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Abstract

The pore structure of shales, including pore morphology, connectivity, pore volume, specific
surface area (SSA), and pore size distribution (PSD), is a significant factor in controlling gas
storage and transport and the migration mechanisms of hydrocarbons. However, the lack of
comprehensive characterization for both accessible and inaccessible pore structure increases the
difficulty of gas-in-place estimation and gas exploration. In order to investigate the nanoscale
pore system, integration of high-pressure mercury intrusion porosimetry (MIP), low-pressure
N»/CO, adsorption (LNA/LCA), and small-angle neutron scattering (SANS) were employed to
obtain a multi-scale quantitative characterization of the nanopore structure of organic-rich
marine shale samples from the Longmaxi and Niutitang Formations in China. PSDs obtained
from the combined techniques appropriately cover an overall nanopore size range of shale (0.35-
15,000 nm) and overcome the limits of the individual method. Uni-, bi, and multi-modal PSDs

were observed, but the sizes of a significant portion of the nanopores observed in these shales
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range from 0.35 to 100 nm. Pore volumes and surface areas of micropores (< 2 nm), mesopores
(2-50 nm), and macropores (> 50 nm) were characterized based on the best performance window
of each technique: LCA for micropores; LNA and SANS for mesopores; and MIP for
macropores. It was found that micropores are the major contributor to the total SSA for both
Longmaxi and Niutitang shales. With respect to pore volume, however, the contribution to the
total pore volume has a trend of micropore < mesopore < macropore for Longmaxi shale samples,
but Micro-/mesopore volumes are greater than macropore volumes for samples of the Niutitang
shale. Strong correlations were also observed between total organic carbon (TOC) content and
micropore volume and surface area, which implies that organic matter is a controlling factor in
the micropore system of organic-rich shales. In addition, strong correlations between methane
adsorption capacity and both micro-/mesopore volumes and SSAs indicate that micro-
/mesopores are governing factors for methane storage. Furthermore, the fractions of accessible
mesopore volume and surface area were quantitatively estimated by SANS and LNA.
Correlation analyses suggest that the accessibility of the mesopore surface area could be an
indicator for gas transport and storage in mesopores in organic matter. Thus, a shale with higher
connectivity could have higher gas diffusion capability but lower gas adsorption capacity, and
vice versa.
Keywords
Organic-rich marine shale; nanopore structure; mesopore connectivity; small-angle neutron
scattering; low-pressure N> and CO» adsorption
1. Introduction

Shale gas, an important unconventional gas resource, has attracted significant attention in

recent years in many parts of the world (Curtis, 2002; Hazra et al., 2018; Jarvie et al., 2007;
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Merkel et al.,, 2016; Ross and Bustin, 2009; Zhao et al., 2016; Zou et al., 2015). The
investigation and exploration of shale gas will help meet the rapidly increasing demand for
energy consumption worldwide. Environmental pollution from the combustion of natural gas
produced in shale gas reservoirs will be less than that caused by burning coal and crude oil.
Available data, however, shows that shale gas reservoir rocks are characterized by more complex
and more heterogeneous nanoscale pore systems than sandstones and carbonates (Anovitz and
Cole, 2015; Chen et al., 2017a; Loucks et al., 2012), making modeling of gas recovery from
shale reservoirs more complex. The characterization of these nanoscale pore systems can,
therefore, provide insights into hydrocarbon storage capacity and flow mechanisms in shale gas
reservoirs (Pearce et al., 2018a; Ross and Bustin, 2009; Wang et al., 2014), as well as improve
reservoir modeling (Carlson and Mercer, 1991; Mohaghegh, 2013; Wu et al., 2016) and recovery
(Cipolla, 2009; Lee et al., 2011; Wu et al., 2014).

According to the pore classification system of the International Union of Pure and Applied
Chemistry (IUPAC) pores in shale can be classified into three groups: macropores (> 50 nm),
mesopores (2-50 nm) and micropores (< 2 nm) (Sing, 1985). Multiple qualitative and
quantitative techniques have been employed to characterize pore structures in terms of their pore
morphology, pore volume, specific surface area (SSA), pore size distribution (PSD), and pore
connectivity (Anovitz and Cole, 2015; Li et al., 2016; Liu et al., 2018; Mastalerz et al., 2018;
Naveen et al., 2018). Direct imaging, fluid injection, and scattering techniques, including
transmission electron microscopy (TEM) (Morga and Pawlyta, 2018; Romero-Sarmiento et al.,
2014), field emission scanning electron microscopy (FE-SEM) (Pashin et al., 2012; Top6r et al.,
2017), low-pressure N»/CO- adsorption (LNA/LCA) (Clarkson et al., 2013; Hazra et al., 2018),

mercury intrusion porosimetry (MIP) (Zhang et al., 2017), nuclear magnetic resonance (NMR)
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(Webber et al., 2013; Zhou et al., 2016), small-angle X-ray scattering (SAXS) and ultra-/small-
angle neutron scattering (USANS/SANS) (Bahadur et al., 2018; Clarkson et al., 2013; Distefano
etal., 2019; Gu et al., 2015; Pan et al., 2016; Pearce et al., 2018b; Ruppert et al., 2013; Sun et al.,
2018) have been widely used in recent studies. Each of these techniques, however, has its
strengths and limitations. LNA/LCA and MIP provide good measurements of pore distributions
over a relatively wide size range, but cannot provide information about the percentage of
inaccessible or closed pores. TEM and FE-SEM can directly observe pore morphology and
identify the pore type, but because of the high magnifications involved can not provide
representative and statistically quantitative information. Scattering techniques, including SAXS
and SANS, allow for the characterization of both accessible and inaccessible pores but provide
limited information on pore morphology and, like diffraction, yield data in inverse space.
Therefore, there is an urgent need to thoroughly investigate the nanopore structures using a
combination of these techniques (Anovitz and Cole, 2015).

In China, shale gas exploration has been developing for more than a decade and significant
progress has been made in shale gas extraction from the Upper Yangtze Platform (UYP) (Chen
et al., 2017b; Wang et al., 2018; Yang et al., 2017; Zhao et al., 2016). The Lower Cambrian
Niutitang and Lower Silurian Longmaxi shale Formations in the UYP are considered the most
promising strata for shale gas exploration in China because of their widespread occurrence,
thickness, organic richness, and favorable mineral composition with high quartz content (Chen et
al., 2017b; Xiao et al., 2015). In recent years, successful commercialized shale gas production
has been achieved from Lower Silurian Longmaxi shales in the Jiaoshiba area of the Fuling
Block (Guo, 2016; Zhao et al., 2016). Compared to the Lower Silurian shales, however,

exploitation of the Lower Cambrian shales in China has been less successful, though they exhibit
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similar geochemical parameters and mineral compositions. While this is likely due to complex
shale geology and various reservoir conditions, the exact causes of this failure are unknown.

To date, the lack of an accurate characterization of the nanopore structures of these two
shales has been a significant impediment to evaluation of shale gas production and, unfortunately,
few studies have been devoted to fully characterizing the differences of nanopore structures
between the Longmaxi and Niutitang shales (Sun et al., 2017; Wang et al., 2018; Yang et al.,
2017). In this study, therefore, we have integrated SANS with fluid invasion methods including
LNA, LCA, and MIP to gain a more comprehensive understanding of the nanoscale pore
networks of these two shale Formations. This work will, therefore, have a broad application for
improving prediction of gas production potential in Chinese marine shales and bridge the gap
between nanopore structure and gas adsorption behavior.

2. Geological Setting

Yangtze platform is a craton basin. Tectonically, the UYP comprises the western part of the
Yangtze platform in south China and is enveloped by the Qinling fault belt in the north and the
Longmenshan fault belt in the west (Jia et al., 2006; Meng et al., 2005).The UYP is a vast area of

approximately 3.5X 10°km?, including Northern Yunnan Province, Sichuan Province, Guizhou

Province, Chongqing City, Western of Hunan and Hubei Province (Fig. 1). The UYP went
through multiple periods of tectonic events, such as the late Caledonian - Hercynian movement,
Indosinian movement, and Yanshan-Himalayan movement (Liu et al., 2016; Ma et al., 2008).
Today, the tectonic characteristics in the study area are mainly showing NE-SW oriented tight
anticlines and broad synclines, associated with faults of similar orientation (Tang et al., 2019).
The marine organic-rich shales are widely developed in the UYP, particularly in the Lower

Cambrian Niutitang and Lower Silurian Longmaxi Formations. These organic-rich shales were
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deposited in a low-energy, quiet, and anoxic marine environment that underwent early burial and
later uplifting stages of evolution (Guo and Zhang, 2014). With the increased exploration of
shale gas, four Longmaxi Formation gas shale fields have been discovered in the Jiaoshiba,
Fushun-Yongchuan, Zhaotong, and Changning-Weiyuan areas in the UYP (Dai et al., 2016).
Therefore, the UYP has recently been regarded as the main target for shale gas exploration and
development in China.
3. Experimental methods
3.1 Sample collection

A total of six marine shale samples were analyzed in this study, which are the same as those
in our previous study (Wang et al., 2018). Four fresh Longmaxi Formation shale core samples
were collected from the WX> well, located in northeast Chongqing near the edge of the Sichuan
Basin. Two fresh Niutitang Formation shale core samples were collected from the QD: well,
located in northeast Yunnan near the southwestern edge of the UYP (Fig. 1). In order to avoid
contamination and keep samples fresh, shale samples were collected from 1538-1625 m for WX
well and 1125-1183 m for QD; well, respectively. Meanwhile, all samples were carefully and

rapidly covered using cling wrap and then brought to the laboratory in opaque bags.
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142 Figure 1. Map of UYP and sampling location (modified after Wang et al., 2018). Note that Contour colors
143 from shallow to deep represent the increase of the thickness of Longmaxi shale. The bottom of the Longmaxi

144 Formation consists of carbonaceous shale. The core sample was collected from a depth of 1623.2 m

145 3.2 Mercury intrusion porosimetry

146 MIP analyses were carried out on a Micrometrics AutoPore IV 9510 porosimeter at
147  pressures from 0.14 to 413 MPa. This instrument is located at the China University of Mining
148  and Technology, Xuzhou, Jiangsu, China. Shale samples were cores with diameters of 1 cm and
149  lengths of 1 cm. Before the MIP test, each shale sample was dried at 60 °C for more than 48 h
150 and then cooled to room temperature at a relative humidity of less than 10 %. The PSD was

151  calculated from the MIP curve using the Washburn equation (Washburn, 1921).
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3.3 FE-SEM observation
FE-SEM was performed with a Quanta 200F equipped with an energy-dispersive

spectrometer (EDS) at the State Key Laboratory of Petroleum Resource and Prospecting, China
University of Petroleum (Beijing). Prior to the experiment, the surfaces of the measured samples
were prepared by Ar-ion milling. The experiment was conducted at a temperature of 24 °C and a
humidity level of 35%. SEM images were obtained under high vacuum at 1-20 kV acceleration
voltages using the back-scattering electron detector.
3.4 Low-pressure N2 and CO; adsorption

LNA and LCA were measured using a Quantachrome Autosorb-1 apparatus at the China
University of Mining and Technology. Powder samples had a particle size of 60-80 mesh. Before
adsorption, the powders were degassed at ~110 °C for approximately 24 hours. LNA and LCA
1sotherms were measured at 77 and 273 K, respectively. The LNA data were interpreted using
the multi-point Brunauer—-Emmett-Teller (BET) model for estimation of SSA, and the Barrett-
Joyner-Halenda (BJH) model for estimations of pore volume and PSD. The LCA data were
interpreted using the Dubinin-Astakhov (D-A) model for estimations of micropore volume and
surface area, and Density Functional Theory (DFT) for estimation of PSD (Dubinin, 1989; Ross
and Bustin, 2009; Chalmers et al., 2012). A detailed description of these theories can be found in
Gregg and Sing (1982).
3.5 Small-angle neutron scattering

Six shale samples were analyzed using SANS in this study. Two powder samples denoted
WX>-8 and WX>-33 were analyzed using the general-purpose SANS (GP-SANS) at the High
Flux Isotope Reactor (HFIR) at the Oak Ridge National Laboratory (ORNL). These samples,

with a non-uniform particle size of <0.5 mm, were placed in aluminum holders inside stainless-
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steel high-pressure cells. Four thin disk samples, approximately 150 um thick and mounted on
quartz glass slides (Anovitz et al., 2009), denoted QD1-L3, QD-L4, WX>-49, and WX>-54 were
analyzed using the NG7 30m SANS at the NIST Center for Neutron Research (NCNR) at the
National Institute of Standards and Technology (NIST). The detailed experimental
configurations can be found in our previous study (Wang et al., 2018).
4. Results
4.1 Basic characterization

The geochemical parameters and mineral compositions of the samples are listed in Table 1.
The detailed experimental methods of those analyses are shown in our previous study (Wang et
al., 2018). The TOC contents of the shale samples range between 1.52 and 6.33 wt.%. The values
of the equivalent vitrinite reflectance (EqVR:) range from 2.06 to 3.03 %, indicating that shales
in the study area have experienced strong thermal maturation and reached the post-mature stage
(Wang et al., 2018). The mineral compositions are dominated by quartz and clay with average
contents of 49.3 and 28.9 wt.%, respectively (Wang et al., 2018). Moreover, shale samples also

contain several other minerals, including pyrite, calcite, dolomite, K-feldspar, and plagioclase.
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Table 1. Basic properties of the tested six shale samples?

Formation Sample Quartz  K-feldspar  Plagioclase Dolomite  Calcite Pyrite Clay lite Smectite  Chlorite Ilrlrlltii/:drrllzcg;e 'I(‘StC EqVRr
ID (Wt.%) (Wt.%) (Wt.%) (Wt.%) wWt.%)  (wt.%) (Wt.%) (Wt.%) (wt.%) (wt.%) (wt %; %)' (%)
o QD;-L3 46.61 4.64 7.25 1.35 5.61 1.64 29.59 15.09 5.03 1.55 7.93 3.29 2.85
Niutit
iutitang
€ QD:-L4 54.15 1.44 3.64 nd 6.98 2.39 27.08 19.61 1.15 0.77 5.55 4.32 3.03
WX>-8 3742 1.48 14.28 nd 2.17 2.76 40.38 25.90 nd 5.12 9.36 1.52 2.06
Longmaxi WX5-33 46.33 nd 9.60 2.94 13.71 3.82 21.54 10.38 nd 2.55 8.62 2.05 2.12
(S1) WX2-49 4941 1.15 5.27 nd 3.26 9.10 27.58 16.09 1.53 3.35 6.61 4.25 2.26
WX>-54 50.77 3.09 8.43 1.12 3.28 5.99 20.98 13.58 1.12 2.15 4.12 6.33 232

“Data from Wang et al. (2018); nd is no data.
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4.2 Accessible nanopore characterization from invasive methods
4.2.1 Mercury intrusion

The cumulative mercury intrusion and extrusion volumes as a function of pressure for the
six shale samples are shown in Fig. 2a. The mercury intrusion volume gradually increases with
increasing pressure at relatively low pressure, then rapidly increases with increasing pressure
above some relatively high pressure, indicating the presence of macropores and mesopores,
respectively. The highest cumulative intrusion volume among the tested samples was that for
sample WX>-54 (yellow cycles in Fig. 2a). Hysteresis was observed between mercury intrusion
and extrusion cycles for all the tested samples indicating that approximate 40-90 % of mercury

was trapped in the macro-/mesopores.
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Figure 2. (a) Mercury intrusion/extrusion curves and (b) incremental pore volumes.

Table 2 exhibits the results of the pore structure parameters derived from MIP. The MIP
results indicate the presence of both uni- and multi-modal PSDs as shown in Fig. 2b. The results
suggest that most pores for both the Niutitang and Longmaxi shales have sizes between 5 and
100 nm and are, therefore, classified as macro-/mesopores. The observed PSD variability
indicates that there is substantial heterogeneity in pore properties among the tested shale samples.
Based on the MIP data, the macropore volume varies from 0.18 to 1.44 c¢cm?/100g, and the

11
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macropore surface area ranges from 0.006 to 0.199 m?/g. However, published results suggest that
significant populations of the micropores and narrow mesopores in shales are sealed or
inaccessible (closed), and thus are not accessible to MIP analysis (Anovitz and Cole, 2015; Kuila

and Prasad, 2013).

Table 2. Pore volume and SSA of each method and the overall nanopores

Sample  MIP-macropore LNA-mesopore LCA-micropore SANS-mesopore Overall micro-
/meso-/macropores®

ID Volume SSA Volume SSA Volume SSA Volume SSA Volume SSA
(cm*100g) (m%*g) (cm*100g) (m%*g) (cm?100g) (m?%g) (cm*100g) (m*g) (cm3/100g) (m?/g)

QD;-L3  0.18 0.006 0.51 8.32 0.571 16.07 1.33 17.69 1.261  24.396
QD;-L4 031 0.077 0.71 4.53 0.486 14.57 1.20 16.07 1.506 19.177
WX,-8 1.03 0.044 0.18 1.89 0.086 2.57 0.26 2.39 1.296 4.504
WX,-33 033 0.100 0.21 3.13 0.222 6.25 0.46 4.79 0.762 9.480
WX,-49 131 0.083 1.21 8.52 0.556 1591 1.49 19.86 3.076  24.513

WX,-54 144 0.199 0.80 10.51 0.931 28.30 342 43.62 3.171 39.009

2The overall pore properties are from three invasive methods.

4.2.2 Low-pressure Nz adsorption

The LNA isotherms for shale samples are shown in Fig. 3a. At low relative pressures (P/Pp<
0.05), adsorption capacity increases significantly with increasing P/Po, suggesting filling of
liquid N> inside micropores. For P/Py values between 0.05 and 0.95, adsorbed volume increases
gradually with increasing P/Po, a behavior associated with mesopore filling of liquid N> and
capillary condensation. When P/Py is greater than 0.95, the adsorption capacity increases rapidly
with increasing P/Po and does not exhibit any plateau, indicating that both the Niutitang and
Longmaxi shales contain macropores and micro-fractures.

Hysteresis loops were observed in all of the adsorption-desorption isotherms as shown in
Fig. 3a. The shape of the hysteresis loops may be classified as type H3 according to the [UPAC

classification (Sing, 1985), which indicates the presence of abundant slit-shaped pores. This was

12
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supported by SEM imaging (Fig. 3c, 3d). However, pore-shape analysis based on solely
adsorption-desorption isotherm shape is clearly idealized, and the actual pore system is likely to
be composed of a mixture of different pore shapes, perhaps similar to the irregularly-shaped
pores observed in our previous study (Wang et al., 2018).

Over a wide range of P/Py, LNA analysis can provide information on mesopore structure
including mesopore SSA and pore volume (Thommes et al., 2015). As shown in Table 2, the
mesopore SSA of the shale samples ranges from 1.89 to 10.51 m%*/g. Sample WX>-54 contains
the highest mesopore SSA, while sample WX>-8 has the lowest. The mesopore volume varies
from 0.51 to 1.21 c¢cm?/100g, and LNA analysis suggested that sample WX>-49 contains the
highest mesopore volume, while sample WX>-8 again has the lowest.

Fig. 3b shows PSDs (dV/dW versus W, where V is adsorption volume and W is pore width)
for the six shale samples obtained from the adsorption branches of the LNA isotherms using the
BJH model. The PSD shows a broad range of pore sizes between 1.8 and 100 nm. The PSD
displays a decreasing trend in differential pore volume dV/dW with increasing pore size for all
tested samples, indicating that the pore concentration decreases with increasing pore size over
the measured pore size range. These results are consistent with the mesopore SSA and volume
results (Table 2). The mesopore SSA and volume of samples WX>-49 and WX>-54 are higher
than those of other samples and sample WX5>-8 has the smallest pore volume in the pore diameter

range between 2 and 50 nm (Fig. 3b).
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Figure 3. (a) Low-pressure N2 adsorption isotherms, (b) differential pore volume distributions, (¢) sample
WX>-33, and (d) sample QD:-L3 SEM images of slit-shaped pores.

4.2.3 Low-pressure CO; adsorption

LCA has been widely used to characterize micropore structure because the accessibility of
CO2 in small pores is better than that of N> (Chalmers et al., 2012; Mastalerz et al., 2013; Sun et
al., 2016). Fig. 4a shows the CO, adsorption isotherms for the six shale samples. These can be
classified as Type I (Sing, 1985), indicating that the shales are microporous solids. To obtain
information on micropore volume and surface area from the LCA data we used the D-A model
(Chalmers et al., 2012; Dubinin, 1989). The results are shown in Table 2. The micropore volume
ranged from 0.086 to 0.931 ¢cm3/100g. The micropore surface area ranged from 2.57 to 28.30
m?/g. Sample WX»-54 showed the highest micropore volume and surface area, while sample

WX:>-8 has the smallest. Micropore PSDs were estimated from LCA using a DFT model (Gregg

14
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and Sing, 1982). The results are shown in Fig. 4b. These show multimodal PSDs in the pore
diameter range between 0.35 and 1 nm. A peak occurs between 0.45 and 0.65 nm, and two minor
peaks occur around 0.32-0.38 nm and 0.72-0.85 nm, respectively. For pore sizes greater than 1
nm the pore concentration is approximately constant within the micropore size range for each
shale. Again, sample WX>-54 shows the highest dV/dW value, which is consistent with the
micropore volume and surface area calculations (Table 2). MIP, N2, and CO> adsorption thus all
suggest that this sample has a higher pore volume and surface area than the other five samples at
nearly all pore sizes. It also has the highest helium porosity (Wang et al., 2018). Also, for all
samples, the pore volume in the micropore range detected by CO> adsorption is higher than that

detected by N> adsorption.
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Figure 4. (a) Low-pressure COz adsorption isotherms and (b) differential pore volume distributions.
4.3 Accessible and inaccessible nanopore characterization by SANS
Unlike MIP and LNA/LCA, SANS can probe both accessible and inaccessible pores in
shales (Anovitz and Cole, 2015; Anovitz and Cole, 2019; Bahadur et al., 2014; Clarkson et al.,
2013; Ruppert et al., 2013; Wang et al., 2018). Fig. 5a shows that the log of the scattering
intensity, I(Q), decreases with the increasing log of the scattering vector Q. Q and I(Q) can be

defined as (Glatter and Kratky, 1982):
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1@ = N(@p»)? [VE)f(r)P(Q,r)dr 2
where A is the neutron wavelength; 6 is the Bragg angle, which is the half of scattering angle; N
is the pore number density; (Ap*)? is the scattering contrast, which is equal to (p;k — p;)z, the
square of the difference between the scattering length density (SLD) of the matrix and that of the
pores (generally taken to be zero); V (r) is the spherical volume; f(r) is the pore size distribution;
r is the spherical pore radius; and P(Q,r) is the spherical form factor. The approximately linear
relationship between 1(Q) and Q or Q*I(Q) and Q indicates a fractal pore structure for the six
shale samples (Fig. 5). Here, the pore size can be estimated by Bragg’s law with Q asr = /Q
in radius or d = 2m/Q in diameter (Bragg, 1913). Sample WX>-54 has the highest I(Q) over the
entire Q range, which suggests that it has the highest total pore volume and surface area
(including open and closed pores) among the tested shale samples. Both samples WX>-8 and
WX>-33 have relatively lower I(Q)s at Q > 0.01 A-! than the other samples, indicating relatively
low pore volumes and surface areas in the mesopore range. The approximately linear relationship
between log(I1(Q)) and log(Q) or log(Q*I(Q)) and log(Q) indicates that the six shale samples
have a fractal pore structure (Fig. 5). The results of our previous study (Wang et al., 2018),
showed that samples QDi-L3, WX5-8, and WX>-33 exhibit surface fractal features with
dimensionalities of 2.78, 2.42, and 2.84, respectively. In contrast, mass fractal features were
found for samples QDi-L4, WX5-49, and WX>-54, with fractal dimensions of 2.89, 2.93, and

2.84, respectively.
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Figure 5. Background-subtracted scattering profiles in log-log plots: (a) I(Q) versus Q and (b) Q*I(Q) versus
Q.

We estimated the PSDs of the tested samples based by fitting of scattering intensity I1(Q)
as a function of Q using three methods: (1) the polydisperse spherical pore (PDSP) model in
PRINSAS (Hinde, 2004), as well as (2) the maximum entropy (MaxEnt) method (Ilavsky and
Jemian, 2009), and (3) the total non-negative least square (TNNLS) method in IRENA (Ilavsky
and Jemian, 2009). The assumption of spherical pore shape was used for each method. Note that,
pore morphology is really complicated in the shale matrix, which can be found in the SEM
images of the tested samples (Wang et al., 2018). Here, the spherical-shaped pore was used in

SANS data analysis because of simplicity. The background-subtracted scattering intensity is

F—(1+D)

shown in Eq. 2. Note that, f(r) = —5

YT defines the fractal pore size distribution in
PRINSAS, where D is the fractal dimension; 7, and 7;,,x are the lower and upper limits of pore
radius, respectively. However, f(r) does not have a predefined functional form in the MaxEnt
and TNNLS methods in IRENA. Values for 1,i, and 7,2 Were automatically determined during
fitting in PRINSAS, and the number of bins was set to be 30 for each decade of Q. In IRENA,

however, the upper and lower limits of pore diameter were artificially set at 1 nm and 600 nm,

and the total number of bins was set to 100.
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Figure 6. Comparison of PSDs estimated by different model fitting methods using scattering data for each
shale sample: (a) QDi-L3, (b) QDi-L4, (c) WX2-8, (d) WX>-33, (e) WX2-49, and (f) WX2-54.

The estimated PSDs based on three model fitting methods are shown for each shale in Fig.
6. The different methods generally agreed well. The MaxEnt and TNNLS results are similar to
each other, and the PDSP results are smoother and slightly higher than those from the other two
methods. The discrepancy may be because PDSP contains a fractal functional form for pore size
distributions, while MaxEnt and TNNLS do not have such an inherent constraint. The different
sizes and numbers of bins used for the different models may also have affected the results. In
addition, PDSP relates the pore size to the scattering vector as, d = 5/Q (Radlinski et al., 2000),
while MaxEnt and TNNLS use d = 2n/Q (Bragg, 1913), which is derived from Eq. 1 and
Bragg’s law. For samples QDi-L3 and WX>-49, the TNNLS results are noisier (higher entropy)
than the MaxEnt results, but this is weakly reversed for WX5-54. This could be caused by
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different error multipliers or the number of iterations used during the fitting, or may be inherent
in the methods. Results from both the MaxEnt and TNNLS methods showed a significant
decrease in pore number near the upper size limit for samples WX>-8 and WX>-33. This suggests
that the upper pore size limit used (600 nm) is greater than the real maximum pore size limit for

these two shales.
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Figure 7. Comparison of differential pore volume distributions from the PDSP method using scattering data
for the tested shale samples.

Fig. 7 shows a comparison of the estimated PSDs from the PDSP approach for the
different samples. The profiles show bi- or multi-modal features. Sample WX>-54 has the highest
dV/dW, while samples WX>-8 and WX>-33 have lower values, which is consistent with the
scattering profiles (Fig. 5) and the results from the fluid invasion methods (Figs. 2, 3, and 4). We
found that the PSD has a peak with position around 2 nm for each shale sample. The PSD results
differ from those from N> adsorption, which have no apparent 2 nm peak. This indicates either
the existence of a considerable percentage of inaccessible pores or a substantial degree of

heterogeneity at a pore size around 2 nm for the samples tested.
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We estimated the pore volumes and surface areas in the mesopore range (2-50 nm) from

the PSD results, and compared them with results from N> adsorption. These can be estimated as:

V= % [ F@V(Er)dr 3)

S = % [FMA@)dr )

where N is the pore number density; p is the sample density; V() is the spherical volume which
equals to 4/3mr3; A(r) is the spherical surface which equals to 47r2. As can be seen in Table 2,
the mesopore volumes estimated from the SANS data range between 0.26 and 3.42 ¢cm?/100g;
Mesopore surface areas range between 2.39 and 43.62 m?/g. These are significantly greater than
those obtained from N> adsorption, suggesting that the samples contain some percentage of
inaccessible pores. However, this “extra” scattering intensity could also arise from factors other
than inaccessible porosity such as heterogeneity in the chemical composition or density of the
shale matrix (Anovitz and Cole, 2015).
5. Discussion
5.1 Overall nanopore size distribution

A multi-scale PSD for each sample, including the micro-, meso- and macropore ranges, was
obtained by combining PSDs estimated from MIP, LNA, LCA, and SANS as shown in Fig. 8.
LCA and LNA access pore diameters ranging from 0.35 to 150 nm, SANS covers pore scales
from 1.7 to 500 nm, and MIP accesses pore diameters from 3 to 15,000 nm. To provide a direct
comparison, we have converted the PSD results of MIP, LCA, LNA, and SANS into unified
units of cm’g'nm!. In all of the samples analyzed, a significant portion of the nanopores fall into
a size range between 0.35 and 100 nm. The PSDs in this size range derived from the LCA and
SANS data agree well, except for those from samples WX>-33 and WX>-54 (Fig. 8d and f),

where the PSD estimated by SANS is higher than that from LCA. This indicates the presence of
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a poorly-connected micropore system in these two shales, leading to the presence of closed
porosity not detected by LCA. Similarly, the PSDs derived from SANS, LNA, and MIP appear
to be in reasonable agreement for most of the tested samples. However, there is an obvious
discrepancy between the SANS and MIP results at pore diameters in the 100-300 nm range for
samples QD1-L3, WX>-8, and WX>-33 (Fig. 8a, c, and d), where the PSD estimated by SANS is
greater than that from MIP. This difference may reflect the existence of inaccessible porosity
(Clarkson et al., 2013; Zhang et al., 2015), or the heterogeneity of shale rock matrix (Table 1).
Additionally, the PSD estimated from the SANS data was unexpectedly lower than that
measured by MIP for sample WX>-33 from 5 to 40 nm (Fig. 8d). One possible explanation for
this discrepancy is that compression of the shale sample at high mercury intrusion pressures may
have lead to alteration of the pore structure, a known drawback of MIP method (Clarkson and
Bustin, 1999; Rani et al., 2015). Since mercury can only be injected into accessible pores, there
may be more compression for samples with more inaccessible pores. Another possible reason
may be that the sample with higher calcite content (13.71% for WX2-33) may have higher
compressive effect. In addition, heterogeneity of rock matrix may play a role in the results

between MIP and SANS.

21



388

389
390

391

392

393

394

395

396

397

398

399

400

401

402

10° QD,-L3 10 QD,-L4 10" WX,-8

10-1 1 a O Hg intrusion -1 1 b 2 C
1 0-2 -O-c 0O, adsorption 5 1074 .
= 10° j O N, adsorption 10 ) 3 107 .h
{D 10] Q- SANS 10;1 10°] v
s s 1074 . mmsnsasw, . Closed Pores
E 107 = ...Closed Pores 1071 N
; 10°1 0@ 1074 . R,
g 107] % 10°1 107 4 %’o&%%
 10%] 107 1074
10” R - — — 10° 10° — ] — — ”
10 10 10 10’ 10 10 10 10° 10° 10

dv/dw (c1n3/g*111n)
=

Pore width (nm) Pore width (nm) Pore width (nm)

Figure 8. Overall pore size distribution from different techniques for (a) QD1-L3, (b) QD1-L4, (¢) WX2-8, (b)
WX>-33, (e) WX2-49, and (f) WX>-54.

5.2 Integration of pore volume and surface area in micro-/meso-/macropores

Based on the best performance window for each technique, MIP was used to quantify the
pore volume and SSA of macropores (> 50 nm), and LNA and LCA were applied to quantify the
pore volume and SSA of mesopores (2-50 nm) and micropores (< 2 nm) (Furmann et al., 2014;
Mastalerz et al., 2013). SANS was used to quantify the pore volume and SSA of both the
accessible and inaccessible mesopores up to 600 nm in this study. The results of the pore volume
and SSA measurements from the different techniques are shown in Table 2. The contributions of
micro-/meso-/macropores pore volumes and SSA to the overall pore volume and SSA from the
invasive methods are illustrated in Fig. 9. Not surprisingly, the micropore size range is the major
contributor to the total surface area, contributing between 64.90 and 75.98 % of the total for the
tested samples (Fig. 9b). The contribution of mesopores to the total surface area averaged

32.41 %, and the contribution of macropores is less than ~1 %. Thus, the total surface area for
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both Longmaxi and Niutitang shales are dominated by micro-/mesopores, which is in agreement
with previous studies (Tian et al., 2015; Wang et al., 2016).

In contrast, the micropore, mesopore and macropore volumes account for averages of 26.78,
32.28, and 40.94 % of the total pore volume, respectively (Fig. 9a). The average percentage of
pore volume thus increases with increasing pore size. For example, macropores make up a much
higher percentage of the total volume (~80 %) of sample WX>-8 than of the other shales.
Samples WX>-33 and WX>-54 have similar micro-/meso-/macropore percentages, where the
percentages of pore volume between micro-/mesopores are comparable for these two samples,
despite the total pore volume of the sample WX>-33 being four times smaller than that of the
sample WX>-54 (Table 2). Sample WX>-49 has about equal meso-/macropores pore volumes, a
smaller micropore volume percentage, a relatively large total pore volume (~3.08 cm?/100g).

Unlike the four Longamxi shale samples, however, the two samples from the Niutitang
formation, QD:-L3 and QD;:-L4, have a smaller volume percentage of macropores than micro-
/mesopores. A similar result was occasionally observed in a previous study (Tuo et al., 2016).
Such a pore structure suggests that, in these rocks, methane may be successfully stored in micro-
/mesopore networks, but it will be difficult to be transported out of the formation due to its
limited conductivity through the macropore network. This undeveloped macropore network may
explain why that there has been no commercialization of natural gas from the Niutitang
formation. On the other hand, previous studies have shown that the Niutitang shales developed
relatively fewer organic matter pores with smaller diameters and lower connectivity compared to
the Longmaxi shales (Wang et al., 2016; Zhao et al., 2016). The substantial differences in
organic matter pores between the two marine shale Formations may also influence gas

production.
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Figure 9. Comparison of (a) pore volume and (b) surface area contributions for micro-/meso-/macropores
from invasive methods.

5.3 Correlations of pore properties with adsorption capacity and shale compositions
Correlations between pore properties, methane adsorption, and TOC and clay contents are
shown in Fig. 10. There are reasonably strong correlations between micropore volume and SSA
estimated by CO: adsorption and TOC (Fig. 10b and e), indicating that organic matter is a
significant contributor to the shale micropore system. This is consistent with the results from
other gas-mature shales in previous studies (Furmann et al., 2016; Milliken et al., 2013; Pan et al.,
2015; Ross and Bustin, 2009; Yang et al., 2017). In contrast, there are negligible correlations
between macropore properties estimated by MIP and TOC content (Fig. 10b and e). There are
strong correlations between both mesopore volume and surface area estimated by SANS and
TOC (R? = 0.90 for pore volume and R?> = 0.92 for surface area), but relatively weaker
relationships between the mesopore volume and surface area estimated by N2 adsorption and
TOC (R? = 0.55 for pore volume and R? = 0.70 for surface area). These results suggest that
organic matter may have developed inaccessible mesopores within the shale matrix. This is
consistent with focused ion beam-/SEM study (Nie et al., 2018; Yang et al., 2016), which show

isolated pores forming in organic-filled regions.
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Figure 10. Correlations between methane adsorption amount and (a) pore volume and (d) surface area,
between TOC content and (b) pore volume and (e) surface area, and between clay content and (¢) pore volume
and (f) surface area.

FE-SEM images from our previous study (Wang et al., 2018) show that these samples
contain intraparticle pores (IntraP) in flocculated clay aggregates and interparticle pores (InterP)
between clay mineral layers. However, as shown in Fig. 10c and f, the pore volumes and surface
areas of micro-/meso-/macropores are almost independent of clay content, although there are
weak correlations between the clay content and the MIP-estimated macropore surface area, the
CO: adsorption-estimated micropore surface area, and the SANS-estimated mesopore
volume/surface area. Clay minerals typically contain nanoscale pore structure, while clay
mineral evolution may have a destructive effect on primary pores (Metwally and Chesnokov,
2012; Xiao et al., 2018). Thus, the lack of a correlation between the micro-, meso-, macropore
volumes and surface areas and clay content in our samples may imply that clay minerals could
play an essential role in the complexity of shale nanopore structure of Longmaxi and Niutitang

formations.
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As shown in Fig. 10a and d, methane adsorption capacity increases with increasing pore
volume and surface area of micro-/mesopores. A detailed estimation of methane adsorption
capacity was presented in our previous study (Wang et al., 2018), but these positive correlations
suggest that the micro-/mesopore structures are governing factors in methane storage in these
shale formations. As we have shown, to the extent that these six samples are representative, that
organic matter is a controlling factor in the development of micro-/mesopores, the organic matter
could also be an indicator of methane adsorption capacity in organic-rich marine shale gas
reservoirs (Wang et al., 2018).

5.4 Characterization of mesopore connectivity

The estimated fractions of accessible mesopore volume and surface area, based on the
SANS and LNA data, are shown in Fig. 11. Note that, the total pore volume and surface area of
mesopores estimated by SANS assumed spherical pore shape; the accessible mesopore volume
was estimated by BJH method, and the accessible mesopore surface area was approximately
calculated by the subtraction of the BET surface area from the surface area of micro-/macropores.

The fraction of accessible mesopore volume and surface area were estimated by:

|4
Fy = _BJH (3)
Vsans
SBET—SDA—SMIP
Fg =———"— (6)
SANS

where Fy and Fg are the fraction of accessible mesopore volume and surface area, respectively;
Vgju is the BJH mesopore volume from Nz adsorption; Vsas is the spherical mesopore volume
from SANS; Sgger is the BET surface area; Spp is the D-A micropore surface area from CO:
adsorption; Syyp is the macropore surface area from MIP; and Sgays is the spherical mesopore
surface area from SANS. From Fig. 11, sample WX>-54 has the smallest fractions of accessible
mesopore volume and surface area, although this sample has the highest total mesopore volume
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and surface area among the samples tested, and the fractions of accessible mesopore volume and
surface area are similar. The other shale samples, however, have different fractions of accessible
mesopore volume and surface area. In samples QDi-L3, WX5-8, and WX>-33 the fraction of
accessible mesopore volume is lower than that for surface area. In contrast, the accessible
mesopore volume fraction is higher than that of the surface area for QDi-L4 and WX>-49. These

differences do not depend on the shale formation from which the samples were obtained.

100

pore volume
| surface area
80 — ]
f‘o‘ 7 7
S 60 —
Q
80
8
= ] -
Q.) C—
S 404 |
=¥
20 g
!
0

T T T T T T 1
QDI-L3  QDI-L4 WX2-8 WX2-33 WX2-49 WX2-54

Figure 11. The fractions of accessible mesopore volume and surface area. The fraction of accessible mesopore
volume is estimated from SANS and LNA data (Eq. 5). The fraction of accessible mesopore surface area is
estimated from SANS, LNA, LCA, and MIP data (Eq. 6).

The relationships between the accessible mesopore volume and surface area and their
percentage accessibilities are shown in Fig. 12, and the correlations between accessibility and
adsorption capacity, TOC and clay contents are shown in Fig. 13. There is a negligible
correlation between the BJH-estimated accessible mesopore volume and its percentage
accessibility (Fig. 12a), and there are also no obvious correlations between accessibility and
methane adsorption capacity or TOC (Fig. 13a and b). These results indicate that the fraction of

accessible mesopore volume does not control the adsorption amount. However, percent
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accessibility decreases with increasing BET-estimated accessible mesopore surface area (Fig.
12b), methane adsorption capacity, and TOC content (Fig. 13d and e). The results are consistent
with the finding of our previous study (Wang et al., 2018), which suggested that high pore
accessibility reduces total adsorption capacity due to relatively low surface area and TOC values.

In the previous section, it was suggested that the inaccessible mesopores could be located, at
least in part, in the organic matter in the shale matrix. This is consistent with the strong negative
correlation between the fraction of accessible mesopore surface area and TOC content, as shown
in Fig. 13e. That is, the more TOC in the sample the smaller the fraction of the total mesopore
surface area that is accessible. Thus, the degree of interconnectivity is much more strongly
correlated with the surface area than the pore volume in the mesopore range. This suggests that
the fraction of accessible mesopore surface area could be an indicator of gas transport and
storage in organic mesopores. Samples with a higher fraction of mesopore surface area tend to
have a lower gas-storage capability but a higher transport capability in organic matter, vice versa.
In contrast, the correlations between the accessible fractions of both mesopore volume and
surface area and clay content are weak (Fig. 13c and f), suggesting that clay content has minimal
effect on the mesopore connectivity. Pores between clay packets may, therefore, be generally

part of the connected pore matrix.
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Figure 13. Correlations between methane adsorption capacity and the fractions of mesopore (a) volume and (d)
surface area, between TOC content and the fractions of mesopore (b) volume and (e) surface area, and between
clay content and the fractions of mesopore (¢) volume and (f) surface area for all shale samples.

6. Conclusions
The multi-scale nanopore structure and mesopore connectivity of organic-rich marine shales

from the Upper Yangtze Platform in China were investigated using a series of techniques
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including MIP, low-pressure No/CO> adsorption, and SANS. Based on the results of this
characterization, the following conclusions can be drawn:

(1) Based on the integration of MIP, low-pressure N2/CO> adsorption, and SANS techniques,
there are uni-, bi-, and multi-modal PSDs over a wide pore size range (0.35-15,000 nm)
for both Longmaxi and Niutitang shales, and a significant portion of nanopores in these
samples fall in a size range between 0.35 and 100 nm.

(2) From the results of fluid-invasion methods (MIP, low-pressure N2/CO> adsorption),
micro-scale pores are the major contributor to the total surface area for both Longmaxi
and Niutitang shales. Pore volume increases with increasing pore size for Longmaxi
shales, whereas Niutitang shales have more volume in the micropore and mesopore range
than in macropores.

(3) Organic matter is the primary contributor to the micropore system. Both micropores and
mesopores control the methane adsorption in the organic-rich shales.

(4) The fraction of accessible surface area of mesopores, estimated by comparing surface
areas in the mesopore range obtained by invasive methods to those obtained by SANS, is
an indicator of gas transport and storage in organic mesopores. Shale samples with higher
accessibility could have a higher capability for gas transport but lower gas storage
capacity, and vice versa.
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