and S-DR models are shown
in Table 4 and Fig. 15. The RMSE values of the S-L model range from
0.0280 to 0.0861, with an average of 0.0556, which is significantly
higher than the rest of the models, indicating that S-L model predictions
are poor. The RMSE values of S-BET model vary between 0.0138 and
0.0784, averaging 0.0478; and mean RMSE values of S-DR model is
0.0384. The RMSE values of the S-DA model are generally small, ranging
from 0.0139 to 0.0547, with a minimum average of 0.024. The S-DA
model predictions deviated less from the measured data throughout the

RMSE = V,.)? (23)
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Fitting parameters of different models for supercritical methane excess adsorption on the Wufeng-Longmaxi Shale samples
Continued Table 4. Fitting parameters of different models for supercritical methane excess adsorption on the Wufeng-Longmaxi Shale samples.

Models Parameters Sample ID
W8-1 W8-2 Ww8-4 W8-5 Ww8-7 Wws8-8 W8-6(40 °C) W8-6(60 °C) W8-6(80.5 °C)
S-L Vi (m/t) 1.8552 3.5883 4.2332 4.0189 4.2847 3.3636 4.4587 4.3551 3.2282
P, (MPa) 4.5898 4.9292 4.0026 5.0567 3.0566 2.4228 3.8137 4.3979 4.1105
Pads (g/cm3) 0.3103 0.3058 0.3488 0.3533 0.2996 0.3963 0.3624 0.3592 0.5108
R? 0.9849 0.9940 0.9933 0.9895 0.9943 0.9882 0.9855 0.9931 0.9967
RMSE 0.0349 0.0400 0.0557 0.0556 0.0566 0.0702 0.0516 0.0280 0.0349
S-BET k1 0.0177 0.0074 0.0051 0.0065 0.0038 0.0042 0.0048 0.0055 0.0071
k2 0.3938 0.3253 0.2660 0.3054 0.2596 0.3026 0.2614 0.2646 0.3143
ks 1.8454 —0.3654 —0.2668 —0.5392 —0.2269 —0.0095 —0.3039 —0.3088 0.1619
Pads (g/cm3) 0.3823 0.2938 0.3278 0.3115 0.2899 0.3997 0.3368 0.3317 0.6208
R? 0.9979 0.9960 0.9949 0.9953 0.9959 0.9886 0.9882 0.9952 0.9966
RMSE 0.0138 0.0349 0.0399 0.0507 0.0592 0.0632 0.0451 0.0284 0.0138
S-DA Vy (m3/t) 1.5208 3.2914 3.9801 3.8831 4.0581 3.1356 4.2708 4.0787 2.9900
D 0.0544 0.1493 0.1042 0.1631 0.0917 0.0330 0.1185 0.1150 0.0443
n 2.4429 1.7148 1.871 1.6329 1.9156 2.4468 1.771 1.8246 2.3264
pogs (g/cm®) 0.3234 0.3042 0.3460 0.3444 0.2976 0.4023 0.3569 0.3556 0.5242
R? 0.9896 0.9994 0.9992 0.9994 0.9997 0.9902 0.9978 0.9992 0.9962
RMSE 0.0307 0.0139 0.0146 0.0141 0.0547 0.0271 0.0185 0.0302 0.0307
S-DR Vi (m3/t) 1.6450 3.0597 3.8571 3.4879 3.9874 3.3921 4.0309 3.8993 3.2223
D 0.1004 0.0988 0.0855 0.0926 0.0809 0.0669 0.0833 0.0878 0.0770
Pads (g/cm3) 0.3121 0.3129 0.3519 0.3642 0.2996 0.3797 0.3672 0.3647 0.4813
R? 0.9835 0.9962 0.9986 0.9946 0.9995 0.9842 0.9957 0.9981 0.9946
RMSE 0.0365 0.0317 0.0401 0.0174 0.0655 0.0384 0.0266 0.0359 0.0365
Ono-Kondo Vo (m3/t) 1.1238 2.14423 2.3191 2.1825 2.5047 1.7766 2.4251 2.3519 2.0356
e /k —854.590 —838.221 —1003.71 —944.705 —981.227 —1233.600 —1011.065 —992.981 —1000
P (g/cm®) 0.4386 0.4365 0.5339 0.5469 0.4283 0.6329 0.55315 0.5568 0.6892
R? 0.9964 0.9813 0.9861 0.9789 0.9810 0.9900 0.97264 0.9858 0.9751
Models Parameters Sample ID
L2-3 L5-1 L5-2 L6-4 L6-5 L6-7 L5-4 L6-3(40 °C) L6-3(60 °C) L6-3(80.5 °C)
S-L VL (m®/1) 4.4535 3.1512 3.5601 4.3782 4.1926 4.3165 3.9684 4.1288 3.8644 3.0614
P, (MPa) 2.9654 4.1053 3.7496 5.014 2.8650 4.2267 5.4699 2.5669 3.2586 2.9964
P (g/cm®) 0.2879 0.3875 0.3819 0.3426 0.2855 0.298 0.2956 0.3261 0.3254 0.3932
R? 0.977 0.9927 0.9948 0.9927 0.9898 0.983 0.9877 0.99 0.9932 0.9888
RMSE 0.0892 0.0382 0.0371 0.0512 0.0782 0.0861 0.0622 0.0728 0.0504 0.0495
S-BET ky 0.0033 0.0071 0.0059 0.0060 0.0035 0.0048 0.0069 0.0037 0.0047 0.0055
ka 0.2673 0.3589 0.3066 0.2746 0.2769 0.2907 0.3214 0.2647 0.2791 0.3262
ks —-0.3937 —0.4068 -0.222 —0.4161 —0.3479 —0.5092 —0.554 —-0.139 —-0.1585 0.071
Paas (g/cm®) 0.2727 0.3513 0.3626 0.3121 0.2735 0.2778 0.2783 0.3198 0.3179 0.4092
R? 0.9941 0.9945 0.9954 0.9964 0.9940 0.9919 0.9943 0.9908 0.9939 0.9900
RMSE 0.0654 0.0353 0.0370 0.0382 0.0639 0.0634 0.0450 0.0784 0.0511 0.0495
S-DA Vm 4.4249 3.0040 3.3229 4.1126 4.1142 4.2987 3.7951 3.9454 3.6230 2.7851
D 0.1277 0.1007 0.0777 0.1469 0.1145 0.1896 0.2185 0.0758 0.0827 0.0329
n 1.6833 1.877 2.0258 1.7053 1.7504 1.5068 1.4810 1.9804 1.9843 2.5055
o (g/cm®) 0.2822 0.3818 0.3819 0.3382 0.2811 0.2903 0.2901 0.3237 0.3243 0.4062
R? 0.9997 0.9990 0.9984 0.9995 0.9998 0.9991 0.9995 0.9972 0.9980 0.9890
RMSE 0.0145 0.0148 0.0216 0.0146 0.0123 0.0216 0.0132 0.0413 0.0289 0.0519
S-DR Vm (m3/t) 4.1153 2.9116 3.3428 3.792 3.8956 3.7472 3.2559 3.9301 3.6109 3.0567
D 0.0798 0.0829 0.0809 0.094 0.0792 0.0912 0.1029 0.0736 0.0808 0.0732
Paas (g/cm®) 0.2888 0.3896 0.3804 0.3522 0.2860 0.3041 0.3052 0.3242 0.3248 0.3763
R? 0.9965 0.9985 0.9984 0.9963 0.9978 0.9895 0.9884 0.9971 0.998 0.982
RMSE 0.0475 0.0172 0.0205 0.0364 0.0362 0.0677 0.0604 0.0390 0.0273 0.0627
Ono-Kondo Vo (m3/1) 2.6437 1.6631 1.8908 2.4233 2.5052 2.5676 2.4275 2.7871 2.6482 1.6177
g /k —964.32 —1062.69 —1080.39 —922.767 —966.282 —875.389 —784.3 —917.48 —867.947 —1189.06
Pags (g/cm®) 0.4057 0.6209 0.6068 0.5205 0.4000 0.424 0.416 0.424 0.424 0.6348
R? 0.9643 0.9874 0.9909 0.9827 0.9691 0.96 0.9672 0.9647 0.9659 0.9923

whole pressure phase and fitted the best, as illustrated in Figs. 13 and 15.
Thus, the excess adsorption of supercritical methane is mainly charac-
terized by the S-DA model in this study.

5.4.3. Comparison of absolute and excess adsorption amount

The absolute adsorption isotherm can be derived from the measured
excess adsorption data by using the methane density of adsorbed phase
and Eq. (9). As shown in Fig. 12b and c, the absolute adsorption amount
is always larger than that of excess adsorption and the difference is more
significant under high pressure. This finding suggests that the measured
excess adsorption amount should be corrected to the absolute adsorption
amount, otherwise the content of adsorbed gas will be seriously

underestimated (Dang et al., 2020; Zhou et al., 2018).

5.5. Controlling factors of shale adsorption capacity

5.5.1. Effects of TOC and mineral compositions on adsorption capacity
Its own TOC, mineral composition, pore structure parameters and
original water content play a significant role in the shale’s methane
adsorption capacity (Chalmers and Bustin, 2008; Zhou et al., 2019; Chen
et al., 2021). As illustrated in Fig. 16, the maximum shale methane
adsorption capacity and TOC content are closely correlated, with a
Pearson coefficient (r) of 0.82, and increases gradually as the TOC
content increases. This reveals that TOC content is crucial for shale
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Fig. 13. Comparison of modeling results for excess methane adsorption by S-L,
S-BET, S-DA, S-DR and Ono-Kondo models on shale sample W8-8.

methane adsorption capacity. In addition, the TOC content correlates
well with the micropore volume, SSA of micropore and total SSA, with a
Pearson coefficient r of 0.73, 0.77 and 0.86, respectively. The fact is that
high TOC content facilitates the development of abundant OM pores,
which have a large SSA and further provide abundance adsorption sites
for methane molecules. Meanwhile, the precence of polar functional
groups in OM also enhance its adsorption capacity (Yang et al., 2015;
Zhang et al., 2012).

As demonstrated in Fig. 16, the maximum methane adsorption cor-
relates weakly with quartz (r = 0.41), mainly due to quartz being
associated with the development of meso-macropores which provide a
small SSA. Thus, quartz is not a key factor affecting the shale adsorption
capacity. Clay minerals with large SSA have a positive impact on shale
adsorption capacity due to their abundance of adsorption sites (Lu et al.,
1995; Heller and Zoback, 2014). However, without taking into account
the OM obscuring the role of clay minerals in the adsorption capacity, a
negative correlation was found between the two, with a correlation
coefficient r of —0.47, Fig. 16. To avoid high TOC content obscuring the
role of clay minerals, then the maximum methane adsorption was

0.7
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normalized to the per unit TOC content (1%) and clay mineral content
and shale methane adsorption capacity exhibited a good positive cor-
relation(r = 0.70), as shown in Fig. 17. This reveals that clay minerals
do, to a certain extent, contribute to the adsorption capacity of shale.

5.5.2. Effects of pore structure parameter on adsorption capacity

Previous studies reported that the shale adsorption capacity and pore
structure is closely related (Wang et al., 2016b; Yang et al., 2016; Ma
et al., 2020; Xu et al., 2020a). The correlation coefficients between
maximum methane adsorption and micropore volume and total PV are
0.73 and 0.61 respectively, thus indicating that micropore volume is a
crucial factor in controlling methane adsorption capacity, Fig. 16. The
reason is that micropores provide a large SSA, which in turn provides
abundant methane adsorption sites. Over 75% of the SSA in the
Wufeng-Longmaxi Shale is contributed by micropores, as was explained
in section 5.2.5. Therefore, the methane adsorption capacity is mainly
controlled by micropores, while non-micropores mainly accommodate
free gas. In addition, the correlation coefficients between maximum
methane adsorption and micropore SSA and total SSA are 0.77 and 0.86
respectively, indicating that the maximum methane adsorption corre-
lates better with total SSA than it does with micropores. Adsorption
capacity is, in fact, mostly correlated with total SSA, with mesopores and
macropores in addition to micropores also providing part of the total
SSA.

5.5.3. Effects of water and temperature on adsorption capacity

Water can lead to a reduction in shale methane adsorption capacity
(Wang and Yu, 2016; Zou et al., 2018, 2019; Chen et al., 2021a).
However, previous methane adsorption experiments on wet shale sam-
ples have typically been carried out under water equilibrium conditions,
which differ from actual in situ reservoir water conditions (Yang et al.,
2017a; Zou et al., 2019). In this study, the water saturation of core
samples under in situ reservoir conditions was restored, followed by
high temperature and pressure methane adsorption experiments. The
percentage reduction in maximum methane adsorption increases with
water saturation because of water occupying the adsorption sites of
pores in the shale (Wang and Yu, 2016; Yang et al., 2017a; Feng et al.,
2018), with the adsorption capacity of water-bearing shales decreasing
by 28%~81% at a water saturation of 30%~65% compared to dry
shales, as shown in Fig. 18(a). Furthermore, the maximum methane
adsorption is significantly negatively correlated with temperature, with
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fitted correlation coefficients R? all exceeding 0.85, indicating that
temperature has an inhibitory activity on the shale methane adsorption
capacity, Fig. 18(b). As the temperature increased from 40 °C to 80 °C,
the methane adsorption capacity decreased from 3.95 to 2.79 m>/t, a
29% decrease. This reason is that temperature rising of the adsorption
system increases the potential energy of methane molecular and facili-
tates the desorption of adsorbed methane to the free state, thus weak-
ening the shale methane adsorption capacity (Wu et al., 2016; Chen
et al., 2018; Zou et al., 2019; Li et al., 2020, 2021).

5.6. Shale gas occurrence and content of different shale lithofacies

5.6.1. Gas-in-place estimation

Combining the results of methane adsorption experiments on the
sample L2-3 with the adsorbed and free gas content prediction model
(Eq. (15) and (22)) will yield the in-situ shale reservoir’s adsorbed and
free gas content. The average reservoir pressure gradient, surface tem-
perature and temperature gradient were set to 18 MPa/km, 30 °C and
25 °C/km, respectively. Moreover, the reservoir porosity, rock density,
and water saturation were set at 6.0%, 2.5 g/cm?, and 0% respectively;
and these parameters did not vary with the depth of burial.

The absolute adsorption amount increases rapidly with the depth of
burial and then decreases slowly due to the dominant effect of pressure
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on shale methane adsorption at shallow burial depths, where pressure
increases leading to a sharp increase in adsorption, as demonstrated in
Fig. 19(a). However, the effect of pressure is weaker at deeper burial
depths, and the adsorption capacity is significantly influenced by tem-
perature, which slowly decreases with increasing temperature. With
increasing burial depth, the content of both actual free gas (with
adsorbed phase volume correction) and total gas both increase, rapidly
at shallow depths and slowly at deeper depths. The adsorbed gas dom-
inates at shallow depths, accounting for over 80% of the total. Then the
proportion of adsorbed gas and free gas is equal (about 1200 m) as burial
depth increasing, and free gas dominates at deeper burial depths, with
over 90% at 5000 m, as illustrated in Fig. 19(b).

5.6.2. Shale gas occurrence of different lithofacies and implication for shale
gas exploration and development

Adsorbed gas and free gas account for the majority of shale gas, while
dissolved gas is negligible (Curtis, 2002; Feng et al., 2020; Gou et al.,
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2020). As discussed above, the content of adsorbed gas is mainly
determined by the OM content and the content of free gas is controlled
by porosity. However, the occurrence of moisture can severely reduce
the content of both adsorbed and free gases. Based on the above char-
acteristics of mineral compositions, TOC content, pore structure, and
water saturation of various shale lithofacies, and free gas are dominated
at deep shale, then the pattern of shale gas occurrence and gas content in
different lithofacies are summarised.

Fig. 20(a) shows the pattern of shale gas occurrence and content in
siliceous shale. The adsorbed methane molecules are mainly adsorbed
on the surface of OM pores, calcite and clay minerals. Due to its high
TOC content and abundant OM pores, the content of adsorbed gas is
largest among four lithofacies. Meanwhile, it also possesses the highest
siliceous content, forming and perserving an abundance of interP and
intraP pores due to a strong resistance to compaction, and the free gas is
mainly found in interP and intraP pores of quartz, feldspar and calcite
minerals and in OM macropores. The lowest water saturation of 30% is
in siliceous shale and the water is mainly in the pores of the clay
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minerals.

The pattern of shale gas occurrence and content of mixed shale is
shown in Fig. 20(b), the adsorbed gas content is high due to its high OM
content and the abundant OM pores. In addition, the intraP pores
associated with acid fluid dissolution are abundant due to its relative
high content of carbonate such as calcite and dolomite, which provide
storage space for free gas. However, the water saturation of the mixed
shale increases to 40%, with water mainly occupying the pores associ-
ated with clay minerals and interP pores forming by the quartz and
carbonate minerals, and its gas content is reduced compared to the
siliceous shale.

Fig. 20(c) shows the pattern of shale gas occurrence and content in
argillaceous-siliceous shale. Compared with siliceous shale, its TOC
content is slightly lower, resulting in reduced OM pore number and
adsorbed gas content. In addition, the clay mineral content increases,
the total reservoir porosity decreases as well as the water saturation
increased to 45%, leading in a significant decrease in free gas content.

The pattern of shale gas occurrence and content of argillaceous shale
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Fig. 20. Pattern diagram of shale gas occurrence and content of different shale lithofacies. (a) Siliceous shale; (b) Mixed shale; (c) Argillaceous-siliceous shale; (d)

Argillaceous shale.

Table 5
Adsorbed and free gas contents of various shale lithofacies.

Lithofacies TOC (%) Porosity (%) Water saturation (%) Gas content (m®/t)

Absolute adsorbed gas Free gas (volume correction) Total
SS 4.00 6.0 30.0 1.43 4.39 5.82
MS 3.50 5.0 40.0 0.97 3.19 4.16
A-SS 3.00 4.5 45.0 0.71 2.69 3.40
AS 2.00 35 60.0 0.23 1.65 1.88

is demonstrated in Fig. 20(d), the adsorbed gas content is minimum due
to its lowest OM content and OM pores among four lithofacies. However,
argillaceous shale possess the highest clay content and water saturation
up to 60%, with water occupying the pores associated with clay minerals
and interP pores forming by the quartz and feldspar, leading to a sig-
nificant reduction in free gas content as well.

The gas content of the different lithofacies reservoirs were calculated
by combining the pattern of shale gas occurrence, the adsorbed and free
gas content prediction model, and geological parameters including TOC
content, porosity and water saturation of different lithofacies. As listed
in Table 5, the content of both adsorbed and free gas are largest in the
siliceous shale, with 1.43 m3/t and 4.39 m3/t, respectively; and followed
by the mixed and argillaceous-siliceous shale. However, the argillaceous
shale possesses the lowest gas content, with adsorbed and free gas
contents of 0.23 m®/t and 1.65 m®/t respectively. It is estimated that
siliceous shale has a three-fold higher gas content than argillaceous
shale. In summary, siliceous shale and mixed shale are favorable res-
ervoirs for shale gas exploration and development due to their high gas
contents and low water saturation.

17

6. Conclusions

In this study, FE-SEM and LPGA (CO and N32) experiments were used
to fully characterize and clarify the differences in the pore structure
characteristics of various lithofacies. The water content of the actual in-
situ shale reservoir is restored according to the amount of moisture
adsorbed at different relative humidities. Shale adsorption capacity was
investigated by high temperature and pressure methane adsorption ex-
periments and characterized by supercritical excess adsorption S-L, S-
BET, S-DA, S-DR and Ono-Kondo models. In addition, the correlation
between shale adsorption capacity and TOC content, mineral composi-
tion, pore structure parameters and water saturation were also analysed.
Finally, the pattern of shale gas occurrence and content in various
lithofacies are summarised. The main conclusions are summarised as
follows:

(1) The mineral compositions identified four shale lithofacies in the
Wufeng—Longmaxi Shale. Pores are abundant in siliceous shale
and mixed shale, with organic pores accounting for over 45%,
while argillaceous-siliceous and argillaceous shale are dominated
by inorganic pores, accounting for over 70%. The largest PV and
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SSA are in siliceous shale, averaging 0.0310 cm®/g and 25.827
m?/g, respectively. The PV and SSA are lowest in argillaceous
shale, averaging 0.0217 cm>/g and 18.734 m?/g, respectively.
Mesopores account for over 60% of the shale PV and micropores
provide over 75% of the total SSA.

The S-DA excess adsorption model predictions deviated less from
the measured data among above five models. The shale adsorp-
tion capacity is dominated by TOC content and total SSA, and
clay minerals do, to a certain extent, contribute to the adsorption
capacity of shale. However, water and temperature have an
inhibitory activity on adsorption capacity, with the adsorption
capacity of water-bearing shales decreasing by 28%~81% at a
water saturation of 30%~65% compared to dry shales. As the
temperature increased from 40 °C to 80 °C, the methane
adsorption capacity decreased from 3.95 to 2.79 m>/t, a 29%
decrease.

The absolute adsorption amount increases rapidly with the depth
of burial and then decreases slowly. And the content of both the
actual free gas (with adsorbed phase volume correction) and total
gas increase rapidly at shallow depths and then stabilizes slowly.
Deep shale gas reservoirs are dominated by free gas, accounting
for over 90% at 5000 m.

Siliceous shale has the highest gas content, followed by mixed
shale, argillaceous-siliceous shale, and argillaceous shale. It is
estimated that siliceous shale has a three-fold higher gas content
than argillaceous shale. In summary, siliceous and mixed shale
are favorable reservoirs for shale gas exploration and develop-
ment due to their high gas contents and low water saturation.

(2)

(3

(4
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