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a b s t r a c t

In this study, Lower Paleozoic shale samples collected from Lower Cambrian Niutitang Formation, Upper
Ordovician Wufeng Formation, and Lower Silurian Longmaxi Formation in different regions in the
Sichuan Basin were analyzed using geochemical and petrophysical methods to characterize the differ-
ence in organic matter properties (including abundance, type and thermal maturity), pore development,
mineralogy to shale gas resources potential. The studied marine shales all displayed excellent, high-
quality organic matter richness and could be the strata for shale gas generation over geological time.
There are four systematic geochemical and petrophysical variation trends that indicate that the over-
mature source rocks of the Sichuan Basin constitute a special shale gas reservoir system: (1) The
measured d13C values for sedimentary organic carbon (TOC) presents a distinct trend indicative of 13C
enrichment, which indicates that the TOC may be related to the diversity of preserved phytoplankton in
the different shale strata in the Sichuan Basin. This biont diversity and organism replacement process
were confirmed by the biomarker distribution patterns in the sediments. (2) The bitumen “A” contents
display negative correlation with sedimentary age and TOC, suggesting that most of the residual liquid
hydrocarbons in those shales have been transformed into shale gas due to higher thermal maturity
during the diagenetic transformation of the organic matter burial process, and the shale gas in reservoirs
in those types of shales were mostly generated from the cracking of residual bitumen during a stage of
relatively high thermal evolution. (3) The quartz and TOC present strongly positive relationship, sug-
gesting that the increased quartz in most of the marine shales is a biogenic silica signal. (4) Total porosity
displays a negative relationship with TOC and the quartz contents in the three Paleozoic marine shales,
suggesting that re-precipitated pyrobitumen created by oil cracked to gas in overmature source rocks
could be the reason leading to the lowest porosity and smaller pores in the most aged but most TOC-
abundant shales. Skewing toward smaller pores will reduce the pore volume and result in larger in-
ternal surface areas and greater sorption energies, which should reduce the productive capacity of shale
gas.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Shale gas is an unconventional gas system inwhich shale is both
the source of and the reservoir for natural gases that are derived
from organic matter within the shale through biogenic and/or
thermogenic processes (Curtis, 2002; Hill et al., 2007; Loucks and
Ruppel, 2007; Strąpo�c et al., 2010; Zhang et al., 2014). Unconven-
tional shale gas has evolved into an important resource play for the
United States, accounting for approximately 23% of the produced
gas in the United States by the end of 2011 (Hao et al., 2013). China
is one country that is relatively rich in shale gas resources. Recov-
erable shale gas resources are predicted to be approximately
26 � 1012 m3 in China (Zhang et al., 2011), which is close to the
28 � 1012 m3 in the USA, and approximately 58% of those shale gas
resources are predicted to be stored in Paleozoic shales in southern
China. There are three regionally developed black shales that are
considered to be favorable for shale gas resource exploration and
development: the black shales of the Niutitang Formation, Lower
Cambrian; and the Wufeng-Longmaxi Formations, Upper
Ordovician-Lower Silurian, which were deposited in marine facies
(Zhang et al., 2008; Hao and Zhou., 2013; Hao et al., 2013; Zou et al.,
2014). The organic matter in most of those black shales is
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considered to be in the highly mature or post-mature gas-gener-
ating stages (usually Ro > 2.5%), which are favorable for shale gas
generation (Huang et al., 1996; Zhu et al., 2006; Zhou et al., 2014).
Overmature, organic-rich shales exhibit high degrees of organic
matter conversion and therefore have good potential to exhibit
high gas contents and high gas flow rates (Jarvie et al., 2007).

The Sichuan Basin is now regarded as the most promising region
in southern China for making a breakthrough in shale gas resource
exploration and development in the near future. The shale distri-
bution regularities, geological conditions for gas pool formation,
hydrocarbon accumulation mechanisms and gas resource assess-
ment in the Sichuan Basin have beenwidely and intensively studied
(Dai et al., 2001; Zhang et al., 2004; Ma et al., 2004; Tenger et al.,
2007; Wang et al., 2009; Nie et al., 2009, 2011; Zhu et al., 2010;
Chen et al., 2011). In this study, we selected five vertical profiles
which covered three Paleozoic strata and conducted geochemical
analysis, mineralogy and porosity measurement. We have
compared the organic matter properties, lithology and pore
development for three strata of the Paleozoic shale, Sichuan Basin,
China. The main objectives of this study are to: (1) evaluate the
main controls on the variation of organic matter, including abun-
dance, type and thermal maturation; (2) compare the mineralogy
and lithology among three strata; (3) determine the key controls to
shale gas reservoir properties; and (4) evaluate the shale gas po-
tential of Paleozoic shale. Our experimental findings have impor-
tant implications for shale gas storage, resource assessments and
shale gas potential prediction.

2. Distribution of shales in the Sichuan Basin

According to a previous study (Liang et al., 2009), there are three
black shale strata that can be assumed to be the potential source
rocks for oil and gas resources developed in the Sichuan Basin.
These strata are, from the lower to upper layers, Lower Cambrian,
Upper Ordovician, and Lower Silurian. The Niutitang Formation
(also called the Qiongzhusi Formation and Jiulaodong Formation in
the southwestern part of the Sichuan Basin), Lower Cambrian; the
Wufeng Formation, Upper Ordovician; and the Longmaxi Forma-
tion, Lower Silurian, are three regionally developed high-quality
black shales in the Sichuan Basin.

The black shale of the Niutitang Formation, Lower Cambrian, is
widely distributed throughout nearly all of the Sichuan Basin
except in the Chuanzhong paleohigh. The shale has multiple
depocenters with sedimentary thickness ranging from 300 to
500 m and thickening to the south and east. The black shale of the
Wufeng Formation, Upper Ordovician, is typically less than 20 m in
thickness. The black shale of the Longmaxi Formation, Lower
Silurian, is widely distributed throughout the Sichuan Basin. This
shale can be detected in the eastern and southern areas of the
Leshan-Longnvsi paleohigh, although it has been subject to denu-
dation in the paleohigh area. There are three superior Lower Silu-
rian areas of source rock development, including Zhenba-Guanyin,
Yunyang-Shizhu-Guanyinqiao and Yibin-Luzhou. The maximum
thickness of the Longmaxi Formation, Lower Silurian, is in the range
of 500e1250 m (Zou et al., 2010).

3. Materials and methods

3.1. Samples

The shale samples examined in this study were collected from
both outcrops and drilling cores, including the Youyang Cambrian
outcrop profile, the ZK-909 Cambrian drill well, the Changning and
Xingwen Upper Ordovician-Lower Silurian outcrop profile, and the
Qianqian-1 Upper Ordovician-Lower Silurian drill well (Fig. 1).
Sampling information are shown on Table 1. The Youyang Cambrian
outcrop profile is located in Tonglin village, Youyang County,
southeastern Sichuan Basin. Thirty black shale samples were
collected from this 30-m-thick outcrop profile. The ZK-909 well is
located in Kaiyang County, southern Sichuan Basin, and the Lower
Cambrian strata were drilled to depths of 211.8 me413.56 m, in
which 166 shale samples were collected. The Changing and Xing-
wen Upper Ordovician-Lower Silurian profile are located in
Changning County in the southern part of the Sichuan Basin, with
thickness of 93.1 m and 63 m respectively. The Qianqian-1 well is
located in Qianjiang District, approximately 200 km southeast of
Chongqing City, and the Upper Ordovician-Lower Silurian strata
were drilled to depths of 695.86 me798.65 m. A total of 144
outcrop and 58 core samples were collected in Ordovician-Lower
Silurian strata (Table 1). All of the samples collected from outcrop
profiles were obtained in the area adjacent to newly constructed
roads (e.g., the Changning and Xingwen Upper Ordovician-Lower
Silurian outcrop profile) or in new quarries and open-pit mining
areas (e.g., the Youyang Cambrian outcrop profile), ensuring that
the lithological and geochemical characteristics of these fresh
samples were not affected by the weathering conditions.

3.2. Experimental

Total organic carbon (TOC) was determined for pulverized
sediments; carbonates were removed by treating the samples with
8% hydrochloric acid, and organic carbonwas determined by LECO-
CS344 analyses. The d13C value of the TOC was determined using
another decalcified aliquot by combusting it to release CO2, which
was then injected into a Finnigan MAT 252 mass spectrometer.

Based on the TOC and d13C characteristics, samples were further
selected for soluble organic matter extraction and GCeMS analyses.
The selected shale samples were powdered to a particle size less
than 120 mesh and Soxhlet-extracted with chloroform for 72 h.
Because the organic matter in most of the shale samples was in a
highly mature or post-mature phase, we only obtained trace
amounts (ppm level) of soluble organic matter; therefore, we did
not attempt to separate the extracts into subfractions.

GCeMS analyses of soluble extracts were performed on a Hew-
lettePackard 5890II gas chromatograph interfaced with a Hew-
lettePackard 5989Amass spectrometer. The gas chromatographwas
equippedwithaHP-5 fused-silicacapillarycolumn(30m�0.32mm),
andHewasusedasa carrier gaswith aflowrateof 1ml/min. Themass
spectrometer was operated at an electron energy of 70 eV and ion
source temperature of 250 �C. The oven temperature was pro-
grammedto increase from80to200 �Cat4 �C/minand then from200
to 300 �C at 3 �C/min. The GCeMSdatawere acquired and processed
with a HewlettePackard Chemstation data system.

The porosity and pore diameter distribution were determined
from 20 selected shales processed using a micro nuclear magnetic
resonance instrument. The instrument was a MicroMR02-025V
NM2, with a resonant frequency of 2.18 MHz, probe coil diameter
of 25 mm and magnetic body temperature of 32 ± 0.01 �C. The
relative repeatability standard deviation for porosity was less than
4.3%. The FE-SEM imaging of nanopores was performed on the
surfaces prepared by Ar ion milling (IM4000, Hitachi High-Tech)
using an accelerating voltage of 3 kV and a milling time of 3 h.

4. Results and discussion

4.1. Characteristics of organic matter

4.1.1. Total organic carbon (TOC)
The characteristics of organic matter (richness, type and matu-

rity) are believed to be some of the most important properties



Fig. 1. Map showing the locations of the Sichuan Basin and sampling area.

Table 1
Sampling information, TOC, and d13CTOC of Paleozoic shales in Sichuan Basin.

Profile Strata Thickness (m) Average sampling Intervals (m) N TOC (%) Min ~ Max/Avg d13CTOC (‰) Min ~ Max/Avg

Total 1.0% � TOC<2.0% TOC�2.0%

Xingwen S1l 55.5 35 10 1.46 38 0.83e3.32/1.43 �30.9~-28.8/-29.9
O3w 7.5 2 5.5 1.25 6 1.74e4.54/3.56 �30.6~-30.2/-30.4

Changning S1l 83.1 40.6 37.5 1 80 0.81e7.28/1.97 �31.2~-29.4/-30.1
O3w 10 0.5 9 0.5 20 0.77e7.76/3.53 �30.8~-29.5/-30.3

Qianqian-1 S1l 93.51 56.39 16.44 1.8 51 0.15e4.64/1.29 �31.4~-26.6/-29.7
O3w 9.28 1.2 4.36 1.5 7 0.01e6.09/2.54 �31.4~-28.3/-30.4

ZK-909 Є1n 201.76 28.7 71.06 1.2 166 0.11e6.67/2.11 �34.3~-27.4/-32.2
Youyang Є1n 30 0 30 1 30 2.42e12.9/7.85 �32.4~-31.1/-31.8

N: Number of collected samples.
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controlling gas generation and storage capacity in shales (Hao et al.,
2013). Excellent original organic richness and generation potential
have resulted in the production of large amounts of gas in key
productive areas of the Barnett Shale of the Fort Worth Basin, Texas
(Jarvie et al., 2007). The analyzed Paleozoic shales in the Sichuan
Basin all display excellent, high-quality organic matter richness
features (Table 1). The measured total organic carbon (TOC) for all
196 Lower Cambrian shale samples ranged from 0.11 to 12.9%, with
an average of 2.99%, and 60.2% of the Lower Cambrian shales
exhibit a TOC>2%. Total organic matter distribution of shale sam-
ples from Youyang Cambrian outcrop profile and the ZK-909
Cambrian drill well are shown on Fig. 2a and Fig. 2b. TOC for all
Upper Ordovician shale samples ranged from 0.01 to 7.76%, with an
average of 3.33%, and 81.8% of the Upper Ordovician shales exhibit a
TOC>2%. TOC for all Lower Silurian shale samples ranged from 0.15
to 7.28%, with an average of 1.64%, and organic rich shales with TOC
larger than 1% and 2% accounted for 17.2% and 82.2% respectively.
All of these organic matter properties suggest that the Niutitang
and Wufeng-Longmaxi black shales have demonstrated excellent,
high-quality organic matter richness for shale gas generation over
geological time.

4.1.2. d13C of TOC
The carbon isotopic composition of living organisms varies as a

function of environmental conditions, and therefore, the isotope
analysis of sedimentary organic carbon is often used for paleo-
environmental reconstructions (Popp et al., 1997; Dawson et al.,
2002). Variations in the carbon isotopic composition of marine
organic matter have also been used for chemostratigraphic corre-
lations (Knoll et al., 1986; Kaufman et al., 1991) as well as envi-
ronmental interpretations (Arthur et al., 1985; Dean et al., 1986;
Hayes et al., 1989). The carbon isotopic compositions for the sedi-
mentary organic carbon (TOC) in the three black shale strata in the
Sichuan Basin display characteristic differences in the carbon iso-
topic values. The measured d13C values for the sedimentary organic
carbon in the three black shale strata in the Sichuan Basin present a
distinct trend of 13C enrichment (Fig. 3, Table 1). Comparedwith the
lower Cambrian shales, upper Ordovician shales and lower Silurian
shales, either TOC less than 2.0% (Fig. 3a) or greater than 2.0%
(Fig. 3b), all display a trend of 13C enrichment. This trend is
completely opposite of the trend of the thermal evolution of sedi-
mentary organic matter, which usually displays a trend of 13C
enrichment with burial depth because the breaking-down of
kerogen during catagenesis involves the splitting of various types of
bonds and the release of smaller molecules (isotopically lighter),
which leads to residual sedimentary organic matter rich in 13C
(Tissot and Welte, 1984). The comparison of evolutionary changes
in the different black shale strata with respect to the carbon iso-
topic composition for the sedimentary organic carbon suggests that
isotopic shifts of TOC may generally be related to the types and



Fig. 2. Comparision show the vertical variation of TOC (%) for the 5 sampling profiles: (a) Youyang Cambrian outcrop profile, (b) ZK-909 well Cambrian drill well, (c) Qianqian-1 well
Upper Ordovician-Lower Silurian drill well, (d) Changning Upper Ordovician-Lower Silurian outcrop profile, (e) Xingwen Upper Ordovician-Lower Silurian outcrop profile.

Fig. 3. Comparison of the variation trends of d13C and 13C components of TOC in different strata. (a) The organic carbon isotopic compositions for samples with TOC less than 2.0%.
(b) The organic carbon isotopic compositions for samples with TOC greater than 2.0%.
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diversity of preserved phytoplankton in the different shale strata in
the Sichuan Basin. The sedimentary organic carbon (TOC) in the
lower Cambrian (Niutitang Formation) shales exhibit the lightest
carbon isotopic composition, with an average d13C value of�32.2‰,
and the greatest homogenous variation (range ¼ 6.9‰). The TOC in
the upper Ordovician (Wufeng Formation) shales and lower Silu-
rian (Longmaxi Formation) shales have carbon isotopic composi-
tions heavier than those of the Lower Cambrian Niutitang, with
average d13C values of �30.3‰ (range ¼ 3.1‰) and �29.9‰
(range ¼ 4.6‰), respectively.

The presence and absence of a mineral skeleton has been sug-
gested to be a principal factor controlling the d13C values of sedi-
mentary organic matter during diagenesis (Andrusevich et al.,
1998), assuming one of two pathways: sapropel-type diagenesis
or humus-type diagenesis (Kodina and Galimov, 1985). In the first
case, the organic matter was enriched in more resistant, isotopi-
cally depleted lipids because microorganisms consumed the pro-
teins and carbohydrates of organic-walled phytoplankton
(dominant in the Precambrian and early Cambrian). This process
explains why the sedimentary organic carbons (TOC) in the Lower
Cambrian (Niutitang Formation) shales have the lightest carbon
isotopic composition. In contrast, humus-type diagenesis occurring
in phytoplankton with calcareous or siliceous tests (which domi-
nated in theMesozoic and Cenozoic) and terrigenous vegetal debris
(which are assumed to start from the middle Silurian, Edwards
et al., 1992; Kenrick and Crane, 1997) involve carbohydrate-
protein and lignin-cellulose complexes protected by mineralized
skeletons. Greater preservation of the organic matter of marine
phytoplankton may have occurred when dominantly organic-
walled phytoplankton (blue-green algae, acritarchs) were
replaced by mainly calcareous-walled organisms (coccolithophor-
ids and dinoflagellates). The latter types are known to have existed
since the Silurian but did not flourish until the post-Triassic period.
Therefore, it is significant that the d13C values of the organic matter
in the upper Ordovician (Wufeng Formation) shales and lower
Silurian (Longmaxi Formation) shales are heavier than those of
Lower Cambrian (Niutitang Formation) shales. The carbon isotopic
composition of the TOC in the three black shale strata in the
Sichuan Basin suggest that the organic matter in Lower Paleozoic
marine shales constituted a sapropelic, oil-prone source, and the
shale gas (if any) stored in reservoirs in those types of shales was
mostly generated from the cracking of residual bitumen during a
stage of relatively high thermal evolution. This has been confirmed
by some latest research (e.g. Zou et al., 2015; Dai et al., 2014).

4.1.3. Soluble organic matter
According to previous studies, the organic matter in most black

shales in the Sichuan Basin are considered to be in highly mature or
post-mature gas-generating stages (usually in the Ro>2.5% stage)
(Zhang et al., 2008; Hao and Zhou, 2013; Hao et al., 2013). Although



Table 2
Bitumen”A00 content statistics results in the 3 lower Paleozoic marine strata.

Strata Lithology TOC(%) Bitumen“A”a(ppm) Bitumen“A”/TOC(a10�4)

Range Average Range Average Range Average

Lower Silurian Shale 0.92e1.8 1.35 17e34 26 13.9e30.9 20.1
Upper Ordovician Shale 2.56e4.75 3.7 6e17 13 1.5e4.9 3.5
Lower Cambrian Shale 2.42e9.89 7.85 7e19 11 0.73e13.7 1.89

a Bitumen”A” ¼ chloroform soluble extract.
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most of those Paleozoic marine shales are rich in TOC, and the
organic matter in those shales is a type of oil-prone sourcematerial,
they contain hardly any or only very lowamounts of soluble organic
matter (Table 2). The measured soluble organic matter (bitumen
“A”) for the 37 selected marine shale samples (TOC ranges from
0.92 to 9.89%) range from 6 to 34 ppm (Table 2). The bitumen “A”
content and the relative content of bitumen “A”/TOC are selected
parameters that are typically used to describe howmuch and what
relative portion of total organic matter (TOC) can be transformed
into soluble organic matter in a specific source rock. In the plots of
bitumen “A” and bitumen “A”/TOC versus TOC, different types of
Paleozoic marine shales can be clearly differentiated (Fig. 4). The
lower Silurian (Longmaxi Formation) shales show relatively higher
bitumen “A” and bitumen “A”/TOC contents, whereas the Lower
Fig. 4. Plots of bitumen “A” and b

Fig. 5. Comparison of the distribution
Cambrian (Niutitang Formation) shales show lower bitumen “A”
and bitumen “A”/TOC contents. The three Paleozoic marine shale
strata in the Sichuan Basin present distinct trends decreasing
bitumen “A” and bitumen “A”/TOC with increasing age. Interest-
ingly, those trends indicate a negative correlation between bitumen
“A” and bitumen “A”/TOCwith increases inTOC (Fig. 4). This visually
contradictory phenomenon (the greater the level of TOC, the lower
the bitumen “A” content in the shales) suggests that most of the
residual liquid hydrocarbons in those shales have been transformed
into shale gas because of the higher thermal maturity of organic
matter burial during diagenetic transformation (Xia et al., 2013; Xia,
2014) such that the shale gas (if any) stored in reservoirs in those
types of shales was mostly generated from the cracking of residual
bitumen during a stage of relatively high thermal evolution.
itumen “A”/TOC versus TOC.

s of paraffins in different strata.



Table 3
Parameters for the three series of biomarker compounds detected in the samples from 3 potential shale gas strata in Sichuan basin, China.

Sample no. Strata Lithologya TOC(%) d13CTOC (‰) Paraffins Terpenoids Steranes

Cmaxb Pr/Ph Pr/C17 Ph/C18
P

C21
e /

P
C22
þ c Ts/Tm C23ttd/C30h C3122S/(SþR) C27(%) C28(%) C29(%) C29aa20S/(SþR) C29bb/（aaþbb） C27R/C29R

CN-22 S1l S 1.4 �30.3 C20 0.65 0.84 1.98 3.13 0.66 6.20 0.55 39.04 27.78 33.18 0.36 0.31 0.71
CN-24 S1l S 1.6 �29.7 C16 0.91 0.84 1.27 1.61 0.87 3.34 0.64 41.50 29.59 28.91 0.48 0.33 1.34
CN-27 S1l S 1.8 �29.7 C17 0.79 0.69 1.29 1.87 0.76 5.43 0.66 45.75 25.48 28.77 0.44 0.32 1.43
CN-32 S1l S 1.31 �29.6 C18 0.78 0.83 1.38 1.87 0.61 5.22 0.64 46.03 25.29 28.68 0.50 0.41 1.76
CN-40 S1l S 1.43 �30.0 C21 0.84 0.64 1.18 2.19 0.64 7.09 0.67 48.16 24.66 27.18 0.43 0.33 1.45
CN-45 S1l S 1.14 �30.3 C17 0.68 0.59 1.10 2.23 0.65 6.01 0.63 46.45 26.95 26.60 0.41 0.28 1.36
CN-50 S1l S 1.07 �29.7 C17 0.70 0.53 1.26 2.43 0.69 9.38 0.65 45.46 27.20 27.33 0.44 0.34 1.57
CN-52 S1l S 1.48 �30.0 C16 0.64 0.93 1.48 1.40 0.78 6.95 0.70 46.32 25.27 28.41 0.40 0.42 1.72
CN-56 S1l S 1.45 �29.7 C17 0.88 0.97 1.60 1.47 0.83 5.95 0.60 41.72 25.53 32.75 0.39 0.38 1.21
CN-61 S1l S 1.2 �29.9 C17 0.82 0.69 1.18 2.05 0.69 9.54 0.68 47.09 26.08 26.84 0.40 0.41 1.82
CN-65 S1l S 0.92 �30.0 C17 0.70 0.78 1.67 1.79 0.80 7.11 0.67 42.03 28.91 29.06 0.45 0.39 1.39
WF-03 O3w S 4.93 �30.7 C16 0.86 1.20 2.18 1.56 1.11 0.75 0.65 30.39 30.61 39.00 0.36 0.29 0.68
WF-07 O3w S 2.56 �30.7 C16 0.84 0.89 1.56 1.27 1.17 0.76 0.60 30.91 30.76 38.33 0.40 0.31 0.81
WF-10 O3w S 2.84 �30.7 C17 0.91 0.75 1.47 1.02 1.01 0.50 0.66 28.16 31.19 40.65 0.35 0.35 0.65
WF-13 O3w S 4.46 �29.9 C17 0.80 0.99 2.11 1.33 0.90 1.13 0.65 30.95 31.93 37.12 0.33 0.38 0.74
WF-16 O3w S 3.68 �29.8 C16 1.09 0.93 1.31 0.82 0.98 0.84 0.66 32.08 29.57 38.35 0.46 0.29 0.80
WF-18 O3w S 4.75 �30.3 C17 0.63 0.63 1.66 0.67 1.44 0.49 0.64 30.73 30.40 38.87 0.40 0.29 0.66
TL-1 Є1n S 3.39 �31.1 C16 1.57 0.66 1.08 35.49 0.64 0.32 0.59 27.59 29.75 42.66 0.43 0.37 0.61
TL-2 Є1n S 2.42 �31.5 C16 1.36 0.6 1.08 65.2 0.69 0.31 0.57 28.65 33.53 37.82 0.48 0.35 0.72
TL-3 Є1n S 2.92 �31.7 C16 1.57 0.8 1.25 36.71 1.04 0.23 0.61 30.8 26.88 42.32 0.48 0.38 0.73
TL-4 Є1n S 3.59 �31.6 C16 1.67 0.86 1.37 44.96 0.92 0.45 0.6 28.17 27.78 44.04 0.41 0.35 0.65
TL-5 Є1n S 8.42 �31.8 C16 1.43 0.69 1.46 18.17 0.7 0.17 0.63 28.42 28.99 42.58 0.41 0.38 0.63
TL-6 Є1n S 6.64 �31.6 C16 1.89 1.06 1.8 138.39 0.87 0.55 0.61 27.99 29.69 42.32 0.44 0.38 0.65
TL-7 Є1n S 6.92 �31.6 C16 1.64 1.11 1.65 61.83 0.89 0.44 0.59 30.52 29.47 40.01 0.42 0.38 0.76
TL-8 Є1n S 7.6 �31.8 C16 1.43 1 2.33 70.75 0.84 0.43 0.59 26.36 29.01 44.64 0.42 0.38 0.58
TL-9 Є1n S 7.31 �31.8 C16 1.5 1.26 3.42 74.73 0.9 0.32 0.59 26.11 30.11 43.79 0.45 0.4 0.58
TL-10 Є1n S 8.02 �31.7 C16 2.27 1.93 3.16 102.43 0.75 0.24 0.59 23.74 29.33 46.93 0.46 0.41 0.49
TL-11 Є1n S 7.95 �31.6 C16 1.78 1.25 2.23 27.54 0.82 0.25 0.62 28.02 28.55 43.43 0.46 0.36 0.66
TL-12 Є1n S 8.27 �31.8 C16 1.41 1.35 3.3 19.41 0.85 0.37 0.6 28.33 27.7 43.97 0.48 0.37 0.71
TL-13 Є1n S 8.92 �31.8 C16 1.48 3.62 8.52 7.49 0.96 0.31 0.56 28.3 29.95 41.75 0.48 0.35 0.67
TL-14 Є1n S 7.57 �31.7 C16 1.43 1.4 3.01 40.64 0.78 0.28 0.64 27.18 29.83 42.99 0.47 0.35 0.67
TL-15 Є1n S 6.67 �31.7 C16 1.28 0.98 2.01 19.28 0.87 0.19 0.59 28.35 29.65 41.99 0.41 0.35 0.67
TL-16 Є1n S 7.58 �31.6 C16 1.58 1.53 3.33 16.05 0.91 0.32 0.6 27.94 27.49 44.58 0.44 0.37 0.62
TL-17 Є1n S 8.11 �31.7 C16 1.6 1.77 3.41 23.5 0.92 0.36 0.6 25.78 29.62 44.6 0.41 0.35 0.56
TL-18 Є1n S 9.58 �32.0 C16 1.35 2.05 3.71 12.25 1.02 0.15 0.59 27.68 25.31 47.01 0.46 0.41 0.59
TL-19 Є1n S 9.89 �32.2 C16 1.22 1.27 2.83 42.26 0.99 0.42 0.61 28.57 28.49 42.95 0.39 0.37 0.64
TL-20 Є1n S 8.14 �31.9 C16 0.85 0.66 1.86 76.43 1.22 0.31 0.6 25.61 28.26 46.13 0.44 0.38 0.53

a S ¼ Shale.
b C max ¼ n-alkanes with max peak.
c C21- ¼ n-alkane with carbon number less than and equal to 21; C22þ ¼ n-alkanes with carbon number of 22 and greater.
d tt ¼ tricyclic terpane; h ¼ hopane.
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4.2. Distributions of the biomarkers

Biomarkers are the organic compounds in sediments, rocks and
crude oils whose carbon structure or skeletons can be traced back
to a living organism (Hunt, 1996). Marine organic carbon has been
found to be composed predominantly of autochthonous phyto-
plankton (Romankevich, 1984; Hedges and Keil, 1995; and refer-
ences therein). However, preservation of the organic matter of
marine phytoplankton may have occurred when dominantly
organic-walled phytoplankton (blue-green algae, acritarchs) were
replaced by mainly calcareous-walled organisms (coccolithophor-
ids and dinoflagellates) (Andrusevich et al., 1998). The evolution of
biological diversity will also cause some allochthonous terrestrial
organic debris to enter younger marine and transitional facies
sediments. Thus, the distribution characteristics of biomarkers can
be linked to the specific group of plants, animals, or bacteria from
which they originated (Hunt, 1996).
4.2.1. n-alkanes
The distribution patterns of n-alkanes in typical samples are

summarized graphically in Fig. 5. The calculated aliphatic hydro-
carbon parameters are listed in Table 3. In all Paleozoic shale
samples (from Lower Cambrian to Lower Silurian marine shales), n-
alkanes are characterized by a higher relative abundance of low-
molecular-weight (LMW) homologues and are dominated by C16
or C17 in most cases. Straight-chain n-alkanes from C23 to C29

display no odd-to-even C number predominance. Most of the
analyzed marine shale samples exhibit relatively low Pr/Ph ratios
(Pr/Ph range: 0.63e2.27, most less than 1.5). These samples exhibit
the typical straight-chain n-alkanes distribution characteristics,
which indicate that the organic matters in all of the marine shales
were sourced from autochthonous phytoplankton (Koopmans et al.,
1999) and were in the thermal evolution range of highly mature or
post-mature gas-generating stages. Straight-chain n-alkanes
display a distinct trend of molecular-weight and compound-
number reduction with increasing age, suggesting that the
organic matter in those shales display an increase in thermal
maturity with increased age (burial depth). This finding is
confirmed by the variation trend of the contents of soluble organic
matter in those marine shales (see above).
Fig. 6. Comparison of the distribution
4.2.2. Terpenoids
The distribution patterns of terpenoids are summarized graph-

ically in Fig. 6. In nearly all of the analyzed Paleozoic shale samples,
tricyclic terpanes aremore abundant than hopanes, and the relative
abundance of tricyclic terpanes to hopanes show an increasing
trend with decreasing age. The maximum peak of tricyclic terpanes
also shifts from C21 to C23 with decreasing age. The tricyclic ter-
panes are widely distributed in crude oils and source rocks of
marine or lacustrine origin and are considered to be diagenetic
products of prokaryote membranes (Ourission et al., 1982) and
primitive bacteria (Grandville, 1982; Grantham, 1986). Tricyclic
terpanes are not usually found in oils predominantly derived from
terrestrial source material (Philp and Gilbert, 1986). Hopanoids are
the most widespread biomarkers in the biosphere and geosphere
and are widely distributed among bacteria, cyanobacteria (blue-
green algae) and other primitive organisms with prokaryotic cells
(Hunt, 1996). Hopanoids also occur in ferns, lichens and a few
higher plants (Ourisson et al., 1982). The concentration of tricyclic
terpanes in crude oils appears to increase with increasing maturity,
most likely because of the breaking off of tricyclic terpane moieties
in asphaltenes and kerogens (Kruge, 1986). Ekweozer and Strauaz
(1983) obtained an entire series of homologous tricyclic terpanes
in the C19-to-C26 range by the pyrolysis of asphaltenes, resins and
heavy oils extracted from the Athabasca oil sands of Alberta. The
highest yields were obtained from the asphaltenes (Hunt, 1996).
Thus, the greater ratio of tricyclic terpanes to hopanes in shale
samples suggest that the organic matter in the latter are composed
of more terrigenous source material and are less mature.

4.2.3. Steranes
The distribution patterns of steranes are summarized graphi-

cally in Fig. 7. The steranes display equal distributions concerning
the weak preponderance of C27 to C29 (Fig. 8). The steranes in the
geosphere are presumably derived from sterols in the biosphere.
Although sterols have been sporadically reported to occur in pro-
karyotes (Kohl et al., 1983), it is generally assumed that their
contribution to geolipid steranes is minor and that steranes in the
geosphere are diagenetically derived mainly from eukaryotes
(Demel and Dekruyff, 1976) such as algae, plankton, zooplankton or
higher plants (Seifert and Moldowan, 1986). Cholesterol, C27, is the
major sterol in 35 species of red algae, and fucosterol, C29, was
dominant in all brown algae examined (Patterson, 1971). The
s of terpenoids in different strata.



Fig. 7. Comparison of the distributions of steranes in different strata.

Fig. 8. Ternary diagram showing a comparison of the mineralogical constituents of Paleozoic marine shales examined in this study with those of Barnett shales (data regarding
Barnett shales were obtained from Loucks and Ruppel, 2007).
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sterols of green algae are more complex. Ergosterol, C28, was pre-
dominant in five species of Chlorella. In five other species, chon-
drillasterol, C29, was the major sterol (Patterson, 1971). The major
sterol in higher plants is b-sitosterol, C29. Stigmasterol, C29, is
abundant in soybeans and other terrestrial plants. Campesterol, C28,
and brassicastreol, C28, are other sterols found in land plants. None
of these four sterols are an important constituent of marine or
lacustrine organisms (Hunt, 1996).

4.3. Mineralogy and petrophysical characteristics

We selected 20 lower Paleozoic marine shale samples for X-ray
diffraction analyses and porosity and pore structure analyses to
further evaluate the porosity, pore size distribution and total gas
capacity in the lower Paleozoic marine shales.
4.3.1. Mineralogical constituents and brittleness index
Mineralogy is a key factor characterizing the best shale gas wells

(Bowker, 2003a). The measured mineralogical constituents for the
20 selected (depending mainly on the variation of TOC contents)
lower Paleozoic marine shale samples (six for Lower Silurian, five
for Upper Ordovician and nine for Lower Cambrian) are listed in
Table 4. On average, the Lower Cambrian Niutitang Formation
shales contain more quartz (52e69%) than the Lower Silurian
(32e60%) and Upper Ordovician shales (34e78%). The quartz con-
tents in the Lower Silurian shale display a distinct increasing trend
(from 32% to 60%) with increasing age. The Upper Ordovician shales
contain smaller amounts of quartz but relatively greater amounts of
calcite and dolomite than the Lower Cambrian and Lower Silurian
shales. Lower Cambrian shales contain relatively greater amounts
of plagioclase, pyrite and clay mineral than the Lower Silurian and



Table 4
TOC, Mineral compositions, and brittleness index (BI) for the 3 lower Paleozoic marine strata (%).

Strata Sample no. TOC Quartz Calcite Dolomite Plagioclase Pyrite Microcline Clay mineral BI1 BI2

Lower Silurian CN-66 1.17 32 28 5 5 1 7 22 39.0 42.0
CN-25 1.56 36 10 4 4 4 2 41 41.4 43.2
CN-17 3.98 54 7 20 3 1 nd 14 72.0 74.8
CN-11 3.42 54 17 13 2 1 2 11 65.9 68.1
CN-02 7.13 79 3 3 1 2 nd 11 84.9 79.5
CN-01 5.45 60 14 8 4 2 nd 12 69.8 68.4

Upper Ordovician WF-19 7.76 78 3 4 3 1 nd 9 86.7 80.6
WF-14 4.81 34 22 30 4 3 nd 8 53.1 64.8
WF-12 3.46 48 35 7 1 2 nd 8 52.7 54.2
WF-08 2.36 58 22 11 1 1 nd 8 65.9 68.1
WF-01 1.18 34 6 18 5 nd 3 34 45.9 55.8

Lower Cambrian TL-3 2.92 60 nd nd 6 3 2 29 67.4 65.3
TL-4 3.59 58 nd nd 7 7 2 25 69.9 67.0
TL-5 8.42 59 nd nd 9 11 1 20 74.7 67.5
TL-7 6.92 61 nd 5 9 6 1 18 77.2 72.6
TL-11 7.95 64 nd 4 9 7 2 14 82.1 75.6
TL-13 8.92 61 nd 6 9 10 2 12 83.6 76.2
TL-16 7.58 52 nd 5 15 9 3 17 75.4 69.9
TL-18 9.58 68 nd 2 7 12 2 9 88.3 79.0
TL-19 9.89 69 nd nd 7 9 1 14 83.1 74.3

BI1 ¼ Qz
QzþCaþClay(Jarvie et al., 2007), BI2 ¼ QzþDol

QzþCaþClayþDolþTOC(Wang and Gale, 2009).
Qz: Quartz, Ca: calcit content, Dol: dolomite content, nd: no detected.
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Upper Ordovician shales. In the comparative diagram of the strata
demonstrating the proximal vertical variation in the mineralogical
constituents and TOC content (Fig. 9a, b), the quartz and the TOC
show strong agreement in terms of their contents (Fig. 10a). This
finding strongly suggests that the increasing quartz content in the
Lower Cambrian Niutitang Formation, the upper parts of the Upper
Ordovician Wufeng Formation and the lower parts of Lower Silu-
rian Longmaxi Formation is an indicator of biogenic silica.
Furthermore, the relatively greater level of biogenic silica debris
deposited synchronously led to a greater TOC content in the marine
sediment.

The ternary diagram comparing the mineralogical composition
of the Paleozoic marine shales examined in this study with that of
Barnett shales displays the relative proportions of clay, carbonate
and other minerals (Fig. 8). All of the Paleozoic marine shales
analyzed (from the Lower Cambrian to Lower Silurian marine
shales) are plotted within the area of the Barnett shales. Brittleness
is a key parameter in evaluating shale fracturing. Since different
Fig. 9. Comparative diagram of strata expressed in terms of proximal vertic
minerals have different brittleness, the rock higher in brittle min-
eral content is also higher in brittleness. Mineral brittleness index
(BI), is one the important parameters for screening shale-gas sys-
tems, Sichuan Basin are favorable for fracturing production for
shale gas. Brittleness index of Paleozoic shales in Sichuan Basin
were characterized by Jarvie et al.’s (2007) and Wang and Gale's
(2009) equations (Table 4). All Paleozoic organic rich shales with
TOC greater than 2.0% exhibit high BI, higher than 50%. High level of
brittle mineralogical constituents and brittleness index suggest
that the Paleozoic marine shales in the Sichuan Basin are favorable
for shale gas production which can be accomplished economically
only with horizontal drilling and hydraulic fracturing.

4.3.2. Porosity and pore size distribution
The characteristics of pores (pore volume and pore size distri-

bution) with overmature organic-rich formations may provide
some insight into how they function and the mechanism respon-
sible for their formation. The measured total porosities for the 20
al variation: (a) mineralogical constituents, (b) TOC (%), (c) porosity (%).



Fig. 10. Plots of TOC and porosity versus quartz.

Fig. 11. Comparison of the pore size distributions in different marine shales in the
Sichuan Basin: (a) Lower Silurian, (b) Upper Ordovician, (c) Lower Cambrian.
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selected lower Paleozoic marine shale samples are graphically
illustrated and compared vertically with the variation in TOC and
mineralogical constituents in Fig. 9. The total porosity for most of
the analyzed samples was less than 5%. Vertically, the total porosity
displays a roughly decreasing trend with increasing age (Fig. 9c).
The total porosities in the six Lower Silurian marine shales ranged
from 2.4% to 9.5%, those in the five Upper Ordovician shales ranged
from 1.6% to 5.9%, and those in the nine Lower Cambrian shales
were nearly all less than 2.0% (expect for one sample at 5.3%). The
total porosity displays a roughly negative relationship with the TOC
and quartz contents in the vertical diagram (Figs. 9 and 10b). The
pore size distributions also display significant differences between
different marine shale strata (Fig. 11). The Lower Cambrian shales
have pore sizes skewed toward smaller pores and lower total pore
volumes, most notably pore sizes with a distribution range of less
than 50 nm (micropores and mesopores), whereas in the Lower
Silurian shales, the pores are almost uniformly distributed over
different pore sizes (micropores, mesopores and macropores). In
the Upper Ordovician shales, the pores were mainly composed of
micropores and mesopores with small amounts of macropores
(Fig. 11). FE-SEM imaging results was in line with porosity and pore
diameter analytical results (Fig. 12). Compared to the Cambrian
shale, organic-matter pores widely distributed in the Lower Silu-
rian shales. These findings are in contrast to those of other studies
that indicate increasing porosity with quartz content and TOC due
to the presence of intergranular pores between coarser detrital
grains (Schl€omer and Krooss, 1997; Dewhurst et al., 1999) and that
porosity was created by organic matter decomposition (Jarvie et al.,
2007; Chen and Xiao, 2014).

In previous shale gas studies, sorbed CH4 capacities were
correlated with TOC (Manger et al., 1991; Lu et al., 1995; Ross and
Bustin, 2007; Zhang et al., 2012). Chalmers and Bustin (2007) re-
ported an increase in CH4 sorption capacity with an increase in
micropore volume for Cretaceous shales, similarly to results re-
ported for coalbed methane reservoirs (Lamberson and Bustin,
1993; Crosdale et al., 1998; Clarkson and Bustin, 1999). Micropo-
rosity, which is positively correlated with TOC in shales (Chalmers
and Bustin, 2007), is a critical component of porous media because
of the large internal surface areas and greater sorption energies of
sub-2-nm pores compared with larger pores of solids with similar
composition (Dubinin, 1975). Porosity is observed at the microscale
in organics, between grains, in pyrite framboids, in fossils, within
minerals and in the form of microcracks. The majority of pores in
some shales are located in organic matter. Other shales indicate
that porosity is largely associated with minerals (Sondergeld et al.,
2010). Jarvie et al. (2007) propose an average TOC content of



Fig. 12. Field emission scanning electron microscope (FE-SEM) images of organic-matter pores in different marine shales in the Sichuan Basin: (a) (b) Lower Silurian, (c) (d) Upper
Ordovician, (e) (f) Lower Cambrian.
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6.41 wt. % (mass), with a volume percent TOC of approximately 12.7
vol. % using a density of 1.18 g/cm3 for organic matter. When
thermal maturation is in the dry-gas window (e.g., >1.4% Ro),
approximately 4.3 vol. % porosity is created by organic matter
decomposition. In such a case, we would expect at least 4.5%
porosity in the Lower Cambrian shales, created by organic matter
decomposition alone, because nearly all of the samples contained
>7% sapropelic oil-prone TOC. A previous study indicates that much
of the oil generated in sedimentary rocks remains disseminated in
fine-grained source rocks, and the ratio of oil in nonreservoir rocks
to that in reservoirs for all rocks is approximately 200 to 1. In basins
with large oil fields, the ratio may range from 20 to 50 to 1 (Hunt,
1996). The maximum percent of TOC converted to C in oil can be
58% and 42% for sapropelic type I and type II kerogens, respectively,
31% and 26% of which can convert to gas if all of the previously
formed oil is converted to gas (Hunt, 1996). That is, approximately
27% and 16% of the TOC will be reassembled as pyrobitumen (coke)
for sapropelic type I and type II kerogens, respectively, when
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previously formed oil is cracked to gas in overmature source rocks.
The re-precipitated pyrobitumen (coke) causes the previously
created pores to be filled again. Oil cracking to gas in overmature
source rocks can occur in both intergranular pores and the pores in
organic matter created previously by organic matter decomposi-
tion, and the cracking can cause the pore volume to decrease and
the pore sizes to skew toward smaller pores. These processes are
most likely the main reasons why we only obtained the lowest
porosity and minimum pore sizes in the most aged but most TOC-
abundant Lower Cambrian shales. This porosity and pore-size
reduction phenomenon in overmature source rock via re-
precipitation of pyrobitumen created by oil cracked to gas re-
quires further confirmation by visual observation in future
research. Both the volume and sizes skewing toward smaller pores
in overmature higher TOC shales appears to be an unusual finding,
one that has not been, to the best of our knowledge, previously
reported. Because skewing toward smaller pores will reduce the
pore volume, increase the internal surface area and increase the
sorption energy compared with those of larger pores of solids with
similar composition, the shale gas storage space will be reduced,
and a relatively greater amount of gas will occur as adsorbed gas in
overmature, high-TOC shale, which will lower the productive ca-
pacity of shale gas.
5. Conclusions

(1) Lower Cambrian, Upper Ordovician, and Lower Silurian in
the Sichuan Basin all displayed excellent, high-quality
organic matter richness features and could be the strata
that have supported shale gas generation over geological
time. The measured d13C value for the sedimentary organic
carbon in the three black shale strata in the Sichuan Basin
present a distinct trend of 13C enrichment, indicating that
TOC may be related to the diversity of preserved phyto-
plankton in the different shale strata in the Sichuan Basin.
The light d13C values of the TOC in the Lower Paleozoic ma-
rine shales suggest that the organic matter in those shale
strata were sapropelic, oil-prone materials.

(2) Biomarker distribution characteristics suggest that the
organic matter in the marine shales were mainly composed
of autochthonous marine phytoplankton. The bitumen “A”
content displays a negative correlationwith sedimentary age
and TOC, suggesting that most of the residual liquid hydro-
carbons in those shales have been transformed into shale gas
due to higher thermal maturity during the diagenetic
transformation of the organic matter burial process, and the
shale gas stored in reservoirs in those types of shales was
mostly generated from the cracking of residual bitumen
during a stage of relatively high thermal evolution.

(3) All of the measured Paleozoic marine shales were favorable
for the fracturing production of shale gas, similarly to Barnett
shale, with a relatively high level of brittle mineralogical
constituents. The negative relationship observed between
the total porosity and the TOC and quartz contents in the
three Paleozoic marine shales suggests that re-precipitated
pyrobitumen (coke) created by oil cracked to gas in over-
mature source rocks may have led to the lowest porosity
level and minimum pore sizes in the most aged but most
TOC-abundant shales. Because skewing toward smaller pores
reduces the pore volume, increases the internal surface area
and increases sorption energies compared with those of the
larger pores of solids with similar composition, the shale gas
storage space will be reduced, and a relatively greater
amount of gas will occur as adsorbed gas in overmature,
higher-TOC shale, which will lower the productive capacity
of shale gas.
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