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Although Lower Silurian black shales within and around the Sichuan Basin have received renewed
attention during the past few years because of their potential prospectivity for shale gas, studies asso-
ciated with shale gas reservoir evaluation are still rare. In this study, eight black shale core samples were
collected from a well drilled recently in the Chuandong Thrust Fold Belt, southwestern China, and their
geochemistry and pore structures were investigated using low pressure N adsorption analysis and field
emission scanning electron microscopy (FE-SEM) observations. The results show that the black shales
have total organic carbon (TOC) values ranging from 1.01% to 3.98% and their equivalent vitrinite
reflectance values are in the range of 2.84%—3.05%. Both mineral matrix and organic matter pores are
well developed with pore sizes ranging from several to several hundred nanometers. The total porosity
for the eight samples ranges from 2.60% to 4.74% and the percentages of organic matter pores are
estimated to be in the range of 31%—62%. The total surface area ranges from 5.06 m?/g to 19.32 m?/g and
the micropore (<2 nm) surface area estimated by the t-plot method ranges from 3.13 m?/g to 9.27 m?/g.
The TOC values have positive relationships with the total porosity, total surface area and the micropore
(<2 nm) volume and surface area, indicating TOC may be an effective parameter for shale gas reservoir
evaluation in the studied area.
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1. Introduction

Organic-rich shales (including mudrocks) have previously been
considered as source rocks and seals in a conventional petroleum
system for many years (Hunt, 1996). The commercial production of
shale gas and shale oil, however, has changed this idea and the
mudrocks have received renewed attention in recent years because
of their emergence as effective hydrocarbon reservoirs (Curtis,
2002; Montgomery et al., 2005; Jarvie et al., 2007; Pollastro,
2007; Loucks et al., 2009). A shale gas system is an unconven-
tional petroleum system in which the shale acts as both the source
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of, and the reservoir for, hydrocarbon gases that are derived from
the organic matter within the shales through biogenic and/or
thermogenic processes (Krooss et al., 1995; Hill et al., 2007; Strapo¢
et al., 2010). Shale gas is stored in one or more of three forms: (1)
free gas in pores and fractures, (2) adsorbed gas in organic matter
and on inorganic minerals, and (3) dissolved gas in oil and water
(Curtis, 2002; Zhang et al., 2012). The identification of porosity and
pore size distribution in gas shales has become a high research
priority as they are key parameters for the commercial evaluation
of a potential shale (Ross and Bustin, 2008, 2009; Loucks et al.,
2009). Compared with micrometer scale pores in sandstone and
carbonate reservoirs, the pores within shale gas reservoirs are
usually smaller than one micrometer in size. Especially the pores
hosted in organic grains have sizes in the range of several to several
hundreds of nanometers (Chalmers et al., 2009, 2012a, b; Loucks
et al.,, 2009; Nelson, 2009; Milliken et al., 2013). Thus Chalmers
et al. (2009) recommended that geoscientists working on shales
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use the pore size terminology of the International Union of Pure
and Applied Chemistry, with micropores having widths less than
2 nm, mesopores between 2 and 50 nm, and macropores greater
than 50 nm.

To elucidate the complex pore systems of shales, researchers
have utilized several measurement techniques to characterize the
porosity, specific surface area and pore size distribution. Typically
the total porosity of shale is calculated by the difference between
grain density and bulk density measured by He pycnometry and Hg
immersion, respectively (Chalmers et al., 2012a,b), while the sur-
face area and pore size distribution can be obtained by low pressure
N, and CO, gas adsorption, mercury injection capillary pressure
(MICP) (Chalmers and Bustin, 2007a,b; Ross and Bustin, 2009;
Mastalerz et al.,, 2012; Kuila and Prasad, 2013; Schmitt et al.,
2013) and small angle and ultra small angle neutron scattering
techniques (SANS/USANS) (Clarkson et al., 2012a; Mastalerz et al.,
2012). Field emission scanning electron microscopy/transmission
electron microscopy (FE-SEM/TEM) and focused ion beam scanning
electron microscopy (FIB-SEM) have also been successfully used to
observe the shapes, sizes and distributions of pores in shales
(Loucks et al., 2009; Bernard et al., 2012; Chalmers et al.,, 2012a;
Milliken et al., 2013).

Compared with the extensive investigations into shale gas res-
ervoirs in North America, similar studies in China have only
received attention in recent years (e.g. Wang et al., 2009; Zou et al.,
2010). In China three sets of marine shales have developed in
southern China, including the Lower Cambrian, Upper Ordovician
to Lower Silurian and Upper Permian shales (Zou et al., 2010).
Among them, the Lower Cambrian and Upper Ordovician to Lower
Silurian shales within and around Sichuan Basin are believed to be
the primary gas shale targets because of their widespread occur-
rence, high content of organic matter, favorable mineral composi-
tion and large thickness as indicated from analysis of many
outcrops and a few core samples (Wang et al., 2009; Zou et al,,
2010; Chen et al., 2011; Huang et al., 2012; Liang et al., 2012;
Long et al., 2012; Sun et al.,, 2012). In this study, eight black shale
core samples from the Lower Silurian Longmaxi Formation in the
Chuandong Thrust Fold Belt were preliminarily investigated for
pore characterization, including total porosity, surface area, pore
type and pore size distribution. These data could be used for the
further OGIP (original gas in place) evaluation of the Longmaxi
shales in this region.

2. Geological settings

The Sichuan Basin today is a remnant of the originally much
larger Upper Yangtze cratonic sedimentary basin, as part of which,
the Chuandong Thrust Fold Belt is resulted from the collisions since
Late Triassic times (Fig. 1; Zeng et al., 2012). The Lower Silurian
Longmaxi Formation has been recognized as an effective source
rock within and around the Sichuan Basin (Zou et al., 2010; Zeng
et al.,, 2012). The Longmaxi Formation consists of a lower section
of black shales and silty shales in which graptolite fossils are
abundant (Liang et al., 2012). Its middle and upper sections are
dominated by greyish-green shales and sandy shales (Fig. 2), indi-
cating variation of depositional environment from deep shelf to
shallow shelf (Liang et al., 2012). The thickness of the black shales
varies from several tens of meters to more than one hundred me-
ters with depositional centers in the southern and eastern parts of
the Sichuan Basin as well as the Chuandong Thrust Fold Belt, but
they are absent in the western-central part of the Sichuan Basin
(Fig. 1). The total organic carbon contents of the black shales are
lower in the southwestern areas of the Sichuan Basin, ranging from
0.5% to 1.0%, but are higher in the eastern part of the basin and in
the Chuandong Thrust Fold Belt, ranging from 1.0% to 4.0% (Fig. 1).
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Figure 1. Contour map and TOC distribution of the Lower Silurian Longmaxi Fm black
shales within and around the Sichuan Basin (simplified from Zeng et al., 2012). Note
that both the Sichuan Basin today and the Chuandong Thrust Fold Belt are parts of
originally much larger Upper Yangtze cratonic sedimentary basin (Zeng et al., 2012).

Kerogen types of the organic matter in the black shales of the
Longmaxi Formation are dominated by Types I and II with equiv-
alent vitrinite reflectance values in the range of 2.0%—3.0%, indi-
cating their promising prospectivity for shale gas (Zou et al., 2010).
Exploration activities within and around the Sichuan Basin have
been initiated by many companies, including Petrochina, Chevron,
Shell, EOG Resources, Newfield Exploration, and ConocoPhillips (U.
S. Energy Information Administration (EIA), 2011). Recently, Sino-
pec has also entered this area and has drilled several wells in the
Chuandong Thrust Fold Belt (Fig. 1), with encouraging gas shows in
the Longmaxi black shales encountered for some of the wells,
indicating promising potential of shale gas in this region (Ma et al.,
2012).

3. Samples and methods
3.1. Samples

One of the wells designed for the evaluation of the Longmaxi
Formation shales was drilled recently in the Pengshui County in the
Chuandong Thrust Fold Belt (Fig. 1). Eight core samples of the shales
were collected from the well in the interval 2122—2150 m (Table 1).
The shale samples are black in color with visible graptolite fossils,
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Figure 2. Generalized lithological variations of the Lower Silurian Longmaxi Fm in the
Chuandong Thrust Fold Belt (Liang et al., 2012). The samples used in this study located
within the interval of 20—50 m.

Table 1
TOC, pyrobitumen bitumen reflectance and mineralogical composition.

indicating they were deposited in an anoxic to suboxic

environment.

3.2. Organic geochemistry and petrology

The total organic carbon (TOC) was measured by LECO CS-200
analyzer after the samples were treated by hydrochloric acid to
remove the carbonates.

Due to the lack of vitrinite in the sampled shales, pyrobitumen
reflectance measurements were carried out on polished blocks
under reflected light using a 3Y microphotometric system. The
percent random reflectance was measured in oil immersion
(n = 1.518) at 546 nm using a 50 x /0.85 objective lens. The pyro-
bitumen reflectance (BRr) was then converted to equivalent vitri-
nite reflectance (VRr) using the equation of Schoenherr et al.
(2007), i.e., VRr = (BRr + 0.2443)/1.0495.

X-ray diffraction (XRD) analysis of shale powders was carried
out on a Bruker D8 Advance x-ray diffractometers at 40 kV and
30 mA with a Cu Ka radiation (A = 1.5406 for CuKa1). Stepwise
scanning measurements were performed at a rate of 4°/min in the
range of 3°—85° (20). The relative mineral percentages were esti-
mated semi-quantitatively using the area under the curve for the
major peaks of each mineral with correction for Lorentz Polariza-
tion (Chalmers and Bustin, 2008).

3.3. Determination of total porosity

As illustrated by Chalmers et al. (2012a), the total porosity of
shales can be determined by bulk density (ppuk) coupled with
skeletal density (pskeletal)- Samples (40—50 g) crushed between 20
and 40 mesh sizes (830 and 380 um) and dried at 110 °C were used
in determining the skeletal density by helium pycnometry at a
pressure of less than 25 psia. For the bulk density, the samples were
first weighted in the air (Mg;fmple ), then they were sealed by paraffin
with known density (pparafin) and weighted again in the air
( saalll;npleerarafﬁn) and water (M;/g;g%lieJr parafﬁn)' respectively. The
density of water (pwater) Was measured to be 0.9975 cm3/g at room
temperature. Thus the mixed volume of sample and paraffin

(Vsample + paraffin) Was determined by Equation (1):

_ water

air
M sample-+paraffin (1 )

sample-+paraffin

Vsample+parafﬁn = Pwat
water

The bulk volume and density of samples (Vsample and ppuix) was
respectively determined by Equations (2) and (3):

air _ Mair
sample-+paraffin sample (2)

Vsample = Vsample+parafﬁn -
Pparaffin

Samples Depth (m) TOC (%) Pyrobitumen Relative percent (%)
reflectance (%) Quartz Feldspar Carbonate Total clays® Illite Montmorillonite Chlorite Pyrite

Samplel 21225 1.42 nd® 22.7 293 2.8 45.1 20.1 8.2 16.8 nd
Sample2 2126.8 1.01 nd 24.9 17.6 103 449 28.0 9.0 79 22
Sample3 2131.3 1.56 2.77 21.6 273 3.6 443 20.5 10.1 13.7 32
Sample4 2134.5 1.30 2.83 28.7 16.0 10.0 441 20.5 10.8 12.8 1.2
Sample5 2136.8 2.62 2.74 27.0 17.4 133 38.5 194 9.6 9.5 3.9
Sample6 2140.8 3.47 nd 293 8.0 10.2 52.5 26.2 169 9.4 nd
Sample7 2144.8 341 2.96 30.5 10.2 6.30 49.2 20.8 18.8 9.6 3.8
Sample8 2149.7 3.98 2.84 30.1 10.6 52 52.5 33.0 17.4 2.1 1.5

2 Total clays = illite + montmorillonite + chlorite.
b No data.
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Then the total porosity was calculated from the difference be-
tween the bulk and skeletal densities using Equation (4):

_ M) (4)

Pskeletal

¢ = 100><(1

3.4. Low pressure nitrogen gas adsorption

Low pressure nitrogen adsorption isotherms were obtained at
—195.8 °C on an accelerated surface area and porosimetry system
(ASAP 2020M, Micromeritics Instruments). The samples were
crushed into grains of 60—80 mesh size (250—180 um), dried in
oven at 110 °C overnight and degassed under high vacuum
(<10 mmHg) for 12 h at 110 °C in the apparatus. The saturation
vapor pressure (po) of Ny at —195.8 °C was determined every
120 min during the experiment using a nitrogen vapor pressure
thermometer. The relative pressure (p/p,) ranges from 0.011 to
0.995 and an equilibration time of 10 s was applied during the
analysis. Both adsorption and desorption isotherms were measured
to investigate the hysteresis types. The isotherm obtained from Ny
adsorption, when applied over a wide range of relative pressures
(p/po), can provide information on the surface area, pore volume
and pore size distribution (Kuila and Prasad, 2013).

The calculation of specific surface areas (Sggr) were based on the
BET equation in its linearised from,

p/Po _ 1
Vags(1 =p/Po)  Vim-Caer

Cger—1_p

Vin-Ceer o (%)
with p/p, the relative pressure; V,qs the adsorbed volume; Vi, the
monolayer volume and the constant Cggr. To reduce any subjectivity
in the assessment of the fitting range of the BET plot and give an
objective way of determining the fitting range of the BET plot rather
than using the same relative pressure range for all materials,
Rouquerol et al. (2007) suggested some criteria for the selection of
relative pressure range, including (1) the resulting parameter Cggr is
positive; (2) the intercept on the ordinate of the BET-plot is positive
and (3) the term Vaqs(po — p) should continuously increase with p/po,
if not, the pressure rang should be narrowed. Then Sggr with unit of
m?/g was calculated using the following equation (Sing et al., 1985):

0.001 x Vi

54 X N x Ay, (6)

SBeT =

with Vi, the monolayer volume in cm?/g; N the Avogadro’ number;
Ay, the atomic surface area of N, (0.162 nm? at 77 K).

The micropore surface area and volume were estimated using
the t-plot method based on the N, adsorption (de Boer et al., 1963;
Webb and Orr, 1997; Hodson, 1999; Scherdel et al., 2010). In t-plots,
the adsorbed N, volume (V,qs) is plotted against the statistical
thickness (t) of the adsorbed layer of N, adsorption. If the plot
yields a straight line that passes through the origin, then the sample
is considered to be free of micropores. On the contrary, the t-plot of
the material containing micropores shows a straight line at me-
dium t values and a concave—down curve at lower t values. At
higher t values, convex-up deviation from the linear trend indicates
capillary condensation in mesopores. Thus the slope (k) and
intercept (b) of the regressed straight line gives the external surface
area (Sext, including the surface area from mesopores, macropores
and other external surface area) and the micropore volume (Vpic),
respectively (de Boer et al., 1963). When the V,qs is in unit of cm?®/g
and t is in unit of angstrom, Sex in unit of m?/g is given by:

Sext = 15.47 x k (7)
and Vpic in em?®/g is given by

Vinic = 0.001547 x b (8)

Thus the surface area of micropores (Smic) can be estimated by
subtracting the external surface area (Sext) calculated by the t-plot
method from the total surface area (Sggr) obtained by the BET
equation (Rouquerol et al., 2007; Webb and Orr, 1997; Hodson,
1999; Scherdel et al., 2010; Kuila and Prasad, 2013).

The most frequently used ‘universal thickness curve’ is based on
the Harkins—Jura model for N; adsorption (de Boer et al., 1963):

B 13.99 12
0.034 — log(p/po)
Considering the shale samples contain organic matter, the Car-

bon Black model (Magee, 1995) is also used to calculate the sta-
tistical thickness (t):

t 9)

t = 0.88 x (p/po)* + 6.45 x (p/po) + 2.98 (10)

Where, p/p, is the relative pressure and the unit of ¢t is angstrom.
The pore size distribution was calculated using the BJH model
that describes the capillary condensation phenomenon in a cylin-
drical pore (Barret et al., 1951). It is assumed that the condensation
of N, in a pore of radius r takes place in the ‘core’ region, i.e., the
inner part of the pore that is calculated by subtracting the statistical
thickness (t) from the pore radius r. Using this model, it is predicted
that the condensation of nitrogen in a pore of radius r occurs at a
pressure given by the following modified Kelvin equation:

In(p/po) = ‘71%%[%0 (11)

Where, p/p, is the relative pressure, yN and V; are the surface
tension and molar volume of liquid nitrogen, respectively; R is the
gas constant, T is the temperature at which the isotherm is
measured and « is a factor that accounts for the shape of the gas/
liquid interface. During the adsorption process, the shape is
assumed to be cylindrical and the value of « is 1 (Coasne et al.,
2004). The statistical thickness (t) was calculated by the Harkins—
Jura model for N, adsorption (de Boer et al., 1963).

3.5. FE-SEM observation

The FE-SEM imaging of nanopores was performed on the sur-
faces prepared by Ar ion milling (IM4000, Hitachi High-Tech) using
an accelerating voltage of 3 kV and a milling time of 4 h. Secondary
electron (SE) images for documenting topographic variation and
BSE images for delineating compositional variation were acquired
on both the Hitachi S4800 and the FEI Helios NanoLab™ 600 sys-
tems. These images provided important qualitative information on
general locations of pores throughout the sample (Loucks et al.,
2009). Lower accelerating voltages (1-5 kV) with working dis-
tances of 1.5—8 mm were typically used on these systems to pre-
vent beam damage of the samples.

4. Results and discussions
4.1. Organic geochemistry and petrology
The total organic carbon contents (TOC) for the eight core shale

samples range from 1.01% to 3.98% (Table 1). The organic fraction is
dominated by maceral assemblages of micrinite, interpreted as the
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residual organic matter after oil generation and expulsion (Stach
et al., 1982; Ross and Bustin, 2009), and pyrobitumen formed by
the cracking of retained oil in shales (Pepper and Dodd, 1995;
Bernard et al, 2012; Mahlstedt and Horsfield, 2012). The
measured pyrobitumen reflectance values range between 2.74%
and 2.96% (Table 1) and the equivalent vitrinite reflectances using
the equation of Schoenherr et al. (2007) are in the range of 2.84—
3.05%, within the dry gas generation window. The mineralogical
compositions of the eight black shale samples are listed in Table 1
and summarized in a tertiary diagram (Fig. 3). All the samples are
clay rich, ranging from 38% to 53%, and no apparent trend between
TOC values and the total clay contents was observed. The carbonate
contents vary from 2.8% to 13.3%, whereas the feldspar contents
range from 8.0% to 29.3%. The quartz contents vary from 21.6% to
30.5% and show a weak positive relationship with TOC (Fig. 4). As
illustrated by Chalmers et al. (2012b), the positive relationship
between quartz and TOC contents is due to the biogenic origins of
quartz. Compared with the Devonian gas shales in Horn River Basin,
Canada (Chalmers et al., 2012b), our samples contain less quartz of
biogenic origins.

4.2. Pore types and total porosity

Loucks et al. (2012) presented a comprehensive investigation
into the pores within gas shales and grouped them to three types:
(1) mineral matrix pores between or within mineral particles; (2)
pores within organic matter and (3) fracture pores that are not
controlled by individual particles. Two samples were selected for
FE-SEM imaging based on their TOC contents. Figure 4 presents FE-
SEM images of pores in Sample 4, which has a lower organic matter
content (TOC = 1.3%), to illustrate the pore types. The mineral
matrix pores are mainly developed between and within clay min-
erals and pyrite framboids (Fig. 5a, b). The cracks were also
observed (Fig. 5a) and are possibly caused by shrinking of clay
minerals and/or decompression effect after the retrieval from
subsurface (Chalmers et al., 2012a). The organic matter hosted
pores are developed with pore size ranging from several nanome-
ters to more than one hundred nanometers (Fig. 5¢, d). These pores
may be connected by narrow throats in the 2D image (Fig. 5d),
though 3D images are more helpful to confirm this connection. The
FE-SEM images of organic matter pores from Sample 8 with a
higher organic matter content (TOC = 3.98%) are also presented in
Figure 6. Similar to Sample 4, the organic matter pores in Sample 8
are developed in various shapes and sizes, illustrating that the
organic-matter pores in studied samples are similarly developed

Clays
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‘ ‘ z+Fel r
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Figure 3. Ternary diagram of the mineralogical compositions of the black shales from
the Longmaxi Formation based on the normalized data from Table 1.
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Figure 4. The interrelationship between TOC content and quartz content. The weakly
positive relationship indicates the quartz of biogenic origin is minor for our samples.
The reference data are from Devonian gas shales in the Horn River Basin, northeastern
British Columbia, Canada (Chalmers et al., 2012b).

because of their similarities in both organic matter type and ther-
mal maturity level.

Although FE-SEM imaging can provide many qualitative infor-
mation on the pore types in shales (Loucks et al., 2009; Curtis et al.,
2012; Milliken et al., 2013), the total porosity is usually calculated
by the difference between the bulk and grain densities (Chalmers
et al.,, 2012a). The total porosity of the eight samples ranges be-
tween 2.60% and 4.74% (Table 2) and these values are within the
porosity range of the North American shales (Bruner and Smosna,
2011; Chalmers et al., 2012a,b; Hao and Zou, 2013). Except for
Sample 4, there is a positive relationship between the total porosity
and TOC, with a regressed slope and intercept of 0.719 and 1.783,
respectively (Fig. 7a). When the regression line is extrapolated to
TOC = 0, a porosity of 1.783% is obtained. We then assume that this
value is the total porosity contributed by inorganic pores because
the TOC is zero. Of course, the validity of this assumption depends
on the dataset and the more data, the more accurate. Thus the pores
contributed by the organic matter are estimated in the range of
31.3%—62.6% of the total porosity (Fig. 7b). The significant contri-
bution (over 75%; Loucks et al., 2012) of organic matter pores in gas
shales was also reported from the Mississippian Barnett shale of the
Fort Worth Basin, Texas, which has a nanopore size ranging from
several to several hundreds of nanometers (Loucks et al., 2009,
2012; Chalmers et al., 2012a; Milliken et al., 2013). Sample 4 has
a total porosity of up to 4.71%, but its TOC value is only 1.3%, indi-
cating there are more mineral matrix pores than other samples.
However, Sample 4 is also beyond the normal trends in the plot of
total porosity vs. total clays (Fig. 7c), indicating there are other fac-
tors that contribute to the porosity. Although we can not provide
definite reasons on this abnormity due to our limited dataset, we
assume that it is probably the pyrite that contributes to this addi-
tional porosity. We also noted that the pyrite content of Sample 4 is
not the largest among the samples. However, the porosity from
pyrite is mainly related to the pyrite framboids (Loucks et al., 2009).
Therefore detailed investigations on the shapes and structures of
pyrite should be carried out in the future.

4.3. Isotherms of N, adsorption and desorption

The isotherms of adsorption and desorption of N at liquid ni-
trogen temperature (—195.8 °C) are presented in Figure 8. The
adsorption amount at p/p, around 0.995 varies from 9.2 cm?/g to
17.0 cm®/g for different samples, and shows a positive relationship
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Figure 5. Field emission scanning electron microscope (FE-SEM) images of a black shale from the Longmaxi Formation (TOC = 1.30%, Sample 4) showing the mineral matrix pores
and cracks (a, b) and organic matter pores (c, d). OM = organic matter.

Figure 6. Field emission scanning electron microscope (FE-SEM) images of the organic-matter pores in Sample 8 of the Longmaxi Fm black shales (TOC = 3.98%). OM = organic
matter.
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Table 2

Grain density, bulk density, total porosity, total surface area, and the external surface area and micropore volume based on t-plot method (see details in Method section).

Samples Depth  Grain density Bulk density Total SBET t-plot method?®
3 3 P, 2
(m) (cm®/g) (cm®/g) porosity (%) (m~g) Harkins—Jura model (de Boer et al., 1963) Carbon Black model (Magee, 1995)
Sext (m2/g) Smic (mZ/g) Vinic (m3/100 8)  Sext (mZ/g) Smic (mZ/g) Vmic (1’1’13/] 00g)

Samplel 21225 2.6571 2.5762 3.04 9.31 4.36 4.95 0.224 5.04 4.27 0.183
Sample2 2126.8 2.6739 2.6001 2.76 506 3.01 2.05 0.088 3.13 1.93 0.082
Sample3 21313 2.6486 2.5798 2.60 786  3.97 3.89 0.175 4.46 3.40 0.145
Sample4 21345 2.7884 2.6570 4.71 6.11 3.54 2.57 0.110 3.66 2.45 0.105
Sample5 2136.8 2.6390 2.5562 3.14 1294 275 10.19 0433 3.22 9.72 0.405
Sample6 2140.8 2.6289 2.5037 4,76 16.51 6.54 9.97 0.448 7.76 8.75 0.374
Sample7 2144.8 2.6094 2.5047 4.01 15.91 6.74 9.17 0.467 7.94 7.97 0.393
Sample8 2149.7 2.5951 24721 4.74 1932 781 11.51 0.519 9.27 10.05 0.429

2 The t-plot method uses two models. Sex¢ for surface area of pores other than micropores; Sp;c for surface area of micropores; Vi, for micropore volume.

with TOC. All the isotherms show a hysteresis pattern but do not
show a plateau at high p/p, like the Type IV isotherm (Sing et al.,
1985). Such an isotherm shape indicates that the material con-
tains both mesopores and macropores (Sing et al., 1985). All the
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Figure 7. Plots showing the relationships between the total porosity and TOC (a), the
percentages of organic-matter pores and TOC (b) and the total porosity and total clays
(c) for the shale samples investigated. The porosity contributed by inorganic pores is
assumed to be 1.783% by extrapolating TOC value to zero and the porosity of organic-
matter pores is calculated by subtracting 1.783% from the total porosity.

isotherms exhibit adsorption at low relative pressure (p/p, < 0.01),
indicating the presence of micropores. The isotherms also show the
‘forced closure’ of the desorption branch at p/p, = 0.45, which is
referred to as the ‘Tensile Strength Effect’ and is a result of insta-
bility of the hemispherical meniscus during desorption in pores
with critical diameters approximately 4 nm (Groen et al., 2003).

A close examination of the hysteresis loops for the eight samples
reveals that they are Type H3, which is usually associated with
aggregates of plate-like particles giving rise to slit-shaped pores
(Sing et al., 1985). Nevertheless, for natural materials, such as seal or
shale rocks, this interpretation has to be considered with caution
since it is subject to error (Schmitt et al., 2013). Such a caution was
also echoed by Clarkson et al. (2012a) who studied similar tight gas
sandstones using USANS/SANS and gas adsorption analysis, and
found that the assumption of slit-shape pores inferred from hys-
teresis loop shape was not consistent with the SANS scattering
results.

4.4. Specific surface area

The specific surface areas calculated from the adsorption iso-
therms using the BET equation and t-plot method are presented in
Table 2. As mentioned previously, the BET method provides the
total specific surface area (Sggr) while the t-plot method typically
provides the external specific surface area (Sext; including meso-
pores, macropores and other external specific surface area).
Therefore the differences in these values can be correlated to the
surface area associated with the micropores (Kuila and Prasad,
2013). The total specific surface area (Sger) for the eight samples
ranges from 5.06 m?/g to 19.32 m?/g and has a positive relationship
with TOC (Fig. 9a). This relationship was also previously observed
for many gas shale in North American basins (Chalmers and Bustin,
2008; Ross and Bustin, 2009). With the Harkins—Jura model (de
Boer et al., 1963), the external surface area (Sext) and micropore
surface area (Smjc) ranges from 3.01 m?/g to 7.81 m?/g and from
2.05 m?/g to 11.51 m?/g, respectively. When the Carbon Black model
(Magee, 1995) was adopted, these surface areas are a little
different, with Sex; ranging from 3.13 m?/g to 9.27 m?/g and Smic
from 1.93 m?/g to 10.05 m?/g. Similar to the Devonian—Mississip-
pian Muskwa and Besa River shales from northern British
Columbia, western Canada (Ross and Bustin, 2009), the micropore
surface areas (Spc) derived by t-plot method show a positive cor-
relation with TOC (Fig. 9b). Note that the Sex¢ also show positive
correlation with TOC except for the Sample 5 (TOC = 2.62%)
(Fig. 9c), but this abnormal point disappears in the plot of Sex; vs.
total clays (Fig. 9d), which might indicate that it is the low total
clays content (38.5%) that results in the low surface areas of meso-
and macro-size pores (e.g. Sext). Of course, this interpretation needs
to be further confirmed by more samples.
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Figure 8. Nitrogen gas adsorption and desorption isotherms for the eight core shale samples at liquid nitrogen gas temperature (—195.8 °C).

4.5. Pore size distribution (PSD)

4.5.1. Plots used for presenting PSD

The distribution of pore volume with respect to pore size can be
displayed as cumulative, incremental or differential distribution
curves (Meyer and Klobes, 1999; Chalmers et al., 2012a; Clarkson
et al., 2012a,b,c; Mastalerz et al., 2012; Kuila and Prasad, 2013).
The cumulative curve is a plot of V (pore volume) vs. W (pore width)
from which a differential distribution may be obtained by differ-
entiation. A plot of the derivative of pore volume with respect to

pore diameter, i.e., dV/dW versus W, is referred to as the differential
distribution plot and the pore volume in any pore width range is
given by the area under the curve. When the W-axis is logarith-
mically compressed, the plot of dV/dlog(W) versus W is frequently
used to display the pore size distribution (Clarkson et al., 2012b,c;
Kuila and Prasad, 2013), and more conveniently used to compare
the relative pore volumes between any pore size range than the
plot of dV/dW versus W because the “visual area” under the curve of
dV/dlog(W) is proportional to the real volumes (Fig. 10a). For the
evaluation of pore concentrations in any pore size, the plot of dV/
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dW versus W (Fig. 10b), however, is better than the plot of dV/
dlog(W) versus W, and the latter will amplify the concentrations of
larger pores because dV/dlog(W) = 2.303 x dV/dW x W (Meyer and
Klobes, 1999; Clarkson et al., 2012c).

4.5.2. Adsorption vs. desorption branch of isotherms

For the calculation of pore size distribution, the application of
the BJH model to the desorption branch of the isotherm that is
characterized by a hysteresis loop of type H2 or H3 (Sing et al,,
1985) is often much more affected by pore network effects than
the adsorption branch. The BJH model will give a completely
different result compared to that obtained from the adsorption
branch, where the TSE phenomenon is absent (Groen et al., 2003).
Figure 11 compares the pore size distributions derived from the
adsorption and desorption branch of isotherm for Sample 5. It is
clear that the PSD derived from the desorption branch of the
isotherm shows a strong artificial pores peak at approximately
4 nm while the selection of the adsorption branch for pore size

0.08 = -
—e—adsorption
—=—desorption

..,Q‘J 0.06

£

<

£ 004

o0

2

3

>

© 0.02

Average pore width, W(nm)

Figure 11. A comparison of BJH pore size distributions derived from the N, adsorption
and desorption branch of isotherm for Sample 5 to show the artificial peak around
4 nm for desorption branch.
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calculations indicates the absence of the well-defined distribution
of 4 nm pores, and shows a much broader distribution. Thus when
the experimental isotherm shows signs of pore network effects, the
adsorption branch is highly preferred for pore size calculations and
is hardly affected by the TSE phenomenon (Groen et al., 2003).
Since our samples are characterized by an H3 hysteresis loop
(Fig. 6), their BJH derived PSDs were calculated using the adsorp-
tion branch of isotherm.
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Figure 12. Pore volume distribution with pore size derived from the N, adsorption
branch for the isotherms of eight core shale samples using BJH model (a, b) and DFT

model (c).

4.5.3. Comparison of PSDs for eight samples

As illustrated in Figure 12, the plot of dV/dW versus W shows the
peak pores have a size of less than 10 nm and the concentrations of
pores decrease with the increasing of pore size (Fig. 12a), but the
plot of dV/d(logW) versus W clearly reveals that it is the larger pores
that contribute significantly to the total pore volume (Fig. 12b). This
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and DFT model (c).
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is because one large pore can have a volume equal to many small
pores. Similar to the PSDs from the BJH model that typically deals
with the cylindrical pores, the PSDs calculated by the DFT model
developed for carbons with slit-like pores (Dombrowski et al.,
2000) also show similar results although the absolute pore vol-
ume is somewhat different (Fig. 12c). For the distributions of spe-
cific surface area with respect to pore size, the results are presented
in Figure 13. While the pore volumes are mainly associated with
larger pores (Fig. 12), the specific surface areas are predominantly
controlled by smaller pores. Based on the BJH- derived PSDs and the
t-plot derived micropore volume and surface areas (Table 2),
Figure 14 compares the relative contributions of micropores, mes-
opores and macropores to the total pore volume and surface area
and also reveals that most of the pore volumes are contributed by
macropores and mesopores (Fig. 14a), but the surface areas are
mainly controlled by micropores and mesopores (Fig. 14b). These
observations are consistent with the results for many gas shales in
North American basins (Chalmers and Bustin, 2007a,b; Chalmers
and Bustin, 2008; Ross and Bustin, 2009). Not that the abnor-
mally low percentage of the mesopores and macropores for Sample
5 with TOC = 2.62% in Figure 14b is probably related to its low
contents of total clays (38.5%) because the clays usually provide
many mesopore and/or macropore. Meanwhile more fine meso-
pores (i.e., 2—10 nm) were observed in both the pore volume and
specific surface area distributions for Samples 6, 7 and 8 that have
higher TOC values than other samples (Figs. 12 and 13), implying
that the fine mesopores are more easily developed in organic
matter grains than in mineral matrix in the samples analysed.
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Figure 14. Plots showing relative contributions of micropores, mesopores and mac-
ropores to the total pore volume (a) and total surface area (b) based on the results of t-
plot method (for micropores) and BJH derived PSD (for meso- and macro-size pores).
Note that the abnormally low percentages of meso- and macro-size pore surface areas
(e.g. Sext) for Sample 5 with TOC = 2.62% is probably related to its low contents of total
clays (See details in Fig. 9d).

5. Conclusions

The pore characteristics of eight black shale samples collected
from the Lower Silurian Longmaxi Formation in the Chuandong
Thrust Fold Belt were investigated using low pressure N, adsorp-
tion and FE-SEM observation, with the following preliminary
conclusions:

(1) The black shales have moderate contents of organic matter and
very high thermal maturities. Their TOC values range from
1.01% to 3.98% and equivalent vitrinite reflectance values are
within the range of 2.84%—3.05%. Note that more samples are
needed in the future to fully understand the whole set of Lower
Silurian Longmaxi black shales.

(2) Similar with shales in North American basins (e.g. Chalmers
et al., 2012a,b), both mineral matrix pores and organic matter
pores are well developed in the black shales with pore sizes
ranging from several to several hundred nanometers. Their
total porosity ranges from 2.60% to 4.74% with organic-matter
pores in the range of 31%—62% due to their variances in total
organic matter contents. The shales have total surface areas
(Sger) ranging from 5.06 m?/g to 19.32 m?/g and micropore
surface areas from 3.13 m?/g to 9.27 m?/g.

(3) Both the BJH- and DFT-derived PSDs illustrate that the pore
volumes are mainly controlled by larger pores, but the specific
surface areas are mainly determined by smaller pores. The total
porosity and total surface area, along with the micropore vol-
umes and surface areas derived from t-plot method, have
positive relationships with the TOC values, which has been
previously shown for many gas shales in North American ba-
sins (e.g. Chalmers and Bustin, 2008; Ross and Bustin, 2009).
This suggests that TOC could act as an important parameter for
shale gas reservoir evaluation in the studied area.
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