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Permian organic-rich shales occur throughout the Lower Yangtze region in Eastern China and are potentially a
future target for shale gas exploration. Due to the lack of data, the gas potential of these Permian shales is
difficult to evaluate. In this study, a total of 22 Permian shale samples were collected from two wells and their
geochemical and rock property (porosity) characteristics were investigated. The results show that the samples
have a total organic carbon (TOC) content of 0.6-17.4 wt.% derived from mainly gas-prone kerogen with a
vitrinite reflectance (R,) value ranging from 2.3 to 2.7%. Total porosity of the samples ranges between 1 and

i?;ﬁggin isotherm 5.5%. The micropore and mesopore surface areas range between 5.41-35.69 m?/g and 3.59-11.23 m%/g,
BET respectively. Micropore and mesopore volumes range between 0.22-1.44 cm>/100 g and 0.67-1.76 cm>/100 g,
Porosity respectively. Total porosity and pore structure data of these samples show a correlation with TOC. For samples
TOC with TOC < 12 wt.%, their total porosity has a positive correlation with TOC, while for samples with

Permian shale
Lower Yangtze region

TOC > 12 wt.%, negative correlation relationships were observed. TOC content strongly impacts gas storage
capacity of the Permian shales in the Lower Yangtze region, and the preliminary results of the present study

have important implications for the shale gas play evaluation in this area.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Paleozoic shales are distributed extensively in Southern China and
have attracted much attention for shale gas exploration. Of these, the
marine deposits of the Lower Cambrian and Lower Silurian in and
around the Sichuan Basin were the focus of investigations in recent
years (Hao and Zou, 2013; Huang et al., 2012a,b; Tian et al., 2013;
Wang et al., 2009; Zhang et al., 2008, 2011; Zou et al,, 2010) and as a
result, commercial shale gas production is taking place in one block of
the Fuling area (Guo and Zhang, 2014; MLRC, 2014; Zou et al., 2010).

The interest in these Permian shales in this area as economic shale
gas exploration and development targets is particularly high due to
the large regional extent, shallow burial (generally 2000-4000 m
compared to 4000-6000 m deep burial of the Lower Paleozoic shales)
allies their organic richness and their large thickness (100-600 m)
(Guo et al., 1998; Ma et al., 2004; Pan et al.,, 2011; Wu et al., 2013; Xu,
2013; D.W. Zhang et al., 2012; Zhou et al., 2012). According to the
study by D.W. Zhang et al. (2012), the gas resources of the Permian
shales in the Lower Yangtze region are estimated to be 1.55 x 10'> m?
(~54 tcf) and thus represent an enormous potential for hydrocarbon
exploration and development.
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The shales were deposited in a marine-terrestrial transitional
environment (Ding et al., 1987; Liang et al., 2009) and are mostly gas-
prone in contrast to the oil-prone marine shales of the Lower Paleozoic
(Chen et al., 2013; Liang et al., 2009; Xu et al., 2011). The thermal matu-
rity of the Permian shales varies, but is mostly in the dry gas window
with vitrinite reflectance (R,) of 1.5-2.5% (Pan et al., 2011; Wu et al.,
2013) and up to >3% where greater heat flow (magmatic influence) is
present (Ma et al., 2004; Wu et al., 2002). Previous studies on the shales
mainly focused on sequence stratigraphy, paleodepositional environ-
ment and conventional hydrocarbon potentials (Du et al., 1999, 2010;
Wu and Li, 2001) with little interest in the unconventional resource
evaluation. Recently, two exploration wells have been drilled in the
Wuhu County to assess the thick organic-rich Permian shales. Core
samples collected from the two wells were investigated for porosity
and pore structure and compared with geochemical data in order to
evaluate some possible controlling factors. The data are presented
and discussed here in the context of the gas potentials of these
unconventional shale reservoirs.

2. Geological setting

The Lower Yangtze region covers an area of about 22.5 x 10% km?.
It is bounded by the East China Sea and the Yellow Sea to the east and
northeast, by the Tanlu Fault to the west and northwest, and by the
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Jiangnan Uplift and Huaxia Uplift to the south and southeast (Guo et al.,
1998; Panetal., 2011; Fig. 1). The sedimentary-tectonic evolution of the
Lower Yangtze region encountered three main stages (Yuan et al.,
2006): marine sediment deposition from Early Paleozoic to Middle
Triassic, terrestrial sediment deposition from Late Triassic to Early
Cretaceous (Fig. 2), and burial and tectonic deformation and overprint
through the Late Cretaceous to Cenozoic. The initial marine sediment
deposition stage contains a package of marine-terrestrial sediments
(Permian) that was deposited along a continental margin, and the
marine and marine-terrestrial sediments (Yu and Guo, 2001; Zhang
et al.,, 2006). The overlying terrestrial sediments are 1000-4000 m
thick with volcanic deposits in some locations (Guo and Lei, 1998;
Guo et al.,, 2002; Ma et al., 2004; Wu et al., 2002). After deposition and
burial, an overall uplift movement since late Cretaceous in the Lower
Yangtze region led to an erosion of up to 5000 m thick strata including
the majority of the Mesozoic strata (Zhang et al., 2006).

The Permian strata have a total thickness of 500-1000 m, including
the Qixia, Gufeng, Longtan and Dalong Formations (older to younger)
(Fig. 2) with organic-rich shales within the Gufeng, Longtan and Dalong
Formations (Lin et al., 2007). As reported by Liang et al. (2008),
the thickness of black shales in the Gufeng Formation generally
ranges from 30 to 60 m with a total organic carbon (TOC) content of
2-10 wt.%. The thickness of black shale in the Longtan Formation ranges
from 100 to 200 m with an average TOC content greater than 2 wt.%.
In the Dalong Formation, the shale thickness range from 20 to 50 m
with a TOC content between 1 and 10 wt.% (greater than 2 wt.% on
average) and occasionally reaching 21 wt.% (Liang et al., 2008). The
total thickness of black shales in the Permian strata ranges from 100
to 300 m for most of the Lower Yangtze region, and can reach 600 m
in the depositional center (Liang et al., 2008; Fig. 1).

3. Samples and methods
3.1. Samples

Twenty-two core samples were collected from the Middle
(10 samples) and Upper (12 samples) Permian shales of two wells
(C1 and H1) in the Wuhu County (Fig. 1). The two wells were drilled
at the high point of two different anticline structures, and the current
burial depth of Upper and Middle Permian shales ranges from
123.4 m to 341.8 m (in well C1) and from 20.1 m to 275.1 m (in well
H1) (Table 1). Sample properties were determined on fresh core
material and samples were selected according to the change of color
in order to span a wide range of TOC contents.

3.2. Organic geochemistry and petrology

The TOC content of the shales was measured on a LECO CS-230
carbon-sulfur analyzer after removal of the carbonates by diluted hy-
drochloric acid according to the method by S.B. Wang et al. (2013).
The TOC content was calculated by the peak area of CO, generated
from combustion of the organic matter and calibrated by carbon in
steel (TOC = 0.812 £ 0.006 wt.%).

The vitrinite reflectance (R,) was determined on polished core sam-
ples under reflected light using a 3Y-Leica DMR XP microphotometer,
according to the standard method of coal petrology as described by
Dai et al. (2012). The instrument was calibrated using the cubic zirconia
standard (R, = 3.11%), and measurements were conducted in oil
medium (n = 1.518) using a 50x%/0.85 oil lens. In each sample, 30-50
different vitrinite particles were randomly selected for measurements
and the data were averaged. In addition, eight samples were prepared
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Fig. 1. Map showing the Permian shale thickness in the Lower Yangtze region in Eastern China (modified from Feng et al., 1993; Wu et al., 2013) and the locations of the

two wells (C1 and H1).
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Fig. 2. Stratigraphical framework of the Lower Yangtze region (modified after Xu et al,, 2011; Ji et al., 2011; Jin et al., 2013).

for kerogen typing and organic matter analysis. Maceral analyses were
performed according to the methods recommended by coal petrology
(GB/T 8899, 1998; Stach, 1982) and ~300 measurements were collected
for each sample.

For the mineralogical composition, X-ray diffraction (XRD) anal-
yses were carried out on shale powders using a Bruker D8 Advance
X-ray diffractometer at 40 kV and 30 mA with a Cu radiation.
Stepwise scanning measurements were performed at a rate of 4°/min
between 3° and 85° (26). The mineral composition was semi-
quantitatively determined (mineral wt.%) using peak area integra-
tion approach with correction for Lorentz Polarization (Pecharsky
and Zavalij, 2003).

3.3. Determination of total porosity

The total porosity (¢) of the studied samples was calculated by the
differences between the apparent density (p,) and skeletal density
(ps) (Crosdale et al., 1998; G.R. Chalmers et al., 2012; Tian et al., 2013;
F.Y. Wang et al., 2013):

@:% x 100%.

S

Drilled plug samples (diameter 2.54 cm and height 4 cm) were dried
at 110 °Cin a vacuum for 24 h to remove free water, then weighted in air
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Table 1
Depth, lithology, TOC, vitrinite reflectance (R,) and maceral composition of the samples.

Sample no. Depth (m) Unit Lithology TOC (wt%) R, (%) Maceral composition (vol %)
Vitrinite Inertinite Micrinite or amorphinite Bitumen

C1-1 1234 P3a Black shale 9.95 2.34 67 10 23 0
C1-2 141.2 P34 Black shale 7.82 2.36 63 13 22 2
C1-3 242.6 P Black shale 1.29 242 / / / /
Cl-4 2619 P3; Black shale 1.36 244 / / / /
C1-5 288.0 P3; Black shale 0.94 / / / / /
C1-6 305.9 P3; Black shale 3.77 2.49 77 9 10 4
C1-7 3263 Pag Black shale 11.8 2.51 81 10 9 0
C1-8 331.1 Pag Black shale 3.67 248 / / / /
C1-9 337.2 Pog Black shale 6.18 2.58 / / / /
C1-10 341.8 Pag Black shale 8.83 2.55 / / / /
H1-1 20.1 P3q Gray black shale 0.60 / / / / /
H1-2 60.5 P3q Black shale 9.20 244 / / / /
H1-3 64.4 P3q Black shale 133 243 / / / /
H1-4 74.7 P3a Black shale 153 2.45 79 5 12 4
H1-5 126.1 P3; Black shale 2.29 248 / / / /
H1-6 168.6 P Black shale 3.51 2.51 73 10 12 5
H1-7 247.2 Pag Black shale 129 2.56 74 9 13 4
H1-8 252.2 Pag Black shale 9.89 2.54 / / / /
H1-9 257.8 P2 Black shale 17.2 2.58 / / / /
H1-10 264.2 Pag Black shale 17.4 2.61 / / / /
H1-11 269.9 Pag Black shale 1.77 2.66 61 9 29 1
H1-12 2751 Pag Black shale 12.7 2.64 / / / /

P,g: Gufeng Formation, P3;: Longtan Formation, P34: Dalong Formations; and /: no analysis.

before and after coated by paraffin of known density, and the paraffin
coated samples were finally weighted both in the air and in the water
to obtain their apparent volume (Tian et al., 2013). After the analysis,
the paraffin was removed and the material was crushed to powders
(20-30 g) and sieved for a 20 and 40 mesh (830 and 380 um) size frac-
tion and then dried at 110 °C in a vacuum for 24 h. The skeletal density
was measured with a helium pycnometer from Quantachrome, the
Ultrapyc 1200e, at pressures less than 17.4 psi.

3.4. Low pressure adsorption

The method of low pressure nitrogen and carbon dioxide adsorp-
tion to characterize shale nanopore structures has been reported in
many papers (G.R. Chalmers et al., 2012; Ross and Bustin, 2009;
Strapoc et al., 2010; Tian et al., 2013). In this study, the characteriza-
tion of micropore (<2 nm) and mesopore (2-50 nm) (Rouquerol
et al., 1994) was investigated using the low pressure carbon dioxide
and nitrogen adsorption isotherms, respectively. The adsorption
experiment was carried out on an ASAP 2020 M (Micromeritics
Instruments). The samples were crushed and sieved to 60-80 mesh
(250-180 um), dried in a vacuum oven at 110 °C for 24 h to remove
volatile substances and free water. Low pressure N, adsorption is
considered a standard and preferable method for surface area and
pore volume measurement of mesopores (Garrido et al., 1987;
Hubert and Marjo, 1996). Nitrogen adsorption isotherms were
obtained at 77.4 °K with a relative pressure (P/P,, the ratio of
pressure to saturation vapor pressure) ranging from 0.005 to 0.998.
The surface area was calculated using the BET equation (Brunauer
et al., 1938; Gregg and Sing, 1982) and a relative pressure range
between 0.05 and 0.20, and the mesopore volume was calculated
using the BJH equation (Barret et al., 1951). The carbon dioxide ad-
sorption isotherms were obtained at 273.1 °K in the relative pressure
(P/P,) range of 10~°-3.2 x 10~ 2 (Clarkson and Bustin, 1996; Ghosal
and Smith, 1996; Ross and Bustin, 2009). The micropore volume
was calculated using the Dubinin-Radushkevich (D-R) equation
(G.R. Chalmers et al., 2012; Clarkson and Bustin, 1996; Dubinin,
1989; Gregg and Sing, 1982; Ross and Bustin, 2009; Rouquerol
et al.,, 1994), and the equivalent micropore surface area was
calculated using the cross sectional area of the CO, molecule of
0.17 nm? (Ross and Bustin, 2009).

4. Results and discussion
4.1. Organic geochemistry and petrography

The TOC content of the samples from the two wells (C1 and H1)
ranges between 0.94 and 11.8 wt.%, and 0.60 and 17.4 wt.%, respectively
(Table 1). The R, value ranges between 2.3 and 2.7% (dry gas stage).
Vitrinite accounts for 61-81% of the total organic matter, with some
micrinite and inertinite and small amounts of bitumen. The later three
maceral groups have a content of 9-29%, 5-13% and 0-5%, respectively
(Table 1). Therefore, these Permian shales are mostly gas-prone with
very high maturity as previously reported from the Lower Yangtze
region (Liang et al., 2009).

The mineralogical compositions of the samples are listed in Table 2
and summarized in a ternary diagram (Fig. 3). The main mineral

Table 2
Mineralogical compositions of the samples.

Sample Mineralogical composition relative percent (%)

no. Quartz Feldspar Illite Chlorite Calcite Dolomite Pyrite Siderite
C1-1 62.2 21.2 113 00 0.0 0.0 53 0.0
C1-2 45.6 15.1 314 00 3.0 0.0 49 0.0
C1-3 27.7 131 36 211 2.0 0.0 0.0 0.0
C1-4 30.5 10.9 37 216 0.0 0.0 0.0 0.0
C1-5 348 5.8 38.7 206 0.0 0.0 0.0 0.0
C1-6 56.0 0.0 365 00 0.0 0.0 7.5 0.0
C1-7 86.3 0.0 6.7 6.0 0.0 0.0 1.0 0.0
C1-8 71.7 0.0 246 00 0.0 0.0 3.7 0.0
C1-9 45.2 0.0 349 00 18.0 0.0 19 0.0
C1-10 320 0.0 284 89 171 4.7 6.2 2.7
H1-1 41.7 7.2 319 108 7.2 0.0 1.2 0.0
H1-2 54.8 9.5 143 0.0 18.1 0.0 3.2 0.0
H1-3 47.2 18.8 295 00 2.4 0.0 2.1 0.0
H1-4 512 15.0 294 00 0.0 0.0 44 0.0
H1-5 284 7.4 445 177 0.0 0.0 2.0 0.0
H1-6 302 199 352 147 0.0 0.0 0.0 0.0
H1-7 57.6 0.0 258 00 13.5 0.0 3.0 0.0
H1-8 62.4 0.0 244 00 8.6 0.0 46 0.0
H1-9 54.4 0.0 40.6 00 0.0 0.0 5.0 0.0
H1-10 6838 0.0 278 00 0.0 0.0 3.4 0.0
H1-11 217 0.0 763 0.0 0.0 0.0 2.1 0.0
H1-12 674 0.0 209 00 0.0 0.0 6.6 5.1
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Fig. 3. Ternary diagram of quartz/feldspar, carbonate and clays of the Permian shale samples based on the normalized data from Table 2 in comparison with data from the Barnett Shale
(data from Jarvie et al., 2007). The Barnett Shale samples have high carbonate contents or are 50/50 quartz—clays while most of the Permian shale samples from this study plot close to
the quartz/feldspar end point or along the quartz-clay endline. The Permian samples with TOC < 12 wt.% or >12 wt.% can be identified. All samples with very high TOC contents

(>12 wt.%) have elevated quartz contents.

components of the samples are quartz and clay. The quartz contents
range between 21.7 and 86.3%, and the clay contents range from 11.3
to 76.3%. The clay minerals are dominated by illite with some samples
also having chlorite (6-22%). Pyrite is present in most samples and is
up to 6.6%. Several samples also contain up to 23% carbonates (calcite
and/or dolomite), and siderite was identified in two samples (C1-10
and H1-12) (Table 2). In the ternary plot, most of the samples plot
along the quartz/feldspar-clay endline towards the quartz/feldspar
end member and only a few are comparable with the mineralogical
composition of the Barnett Shale in the United States (Fig. 3).

G.R.L. Chalmers et al. (2012) reported a positive linear correlation
between TOC and quartz contents for Devonian shale samples from
the Horn River Basin in Canada (R?> = 0.6, Fig. 4a) and attributed this
to a significant contribution of biogenic quartz. In our study, only a
weak positive correlation was observed (R?> = 0.38, Fig. 4a). This
would be owing to the change of sedimentary facies (marine-terrestrial
transition) of the studied samples. The relationship between TOC and
clay contents seems more inconclusive (Fig. 4b). A negative correlation
is observed for samples with TOC < 12 wt.%, whereas a positive correla-
tion exists for samples with higher TOC. Therefore, more data are
needed to fully understand the relationship between TOC and clay
mineral contents in these shales.

4.2. Total porosity and controlling factors

The skeletal density, apparent density and total porosity of the
samples are listed in Table 3 and their relationships with TOC are
presented in Fig. 5. With increasing TOC content, the skeletal density
decreases linearly with a coefficient of 0.9 (Fig. 5a), which is likely
due to density differences (i.e. organic matter about 1.4 g/cm> and
minerals about 2.70 g/cm?®) (Ross and Bustin, 2008). The apparent
densities of the samples also decrease with increasing TOC content
with a multinomial correlation (R? = 0.94, Fig. 5a). The reduction
in apparent density tends to be less for samples with TOC > 12 wt.%,
which implies that other factors may influence density of the higher
TOC samples. The correlation between total porosity and TOC content
shows a positive linear relationship when TOC < 12 wt.% and a negative

relationship when TOC > 12 wt.% (Fig. 5b). This unusual pattern was
also reported by Milliken et al. (2013) for the Marcellus shales, but a
cause is not obvious.

Total porosity of gas shales includes inorganic matrix porosity and
organic porosity (G.R. Chalmers et al.,, 2012; Curtis et al., 2012;
Mastalerz et al., 2013; Milliken et al., 2012). The inorganic matrix
porosity is mainly controlled by diagenesis and compaction, presenting
a simple reduction model with increasing burial depth (Cander, 2012;
F.Y. Wang et al., 2013), whereas the evolution of organic porosity has
not been well defined owing to the lack of data (Cander, 2012; Chen
and Xiao, 2014; Mastalerz et al., 2013; Milliken et al., 2013; F.Y. Wang
et al.,, 2013). For a general understanding, contribution of per gram
organic carbon to total porosity (calculation from the linear regression
relation between TOC and total porosity) for some shales with different
maturities is presented here. The contribution is about 0.84% for the
Mowry shales with a R, value of 1.5-1.6% (Modica and Lapierre, 2012)
and about 1.2-1.4% for the Marcellus shales with a R, value of 1-2.1%
(Milliken et al., 2013). The contribution is 0.72% for the Lower Silurian
shale in Southern China with an equivalent vitrinite reflectance (EqR,)
of 2.5-3.0% (Tian et al., 2013), and 0.4% for the Lower Cambrian shale
in Southern China with an EqR,, of 2.5-3.6% (F.Y. Wang et al., 2013).
According to these data, the contribution of per gram organic matter
to total porosity is decreasing with increasing maturation for very
high maturity shales (R, > 2.0%), which is attributed to increasing com-
paction (F.Y. Wang et al., 2013). The influence of this compaction on
total porosity is also related to the TOC content as well as organic matter
type. Milliken et al. (2013) noticed that the increase of total porosity
with the TOC content turns to be at a diminished rate, even their rela-
tionship is reverse for the Marcellus shales with a high TOC content
(>5.5 wt.%), which may be attributed to pore collapse during gas expul-
sion and greater organic matter connectivity and framework compac-
tion or organic matter with lower initial hydrogen index in contrast to
samples with lower TOC (<5.5 wt.%) (Milliken et al., 2013).

The R, values of the Permian samples vary within a very narrow
range of 2.3-2.7% (Table 1) indicating a similar thermal maturation
(gas-window). Hence, variability in total porosity could be influenced
by a combination factors including TOC content, OM type or mineral
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Fig. 5. Plots showing the relationships between TOC and the skeletal and apparent

TOC contents in comparison with the Devonian shales in the Horn River Basin in

Canada (data from Chalmers et al., 2012b) (a), and the relationship between TOC
and clay mineral contents of the samples (b). A negative correlation for samples
with TOC < 12 wt.% and a positive correlation for samples with TOC > 12 wt.%
are observed.

densities (a), and the relationship between TOC and total porosity (b) of the samples.

composition. For samples with TOC < 12 wt.%, their average inorganic
porosity is about 0.96% by extrapolating the linear regression to

zero TOC (Tian et al., 2013), similar to the high mature Marcellus

Table 3

Apparent and skeletal density, total porosity, and pore structure data of the samples.
Sample Apparent Skeletal Porosity/% BET specific Mesopore Mesopore Mean pore CO, micropore CO,, equivalent
no. density/g density/g surface volume/cm? surface size/nm volume/cm? micropore

cm 3 cm 3 area/m> g~ ! 100g~! area/m> g~ ! 100g~! surface area/m? g~ !

C1-1 2.4053 2.4950 3.59 17.91 1.03 5.96 9.4 0.79 19.67
C1-2 2.5045 2.5814 2.98 17.61 1.19 7.60 8.2 0.70 17.35
C1-3 2.6710 2.7039 1.21 8.07 0.86 4.95 13.6 037 8.81
C1-4 2.6637 2.7206 2.09 9.61 0.97 6.21 124 038 9.59
C1-5 2.5776 2.6292 1.96 10.09 0.94 5.74 12.6 0.39 9.59
C1-6 2.6002 2.6670 2.50 13.78 1.00 6.78 9.6 0.51 12.72
C1-7 2.4180 2.5358 4.65 18.24 1.29 8.62 9.1 0.80 20.03
C1-8 2.5572 2.6202 2.40 10.08 0.67 5.96 10 034 8.53
C1-9 2.5437 2.6034 2.29 14.08 0.96 5.87 9.3 0.47 11.8
C1-10 2.4410 2.5157 2.97 19.77 1.24 8.15 8.5 0.66 16.54
H1-1 2.6490 2.6797 1.15 5.94 0.84 3.59 145 0.22 541
H1-2 2.4867 2.5615 2.92 16.65 0.95 717 7.8 0.87 21.70
H1-3 2.3699 2.4953 5.02 20.59 1.61 10.83 8.3 1.28 31.79
H1-4 2.3667 2.4665 4.04 23.42 1.60 11.01 7.8 132 32.82
H1-5 2.6631 2.6965 1.24 8.84 0.87 5.50 11.7 0.46 11.51
H1-6 2.6060 2.6482 1.59 10.32 0.77 5.77 113 0.52 13.04
H1-7 23737 24722 3.99 19.72 1.25 9.20 6.5 1.07 26.66
H1-8 2.4398 2.5512 437 22.01 1.21 9.81 8.4 1.02 25.51
H1-9 2.3602 2.4502 3.67 23.56 1.44 11.23 6.7 1.44 35.69
H1-10 2.3861 24612 3.05 21.67 1.23 10.73 5.8 1.29 32.01
H1-11 2.6425 2.6688 0.98 8.69 1.01 531 13.6 0.35 8.87
H1-12 2.4003 2.5406 5.52 24.38 1.76 10.80 8.5 0.97 24.22
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shales (about 1.0%) (Milliken et al., 2013) as well as Lower Cambrian
shales in Southern China (about 1.1-1.2%) (F.Y. Wang et al., 2013),
which indicates that the lithological variability of shales with a
very high maturity has a much low controlling effect on their poros-
ity than does their TOC content. However, the contribution of per
gram organic matter to the total porosity is only 0.29% for samples
with TOC < 12 wt.%, which is significantly lower than that of the
Lower Silurian shales (with dominated oil-prone kerogen) with a
similar maturity (Tian et al., 2013; F.Y. Wang et al., 2013). The less
development of organic porosity of the Permian samples may be
related to their dominated gas-prone organic matter which has a
smaller volume loss associated with devolatilization during matura-
tion (Milliken et al., 2013). The decrease of total porosity with
increasing TOC for samples with higher TOC contents (>12 wt.%)
may be also interpreted by pore collapse similar to the case of the
Marcellus shales (Milliken et al., 2013) since their mineralogical
compositions and organic matter types are not significantly different
from the samples with a lower TOC content from the available data
(Tables 1, 2, Fig. 3).

The relationships of total porosity, quartz and clay minerals are
shown in Fig. 6. Total porosity is positively correlated with quartz
content in the range between 20 and 60%, but if quartz content is
>60% the data becomes scattered (Fig. 6a). Although biogenic quartz
may contain some intraparticle pores (G.R.L. Chalmers et al., 2012;
Ross and Bustin, 2009), it is unlikely the main reason for elevated
porosity since TOC content increases with increasing quartz content
(Fig. 4a). The correlation of total porosity with quartz content
actually mainly reflects the relationship between TOC content and
total porosity. Although clay minerals contribute to total porosity
(Chalmers and Bustin, 2008; G.R. Chalmers et al., 2012; Curtis et al.,
2010), the total porosity is negatively related to the clay contents,
indicating that in these samples, the contribution to total porosity
is negligible. The explanations about these relationships are prelim-
inary and need to be confirmed with future investigations and details
about sedimentological and compositional (including diagenetic)
variability within the studied strata.
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Fig. 7. Nitrogen adsorption-desorption isotherms (77.4 °K) of the selected samples from the two wells. The hysteresis loop becomes more defined with increasing TOC content.
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4.3. Nanopore structure and the controlling factors

Nanometer-size pores (i.e. nanopores) are abundant in shale de-
posits. Organic matter is assumed to be the main sites of nanopores
in organic-rich shales (G.R. Chalmers et al., 2012; Loucks et al.,
2009; Schieber, 2011; Slatt and O'Brien, 2011). The isotherm of
nitrogen adsorption for the samples is quite similar to the type Il
isotherm defined by the International Union of Pure and Applied
Chemistry (Ross and Bustin, 2008; Rouquerol et al., 1994; Sing
et al.,, 1985) with the type H3 hysteresis loop, which becomes more
defined with increasing TOC content (Fig. 7). The carbon dioxide
adsorption isotherm shape for the samples is similar to that of
coals reported by Clarkson and Bustin (1996), but the adsorption
capacity of the shales is far less than coals. The capacity of the CO,
adsorption below atmosphere pressure is mainly related to the
micropore volume and less controlled by the surface area (Sing
et al.,, 1985). The adsorption amount of CO, on the samples is
positively correlated with the TOC content (Fig. 8), implying that
the organic matters contain abundant micropores (for gas storage).

The specific surface area and volume of micropores and mesopores
of the studied shales are listed in Table 3. The BET total specific surface
area and mesopore specific surface range between 5.94-24.38 m?/g
and 3.59-11.23 m?/g, respectively. The mesopore volume ranges
between 0.67 and 1.76 cm>/100 g. The micropore volume ranges
between 0.22 and 1.44 cm>/100 g, and the micropore specific surface
area ranges between 5.41 and 35.69 m?/g. The BET total surface area
shows a positive correction with the micropore volume (Fig. 9), imply-
ing that a significant portion of the total surface area is contributed by
micropore. Both the micropore volume and specific surface area are
positively correlated with TOC (Fig. 10a,b). Similar positive relation-
ships exist between TOC, mesopore volume and specific surface area
for samples with TOC < 12 wt.% (Fig. 10a,b), but the increase of the
surface area becomes slower and the volume even turns to decrease
with further increasing TOC content (Fig. 10a,b).

Nanopores associated with clay minerals are generally bigger than
these in organic matter, and pores in clay minerals range mainly
between mesopores and macropores (Chalmers and Bustin, 2008; G.R.
Chalmers et al., 2012; Curtis et al., 2010). Pore volume and specific
surface areas of clay minerals decreases with increasing maturity
owing to the dehydration and microstructural change during diagenesis
(Helen et al., 1998; Chen and Xiao, 2014). In the Permian samples, the
micropore and mesopore specific surface areas, and the micropore and
mesopore volumes show little trends against clay content (Fig. 11).
This implies that clay minerals in the studied samples are not the
main factor governing the nanopore structure.

Although the samples are recovered from shallow depths (<350 m),
the thermal maturity of the organics suggest elevated diagenetic
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Fig. 8. CO, adsorption isotherms (273.1 °K) of the selected samples. The adsorbed volume
increases in samples with higher TOC content.
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area of the samples.

overprint and hence sediment compaction (Yu and Guo, 2001; Zhang
et al., 2006), which results in a very low inorganic matrix porosity
(0.96%, Fig. 6b). From the above discussion, the decrease of total poros-
ity with increasing TOC for the higher TOC samples (Fig. 5a) is due to the
decrease of macropore and mesopore volume mainly in organic matters
which should be also attributed to this diagenetic compaction. The
mean pore size value of the samples ranges between 6 and 15 nm and
has a slight negative correlation with TOC (R? = 0.79, Fig. 12), which
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Fig. 10. Plots showing the relationships of TOC and specific surface areas (a) and TOC and
pore volumes (b) of the samples.
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Fig. 11. Plots showing the relationships of clay content and specific surface areas (a) and
clay content and pore volume (b) of the samples.

indicates that in general, smaller pores dominate samples with elevated
TOC contents.

4.4. Shale gas potential

Shale gas exists in three forms: free gas in pores and fractures,
adsorbed gas on surface area of organic matter and clay minerals, and
dissolved gas in oil and water (Clarkson and Bustin, 1996; Curtis,
2002; Hao and Zou, 2013; Zhang et al,, 2008; T.W. Zhang et al., 2012).
In shales with very high maturity, free and adsorbed gases are dominant
with very low contents of dissolved gas (Curtis, 2002; Zhou et al., 2013).
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Fig. 12. Plot showing the relationship between TOC and mean pore size (in 1.7-300 nm) of
the samples. An overall decreasing mean pore size is observed with increasing TOC.

While free gas occurs mainly in macropores and larger mesopores,
adsorbed gas is located mainly within micropores as well as at surface
of mesopores and macropores (Montgomery et al., 2005; Hill et al.,
2007; Ross and Bustin, 2008; G.R. Chalmers et al., 2012; Huang et al.,
2012b; Mosher et al., 2013). In the Permian samples, it appears that
the organic matter mostly controls porosity and nanopore structure,
thus influencing storage capacity and occurrence of the gas.

The study shows that the samples with low TOC (<4 wt.%) have
total porosity <2% and micropore surface area <13 m?/g, thus indi-
cating lower free gas and adsorbed gas. Samples with TOC between
4 and 12 wt.% have total porosity of 2-5% and micropore surface
area of 12-25 m?/g, and the gas storage capacity for both free and
adsorbed phases increases with increasing TOC. Samples with high
TOC (>12 wt.%) have total porosity of 3-5% and micropore surface
area of 23-36 m?/g, implying a somewhat similar amount of free
gas but an increase of adsorbed gas.

5. Conclusion

The geochemistry, porosity and pore structure of 22 Permian shales
from the Lower Yangtze region were investigated and the following
preliminary conclusions are drawn.

(1) The organic matter is dominated by gas-prone kerogen with
TOC contents ranging between 0.6 and 17.4 wt.% and thermal
maturity (vitrinite reflectance or R,) values of 2.3-2.7% with an
average of 2.5%. The mineralogical composition is dominated
by quartz and clays with some samples having feldspars and
carbonates and small amounts of pyrite.

Samples with TOC < 12 wt.% have a positive liner correlation with

total porosity while samples with TOC> 12 wt.% have a negative

correlation. This may be due to stronger framework compaction
in samples with very high (>12 wt.%) TOC.

(3) The micropore volume and surface area as well as mesopore
surface area for the all samples, and the mesopore volumes for
samples with TOC < 12 wt.% display positive correlations with
TOC content, whereas the mesopore volumes for the higher
TOC samples are negatively correlated with TOC content. This
may imply that larger organic matter-hosted pores in the high
TOC samples underwent elevated compaction.

(4) The TOC content is the key factor to control gas storage capacity
of the Permian shales in Lower Yangtze region.
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