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a b s t r a c t

To study the sedimentary environment of the Lower Cambrian organic-rich shales and isotopic
geochemical characteristics of the residual shale gas, 20 black shale samples from the Niutitang For-
mation were collected from the Youyang section, located in southeastern Chongqing, China. A combi-
nation of geochemical, mineralogical, and trace element studies has been performed on the shale
samples from the Lower Cambrian Niutitang Formation, and the results were used to determine the
paleoceanic sedimentary environment of this organic-rich shale. The relationships between total organic
carbon (TOC) and total sulfur (TS) content, carbon isotope value (d13Corg), trace element enrichment, and
mineral composition suggest that the high-TOC Niutitang shale was deposited in an anoxic environment
and that the organic matter was well preserved after burial. Stable carbon isotopes and biomarkers both
indicate that the organic matter in the Niutitang black shales was mainly derived from both lower
aquatic organisms and algaes and belong to type I kerogen. The oil-prone Niutitang black shales have
limited residual hydrocarbons, with low values of S2, IH, and bitumen A. The carbon isotopic distribution
of the residual gas indicate that the shale gas stored in the Niutitang black shale was mostly generated
from the cracking of residual bitumen and wet gas during a stage of significantly high maturity. One of
the more significant observations in this work involves the carbon isotope compositions of the residual
gas (C1, C2, and C3) released by rock crushing. A conventional d13C1ed13C2 trend was observed, and most
d13C2 values of the residual gases are heavier than those of the organic matter (OM) in the corresponding
samples, indicating the splitting of ethane bonds and the release of smaller molecules, leading to 13C
enrichment in the residual ethane.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The increasing global demand for clean energy has made it
imperative to search for and exploit unconventional oil and gas
resources. Organic-rich shales have received renewed attention
because of their emergence as unconventional hydrocarbon reser-
voirs (Jarvie et al., 2007; Loucks and Ruppel, 2007). In recent years,
upper Yangtze Region in southern China has become the leading
area for exploration and development of shale gas in China (Tian
et al., 2013; Dai et al., 2014; Zou et al., 2015). Marine black shales
were widely developed during the Early Cambrian (Niutitang For-
mation, also called the Qiongzhusi Formation or Jiulaodong
Formation in the southwestern part of the Sichuan Basin), Late
Ordovician (Wufeng Formation), and Early Silurian (Longmaxi
Formation) periods (Zhang et al., 2008; Zou and Dong, 2010, 2015;
Hao et al., 2013). The Wufeng-Longmaxi Formation in south China
as potential shale gas strata has been studied for several years.
Discovery of the Jiaoshiba shale gas field in southeastern margin of
the Sichuan Basin marks a significant progress in the shale gas
exploration in the Wufeng-Longmaxi Formation and has a guiding
significance for shale gas exploration and development in China
(Guo and Zhang, 2014). From 2012 to July 2015, the Jiaoshiba shale
gas field has produced shale gas about 21.24 � 108 m3 with daily
shale gas production up to 1200 � 104 m3/day (Chen et al., 2015).
Compared with the Upper Ordovician-Lower Silurian shales, the
Lower Cambrian Niutitang shales are more widely and stably
distributed throughout southern China, and contain higher TOC
with greater thermal maturity levels (Wang et al., 2014a,b; Tian
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et al., 2015; Zou et al., 2015). Therefore, the Lower Cambrian black
shales also have a promising potential of shale gas.

Stable carbon isotope study of residual gas in shales that can be
recovered with rock crushing provides useful information for
identifying the origin of shale gas. Zhang et al. (2014) studied gas
geochemical characteristics of the residual gas from Barnett shales.
The chemical and carbon isotopic compositions of crushed-rock
gases from organic-rich Barnett shale core samples with a wide
range of thermal maturities (0.58e2.07%Ro) were analyzed and
compared to previously reported the chemical and isotopic com-
positions of produced gas from Barnett Shale, providing informa-
tion of great relevance for understanding deep shale gas reservoirs.
Tang et al. (2015) analyzed the chemical and carbon isotopic
compositions of residual gas in organic-rich Longmaxi shales. The
d13C values of C1, C2, C3, and CO2 of residual gas have similar fea-
tures to the produced gas from the weiyuan shale-gas play,
providing important evidence of the origin and storage of shale gas
in organic-rich Longmaxi shales.

In this study, the geochemistry and carbon isotopic character-
istic of the Lower Cambrian Niutitang organic-rich shales and their
residual gases are investigated. The main objectives of this study
are to investigate (1) the sedimentary environment of the Lower
Cambrian organic-rich shales, (2) the carbon isotopic distribution
of the residual gas released by the method of rock crushing, and (3)
the genetic origin of shale gas in the Lower Cambrian shales.

2. Geological setting

The Upper Yangtze Platform tectonically comprises the western
part of the Yangtze Platform in South China. It regionally includes
the eastern Sichuan, Chongqing area, most of Guizhou, western
Hubei and Hunan, and northern Yunnan province (Tan et al., 2013).
Amajormarine transgression occurred in the early Cambrian in this
region, causing thick black shale extensively deposited in restricted
marine environments. During the Early Cambrian, the whole Upper
Yangtze Platform could be considered a pericontinental marine
shelf. The paleocontinent was located in the west, and the depo-
sitional environments gradually changed to a marine platform,
restricted marine basin, former island arc system, and deep marine
setting toward the southeast (Tan et al., 2014, 2015). The Lower
Cambrian black shales were recognized as one of the major source
rocks in the Upper Yangtze Platform. Southeastern Chongqing,
geographically located in eastern Sichuan Basin and tectonically
situated in the transitional zone between the middle part of the
Central Sichuan Uplift and the Central Guizhou Uplift, is an
important part of the Upper Yangtze plate. The strata in this area
are mainly Cambrian, Ordovician, Silurian, Devonian, and Permian.
Effected by tectonic uplift, other strata are missing. The Lower
Silurian Longmaxi and Lower Cambrian Niutitang shales are the
main hydrocarbon source rocks in this area. The discovery of the
Jiaoshiba Longmaxi shale gas field, located in Jiaoshiba County,
Fuling District of Chongqing, marks a breakthrough in shale gas
exploration and development in southeastern Chongqing (Guo
et al., 2007). The Lower Cambrian Niutitang shale is another main
hydrocarbon source rock with promising shale gas potential in this
area.

The organic-rich Niutitang shales are distributed throughout
southeastern Chongqing, with a total thickness of greater than
100 m in most area of southeastern Chongqing and up to
180e200 m in Youyang and Xiushan areas. A set of high-quality
shales is present in the lower part of the Niutitang Formation.
Because of the Tongwan tectonic movement at the end of the
Proterozoic, the Niutitang shales unconformable contact with the
underlying dolomite in the upper Sinian Dengying Formation (Mei
et al., 2006; Tan et al., 2014). The thickness of the organic-rich
shales with a total organic carbon content greater than 2.0%
ranges from 40 to 60 m (Fig. 1). This study focuses on the high-
quality shale present in the lower part of the Niutitang Forma-
tion. The studied section is located in Tongling village
(N28�38057.3900, E108�52041.3300), Youyang county, southeastern
Chongqing area. The stratigraphy of the studied profile is the lower
part of the Niutitang Formation. The outcrop thickness of the
Youyang profile is 23 m, and the profile features siliceous shale and
black shale.

3. Samples and analytical methods

3.1. Samples

Twenty Lower Cambrian Niutitang shale samples were collected
with an interval of 1m from the Youyang outcrop section. To avoid the
possible effects of weathering on the nature of outcrop shales, only
fresh samples were collected during mining (Fig. 1). All the twenty
sampleswere analyzed for total organic carbon (TOC), total sulfur (TS),
stable carbon isotope of kerogen (d13Corg), Gas chromatography-mass
spectrometry (GC-MS), and carbon isotope of residual gas. A total of 17
samples were chosen for trace elements analyses, and 9 samples for
mineral composition studies. All the analyses were performed in Key
Laboratory of Petroleum Resources Research, Institute of Geology and
Geophysics, Chinese Academy of Sciences, China.

3.2. Organic geochemistry

TOC and TS were measured with a CS344 analyzer after the
samples were treated with 10% hydrochloric acid to remove car-
bonate and the analysis precisions are±0.5%. The carbon isotopes of
organic matter (d13Corg) were determined on shales after removing
carbonate by an instrument of Thermo Fisher MAT-253-FLASH
2000 and reported in per mil (‰) relative to Peedee belemnite
(PDB) standard with an analysis precision of ±0.3‰, using IAEA-
600 caffeine as certified reference material (Coplen et al., 2006).

GC-MS analyses of soluble extracts were performed on a
Hewlett-Packard 5890II gas chromatograph interfaced with a
Hewlett-Packard 5989-A mass spectrometer. The mass spectrom-
eter was operated at an electron energy of 70 eV and ion source
temperature of 250 �C. The oven temperature was programmed to
increase from 80 to 200 �C at 4 �C/min and then from 200 to
300 �C at 3 �C/min.

3.3. Trace elements and minerals

Trace elemental analyses were carried out using inductively
coupled plasma-mass spectrometry (ICP-MS). The analytical un-
certainties are estimated to be 5%. The standard rock reference
materials were used to monitor the analytical accuracy and preci-
sion. Mineral composition were measured via Rigaku D/max-
rA12KW rotating anode X-ray diffractometer 40 kV and 100 mA
with a Cu Ka radiation. Stepwise scanning measurements were
performed at a rate of 4�/min in the range of 3e85� (2q).

3.4. Geochemistry of residual gas in shales

Residual gas in shales were recovered with a gas degasification-
collection device that is modified from a prototype six-jar planetary
high-energy ball mill device made by the Fritsch Company of Ger-
many. By crushing samples using a ball mill, residual gas were
collected in the absence of aqueous media under high vacuum
conditions (Shi et al., 2012). Carbon isotopes of the recovered re-
sidual gases were analyzed by isotope mass spectrometer (DELTA
plus XP) with an analysis precision of ±0.3%.



Fig. 1. Location and outcrop photograph of studied section in Southeastern Chongqing, China.
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4. Results

4.1. TOC and TS

The twenty samples show relatively high TOC content ranging
between 2.42% and 9.89%, with an average value of 7.0%; total sulfur
content (TS) range between 0.15% and 5.3% with an average value of
3.6%. Both the TOC and TS content decreases upward (Table 1,
Fig. 2).
4.2. Organic carbon isotopes

The carbon isotope ratios of organic matter concentrated from
Table 1
Geochemical analysis results of the Niutitang black shales in Youyang Profile.

Sample no. TOC (%) S (%) d13Corg (‰) S1 (mg/g) S2 (mg/g) “A” (ppm

TL-1 3.39 0.15 �31.1 0.12 0.02 15.8
TL-2 2.42 0.24 �31.5 0.08 nd 13.1
TL-3 2.92 2.06 �31.6 0.08 nd 6.7
TL-4 3.59 2.02 �31.5 0.12 0.04 8.0
TL-5 8.42 4.78 �31.8 0.06 nd 9.1
TL-6 6.64 3.41 �31.6 0.08 nd 10.9
TL-7 6.92 3.69 �31.5 0.06 nd 6.8
TL-8 7.6 3.78 �31.8 0.10 nd 19.3
TL-9 7.31 4.35 �31.7 0.12 0.02 17.5
TL-10 8.02 5.23 �31.7 0.16 0.02 13.9
TL-11 7.95 4.17 �31.6 0.16 0.02 6.7
TL-12 8.27 4.92 �31.8 0.18 0.06 13.1
TL-13 8.92 5.05 �31.8 0.06 nd 14.7
TL-14 7.57 3.5 �31.7 0.07 0.01 14.2
TL-15 6.67 2.54 �31.6 0.04 0.01 8.8
TL-16 7.58 4.72 �31.6 0.07 0.01 10.4
TL-17 8.11 4.5 �31.7 0.06 0.01 9.9
TL-18 9.58 5.3 �32.0 0.05 nd 7.0
TL-19 9.89 3.83 �32.2 0.06 nd 9.6
TL-20 8.14 3.77 �31.9 0.06 nd 11.3

nd: no detected.
the Niutitang shales range between �32.4‰ and �31.1‰ with an
average value of �31.8‰, exhibiting an obviously negative excur-
sion in comparison with upper part of the Lower Cambrian Niuti-
tang Formation (Wang et al., 2015) and a negative correlation with
TOC contents (Fig. 2).
4.3. Biomarkers

Biomarker can provide important information about the organic
matter source and redox conditions. However the abundance of
extractable bitumen is extremely low if the organic matter has
entered the highly mature to over-mature stages (Peters et al.,
2005). Several studies suggested that possible contamination by
)
P

nC21�/
P

nC22þ Pr/C17 Ph/C18 Steranes (%)

C27Raaa C28Raaa C29Raaa

35.49 1.08 0.66 38.24 25.74 36.03
65.20 1.08 0.60 35.77 26.83 37.40
36.71 1.25 0.80 39.02 22.76 38.21
44.96 1.37 0.86 40.52 22.41 37.07
18.17 1.46 0.69 41.32 19.01 39.67

138.39 1.80 1.06 46.53 18.81 34.65
61.83 1.65 1.11 48.62 16.51 34.86
70.75 2.33 1.00 39.17 23.33 37.50
74.73 3.42 1.26 39.52 24.19 36.29

102.43 3.16 1.93 36.21 20.69 43.10
27.54 2.23 1.25 44.14 20.72 35.14
19.41 3.30 1.35 40.00 22.73 37.27
7.49 8.52 3.62 36.15 25.38 38.46

40.64 3.01 1.40 40.91 20.91 38.18
19.28 2.01 0.98 42.86 20.17 36.97
16.05 3.33 1.53 41.44 22.52 36.04
23.50 3.41 1.77 39.29 22.32 38.39
12.25 3.71 2.05 41.18 19.33 39.50
42.26 2.83 1.27 42.20 22.02 35.78
76.43 1.86 0.66 39.09 21.82 39.09



Fig. 2. Sampling information and stratigraphic profiles of Youyang section TOC and TS content and carbon isotope value of organic matter.

Fig. 3. Representative m/z 85 and m/z 191 mass chromatograms of saturated hydro-
carbons. (a) m/z 85 mass chromatogram; (b) m/z 191 mass chromatogram.
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recent organisms should be evaluated (Brocks et al., 2008; Sherman
et al., 2007). This has beenminimized during sampling and analysis
in this study. At highly mature stages, the organic geochemistry of
sediments tends to be homogeneous and the primary geochemical
differences may be difficult to determine, especially for biomarker's
maturity index. In previous studies (Tuo et al., 2016), we investi-
gated the distribution characteristics of biomarkers in the over-
mature Lower Paleozoic shales in Sichuan Basin. The distribution
characteristics of biomarkers in the three over-mature and
regionally developed black shales (the Lower Cambrian, Upper
Ordovician, and Lower Silurian) were significantly different,
indicating the different of source material and organic
characteristics. Geochemical significance of biomarkers in over-
mature Cambrian black shales has been also reported in several
recent studies (Jin et al., 2014; Han et al., 2015). Thus, the use of
organic geochemistry to indicate the organic matter type of the
Lower Cambrian Niutitang shale is considered to be reliable in this
study.

Parameters extracted from GC-MS analysis are listed in Table 1.
It is clear to see that n-alkanes are the dominant chemical com-
ponents of saturated hydrocarbons in our samples. The carbon
numbers of n-alkanes range from C14 to C27, with a strong domi-
nance of short-chain components (Fig. 3a). The distribution char-
acteristics of terpenoids is shown in Fig. 3b. Both tricyclic terpanes
and hopanes are abundant in all of the Lower Cambrian Niutitang
shale. The major isoprenoid alkanes were pristane (Pr) and phytane
(Ph), with Pr/Ph ratios ranging from 0.85 to 1.78. The ratios of Pr/n-
C17 and Ph/n-C18 are shown in Fig. 4. The Pr/n-C17 ratios range from
1.08 to 8.52. The Ph/n-C18 ratios range from 0.6 to 3.62. The regular
steranes are dominated by C27 steranes and the average relative
abundance of C27, C28 and C29 steranes is approximately 40.64%,
21.87%, and 37.49%, respectively.

4.4. Trace elements paleo-redox proxies

Several trace elements, including Mo, Re, U, and V, have been
considered as indicators of redox conditions in paleo-depositional
environments (Pratt and Davis, 1992; Crusius et al., 1996; Dean
et al., 1997; Rimmer et al., 2004). Some trace element abundance
ratios, such as V/(V þ Ni), V/Cr, Ni/Co, U/Th (Jones and Manning,
1994; Hatch and Leventhal, 1992), have been used for restoring
the redox conditions of a depositional environment. The Lower
Cambrian Niutitang shales have V/(V þ Ni) ratios ranging between
0.64 and 0.93, with an average value of 0.80; V/Cr ratio between 1.7
and 13.0, with an average value of 6.7; Ni/Co ratio between 2.81 and
10.7, with an average value of 6.5; U/Th ratio ranges between 1.31
and 9.86, with an average value of 5.82 (Table 2; Fig. 5). The Lower
Cambrian Niutitang shales are considerably enriched in Mo
(Table 2; Fig. 6), ranging between 39.8 and 149.7 ppm, with an
average value of 97.2 ppm.



Fig. 4. Pristane, phytane composition of Niutitang shale in the study area.

Table 2
Trace elements composition of the Niutitang shales from the Youyang section.

Sample no. Trace elements (ppm) V/(V þ Ni) V/Cr Ni/Co U/Th

V Cr Ni Mo Th U

TL-3 694.2 134.4 93.5 53.2 2.95 5.46 0.88 5.2 4.31 1.85
TL-4 771.1 76.3 54.3 39.8 2.41 3.17 0.93 10.1 6.81 1.31
TL-5 337.3 116.0 86.1 106.0 1.90 13.58 0.80 2.9 2.81 7.13
TL-6 419.4 100.8 130.7 86.9 3.23 20.06 0.76 4.2 5.14 6.20
TL-7 1033.9 103.5 226.1 89.9 5.37 30.58 0.82 10.0 10.70 5.70
TL-8 756.6 105.5 183.1 81.9 5.60 44.03 0.81 7.2 6.67 7.86
TL-9 744.4 85.7 134.3 107.1 6.81 32.90 0.85 8.7 4.77 4.83
TL-10 482.6 90.7 127.1 116.4 3.69 25.69 0.79 5.3 5.21 6.97
TL-11 900.6 86.7 204.2 103.2 5.29 33.42 0.82 10.4 9.55 6.32
TL-12 482.7 65.7 120.6 94.4 5.63 32.07 0.80 7.3 4.72 5.70
TL-13 546.4 103.6 124.1 149.7 6.74 42.15 0.81 5.3 3.31 6.26
TL-14 1292.9 99.8 226.6 119.3 5.62 29.76 0.85 13.0 9.53 5.30
TL-15 340.9 205.5 188.0 93.6 5.62 19.49 0.64 1.7 8.58 3.47
TL-16 498.2 98.5 118.1 87.7 6.88 27.43 0.81 5.1 3.95 3.99
TL-17 424.0 102.8 196.6 110.7 5.65 55.78 0.68 4.1 10.14 9.86
TL-18 558.1 62.2 127.2 99.1 5.13 40.87 0.81 9.0 4.53 7.96
TL-20 460.5 95.2 168.9 114.2 4.21 34.86 0.73 4.8 9.81 8.29
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4.5. Minerals

The mineralogical compositions of the selected nine shale
samples are listed in Table 3. With an average value of 8%, pyrite
ranges between 3% and 12%, and is positively correlated with TOC
(Fig. 7). These samples are characterized with high quartz content
in the range of 52e69%, and show a positive correlation between
TOC and quartz contents (Fig. 8). The quartz content of the studied
shales in Youyang profile is very similar with the results of Rongxi
and Jinggang Niutitang shales (Tan et al., 2014). The quartz-related
minerals are relatively high in the Lower Cambrian shales. The clay
contents of the nine samples range between 9% and 29%, with an
average value of 18%, and illite is the dominant mineral in all
samples. The clay content is relatively low in the studied organic-
rich Niutitang shales, which is consistent with previous research
results of the Lower Cambrian shales in other areas in Southeastern
Chongqing (Tan et al., 2014). An obviously negative linear correla-
tion was observed between the total clay and TOC contents (Fig. 8).
The average content of feldspar is approximately 10% with a range
between 6% and 18%.

4.6. Geochemical characteristics of residual gas in shales

Carbon isotopic compositions of residual gases are listed in
Table 4. Methane was recovered from all samples; ethane from 16
samples; propane only from three samples. The d13C1 values range
between �39.6 and �30.4‰, with an average value of �36.1‰; the
d13C2 values range between �39.6‰ and �18.6‰, with an average
value of �29.7‰; the d13C3 values for the three samples range
between �24.5‰ and �14.6‰.
5. Discussion

5.1. Organic matter types

Previous studies have conducted numerous investigations on
the degree of thermal evolution of the Lower Cambrian shales in
the Sichuan Basin and have found that the Lower Cambrian shales
have reached the over-mature stage (Zou and Dong, 2010; Wang
et al., 2010; Huang et al., 2012). Vitrinite reflectance (Ro) values
are generally over 2.5% throughout the Sichuan Basin and are as
high as 3.0 in the study area (Xie et al., 2013; Xiao et al., 2015). Rock-
Eval pyrolysis is the primarymethod used to classify organic matter
types. The type of organic matter is commonly characterized via a
pyrolysis index, such as HI-OI (HI, hydrogen index; OI, oxygen in-
dex), H/C-O/C, S2-TOC (S2, remaining hydrocarbon potential), or
Tmax-HI. However, these pyrolysis indices cannot effectively eval-
uate organic matter types that are highly or overly thermally
mature. The carbon isotope values of organic matter, which are
primarily affected by the organic matter source and remain stable
during the thermal evolution of the organic matter, can be used to
evaluate the organicmatter type. The d13Corg values of the Niutitang
shales range between �32.4‰ and �31.1‰ (Table 1, Fig. 2). The
average d13Corg values of the Lower Cambrian shales in the Upper
Yangtze Platform is �31.9‰ (Liang et al., 2009), which is consistent
with the results of this study. According to the evaluation standard
presented by Hu and Huang (1991), sediments with d13Corg values
lighter than �29.0‰ belong to type I organic matter. The d13Corg
values of all Niutitang shale samples fall within this range, indi-
cating type I organic matter with strong hydrocarbon generating
capacity.

Biomarkers are widely used to reflect the source of organic
matter in sediments. Low molecular weight n-alkanes (C15-C19 n-
alkanes) predominated, with n-C16 as the most abundant peak
(therefore representing the main components) and with high
P

C21
� /

P
C22þ values ranging from 7.5 to 138.4 (Table 1, Fig. 3a). These

results indicate a major contribution of planktonic algae in the
sedimentary organic matter. The studied shale samples exhibit



Fig. 5. Crossplots of trace-element ratios as paleoredox proxies. (a) U/Th vs. V/(V þ Ni); (b) U/Th vs. V/Cr; (c) Ni/Co vs. V/(V þ Ni); (d) Ni/Co vs. V/Cr.

Fig. 6. Mo content versus TOC for Niutitang shale and Recent sediments of modern
anoxic silled basins. Regression-line slopes (m in units of 10�4): Saanich Inlet (hollow
circle), m ~ 45 ± 5; Cariaco Basin (black diamond), m ~ 25 ± 5; Framavaren Fjord
(hollow diamond): m ~ 9 ± 2; Black Sea (black circle): m ~ 4.5 ± 1. Above date modified
from Algeo and Lyons 2006. Blue square represent Niutitang shale in Youyang section,
m ~ 13.4 ± 5. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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typical straight-chain n-alkanes distribution characteristics, indi-
cating that the organic matter was sourced from autochthonous
phytoplankton (Koopmans et al., 1999) and was in the thermal
evolution range of the highmaturity or post-mature gas-generating
stage. The distribution patterns of terpenoids indicate the enrich-
ment of tricyclic terpanes (Fig. 3b). The average value of

P
tricyclic
terpanes/
P

hopanes is 0.97, with relative higher abundance of tri-
cyclic terpanes to hopanes in some samples. Tricyclic terpanes are
widely distributed in crude oils and source rocks of marine or
lacustrine origin and are considered to be diagenetic products of
prokaryote membranes (Ourisson et al., 1982) and primitive bac-
teria (Grandville, 1982; Grantham, 1986). C27, C28, and C29aaa (20R)
steranes have an asymmetrical distribution in the shape of a “V”,
with a predominance of C29 steranes (Table 1). The distribution of
biological markers in the studied shale samples suggests that
organic matter was mainly derived from lower aquatic organisms
and algae.

Isoprenoid alkanes in the sediment can also be used to estimate
organic matter type. The result of a correlation study between Pr/
nC17 and Ph/nC18 is consistent with that of the organic carbon
isotope study, suggesting type I organic matter was deposited in
strongly reducing marine conditions (Fig. 4). The carbon isotope
values of the organic matter and distributions of biomarkers sug-
gest that the organicmatter type of the Niutitang shales is oil-prone
and sapropelic (I), which has a strong oil generation capability.
5.2. Sedimentary environment

5.2.1. Constraints from organic geochemistry
The Lower Cambrian Niutitang shale is a super-rich source rock,

with a total organic carbon content ranging from 2.42 to 9.89% in
the Youyang profile (Fig. 2). The high TOC values indicate an anoxic
setting lacking the bacteria that typically attack and destroy organic
matter (Loucks and Ruppel, 2007). In an aerobic environment,
bacteria thrive, and much of the organic material is consumed.
Accordingly, the high abundance of organic matter in the Youyang
profile indicates the sedimentary environment was generally



Table 3
TOC content and mineralogical composition of the Niutitang shales (%).

Sample no. TOC Quartz Dolomite Anorthose Pyrite Microcline Total clays

TL-3 2.92 60 nd 6 3 2 29
TL-4 3.59 58 nd 7 7 2 25
TL-5 8.42 59 nd 9 11 1 20
TL-7 6.92 61 5 9 6 1 18
TL-11 7.95 64 4 9 7 2 14
TL-13 8.92 61 6 9 10 2 12
TL-16 7.58 52 5 15 9 3 17
TL-18 9.58 68 2 7 12 2 9
TL-19 9.89 69 nd 7 9 1 14

nd: no detected; Total Clays ¼ illite þ montmorillonite þ chlorite.

Fig. 7. Crossplots of TOC abundance versus pyrite.

Fig. 8. Crossplots of TOC abundance versus quartz and clay.

Table 4
Carbon isotopic characteristics of residual shale gas.

Sample no. d13Corg/‰ d13C1/‰ d13C2/‰ d13C3/‰ C1/C2þ
TL-1 �31.1 e37.5 nd nd e

TL-2 �31.5 �39.4 nd nd e

TL-3 �31.7 �35.5 nd nd e

TL-4 �31.6 �38.4 �29.8 �14.6 48.09
TL-5 �31.8 �35.4 �18.6 �15.3 26.48
TL-6 �31.6 �35.8 �31.1 �24.5 12.96
TL-7 �31.6 �38.0 �30.4 nd 19.01
TL-8 �31.8 �36.5 �30.7 nd 34.19
TL-9 �31.8 �34.3 nd nd e

TL-10 �31.7 �35.3 �29.9 nd 28.86
TL-11 �31.6 �35.0 �29.2 nd 35.87
TL-12 �31.8 �39.6 �32.8 nd 29.01
TL-13 �31.8 �33.8 nd nd e

TL-14 �31.7 �36.7 nd nd e

TL-15 �31.7 �30.4 nd nd e

TL-16 �31.6 �35.3 �28.3 nd 61.93
TL-17 �31.7 �34.1 �29.0 nd 57.66
TL-18 �32.0 �34.7 �30.3 nd 29.82
TL-19 �32.2 �39.2 �32.7 nd 31.32
TL-20 �31.9 �36.7 �33.1 nd 30.84

nd: no detected.
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anoxic during deposition of the Lower Cambrian Niutitang shales.
The total sulfur (TS) content exhibits similar trends as TOC in the
longitudinal direction and is similarly high in the lower part of the
section. The total sulfur content ranges from 0.15 to 5.3%, with an
average of 3.6%. The total sulfur content is susceptible to be
disruption in an oxidizing environment. Thus, the high sulfur
content suggests that the organic matter in well preserved, with
little disturbance. In addition, the total sulfur content is positively
correlated with TOC (Fig. 2), suggesting that the organic matter was
well preserved after burial.

Previous studies have suggested that variations in the carbon
isotopic composition of marine organic matter can be used for
environmental interpretations (Arthur et al., 1985; Dean et al.,
1986). The depositional environment can be well defined by
organic carbon isotopic results (Freudenthal et al., 2001; Lehmann
et al., 2002). The wide distribution of the anoxic environment will
have an effect on the organic carbon isotopic value. The low d13Corg
value can be explained by the anoxic conditions of the sedimentary
environment. The Niutitang shales present a distinct trend of 13C
enrichment. The d13Corg values of the Niutitang shales range
from �32.4‰ to �31.1‰, with an average of �31.8‰, significantly
lighter than the value of modern euxinic environment sediments
(e.g., the Black Sea, approximately �24‰; Freeman et al., 1994). A
global anoxic event can result in a large number of biological ex-
tinctions and rapidly increase organic matter burial in sediment.
Due to the preferential enrichment of 12C, a large amount of organic
matter rich in 12C was buried and deposited (Wang et al., 2002). An
anoxic environment can promote the formation of organic-rich
intervals and enhance negative d13Corg excursions (Wang et al.,
2015). In this study, the d13Corg values of the Niutitang Formation
negatively correlated with TOC content (Fig. 2).

5.2.2. Constraints from trace element enrichment and redox indices
The trace element content of sediment can be influenced by

many factors, including redox conditions, sediment accumulation
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rates, diagenesis and later mineralization processes (Pratt and
Davis, 1992). Molybdenum (Mo), uranium (U), and vanadium (V)
are considered to be redox-sensitive (Pratt and Davis, 1992; Dean
et al., 1997). Redox indices, including U/Th, V/Cr, V/(V þ Ni), and
Ni/Co, have been widely used to estimate the redox properties of
ancient sedimentary environments (Hatch and Leventhal, 1992;
Jones and Manning, 1994). Trace elements of the Lower Cambrian
organic-rich black shales in the Yangtze Block have been studied
extensively to reveal the paleosedimentary environment (Guo
et al., 2007; Li et al., 2015; Wang et al., 2015).

High U/Th ratios are consistent with highly reducing conditions,
with U/Th > 1.25 representing suboxic/anoxic environments and U/
Th < 0.75 representing normal oxic marine sedimentary environ-
ments. The U/Th ratios in all the studied samples exhibit significant
U enrichment relative to the ratio of PAAS (0.31, McLennan, 1989)
and black shale (3.30, Calvert and Pedersen, 1993). The observed U/
Th value is greater than 1.25, with an average of 5.82. V/
(V þ Ni) > 0.54 and V/Cr > 4.25 both represent anoxic environ-
ments. The measured V/(V þ Ni) and V/Cr ratios agree with the U/
Th result. In the Niutitang shale, the V/(V þ Ni) ratio ranges be-
tween 0.64 and 0.93, with an average of 0.80, and the V/Cr ratio
ranges between 1.7 and 13.0, with an average of 6.7 (Table 2). In the
diagrams of U/Th vs. V/(V þ Ni) and U/Th vs. V/Cr, most studied
samples fall in the anoxic region (Fig. 5a, b), indicating that the
Niutitang shale were deposited in an anoxic environment. The
analysis result of the Ni/Co study is not perfectly in agreement with
that of U/Th, V/(V þ Ni), and V/Cr, but most samples plot in the
dysoxic and anoxic regions (Fig. 5c, d).

Previous research suggests that sediments deposited from
euxinic water are enriched inmolybdenum (Brumsack and Gieskes,
1983; Koide et al., 1986; Brumsack, 1989). Thus, the Mo content has
been used as an indicator of anoxic conditions and considered to be
the best diagnostic element for sediment deposition under sulfate-
reducing conditions (Dean et al., 1997). In the Well W201, the Mo
contents of the Lower Cambrian Qiongzhusi black shales range
from 16.9 to 72.7 ppm, with an average of 35.2 ppm. In the Well
N206, Mo contents of the Qiongzhusi black shales range from 57.7
to 402.0 ppm, with an average of 154.0 ppm (Wang et al., 2015). The
Mo content of the Niutitang shale ranges from 39.8 to 149.7 ppm,
with an average of 97.2 ppm, which is significantly higher than the
average value in normal sediment (2.6 ppm, Wedepohl, 1971) and
black shales (10 ppm, Vine and Tourtelot,1970). TheMo enrichment
positively correlates with TOC content, indicating a strong coupling
between Mo and TOC in the Niutitang shale, as shown in Fig. 6.
Organic matter is the primary host phase for Mo in these Lower
Palaeozoic shales, a finding that is supported by the strong corre-
lation between the Mo and TOC concentrations. The Mo content
versus TOC plot shows a comparison between the Niutitang shale
and modern anoxic marine systems described by previous studies.
The Niutitang shale falls in the restriction area and the average
regression-line slope (Mo/TOC) is 13.4 � 10�4, close to that of the
Cariaco Basin (25� 10�4) and Framavaren Fjord (9� 10�4). TheMo-
TOC diagram demonstrates that the redox conditions of the Niuti-
tang Formation were anoxic and favourable for organic matter
accumulation. TheMo-TOC relationships reveal that the Qiongzhusi
Formation black shales were probably deposited under moderately
restricted conditions.

5.2.3. Constraints from mineral enrichment
Pyrite is one of the important characteristic minerals in marine

organic-rich sediments. The pyrite content and speciation in source
rocks can be used to restore the redox state of the bottomwater and
to assess the paleosedimentary environment. The formation of
pyrite is generally related to bacterial sulfate reduction. Under a
hypoxic paleoaquifer environment, sulfate is reduced to H2S and
reduced sulfur using organic matter as a reducer and energy source.
The reaction products further react with active iron to form a series
of iron sulfides, eventually forming pyrite, which is preserved in the
sediment (Leventhal et al., 1983). High pyrite contents reflect stable
sedimentary water and high-salinity water compared with normal
seawater. The water environment below the oxidation-reduction
interface was saline and strongly reducing, which was favourable
to the preservation of planktonic organic matter (Qin et al., 2010).
The pyrite content of the Niutitang shale ranges from3 to 12% and is
positively correlated with TOC (Fig. 7).

Quartz, a major mineral in sedimentary rocks, has long been
considered to be derived from the continental crust due to its
chemically and mechanically resistant nature (Potter et al., 1980).
The quartz content of marine sediments has been used to deter-
mine the distance to the shoreline (Blatt and Totten,1981). Schieber
et al. (2000) analyzed quartz silt from Late Devonian black shales in
the New Albany Basin, eastern USA, using backscattered electron
and cathodoluminescence imaging (BSE and SEM-CL). Schieber
proposed that the majority of the quartz silt in the Late Devonian
black shales did not originate from the continental crust. Quartz silt
originally precipitated via diagenesis in algal cysts and other pore
spaces, and the silica was derived from the dissolution of opaline
skeletons of planktonic organisms, such as radiolaria and diatoms.
Hence, in marine sediments, the use of quartz as a proxy for detrital
input must be performed with caution. Biogenic quartz has been
reported in an extensive study of North American black shales
(Turgeon and Brumsack, 2006; Ross and Bustin, 2006; Chalmers
et al., 2012).

The bulk mineralogy of the Lower Cambrian Niutitang black
shale is dominated by quartz, accounting for 52e69% of the bulk
rock (Table 3). Study of the ancient geography suggests that, during
the Niutitang Age in the Early Cambrian, the study area was mainly
a restricted deep shelf (Tenger et al., 2007). In this deep shelf
sedimentary environment, terrigenous clastics were not deposited
in significant amounts due to the long transport distance from the
material source, associated with the deep sedimentary environ-
ment and long distance from the coast. Terrigenous contribution
accounts for only a small portion of the quartz minerals. In addition,
the quartz content of the Niutitang black shales positively corre-
lated with the total organic carbon content (Fig. 8), which is similar
to Devonian gas shales in Horn River Basin, Canada (Chalmers et al.,
2012). With increasing quartz content, the biological accumulation
amount and organic matter abundance in the sediments increased,
indicating that biogenic quartz is an important source of the quartz
content. In the Sichuan Basin, this positive correlation between
quartz and TOC was also reported in previous studies of the Lower
Silurian Longmaxi black shales (Nie and Zhang, 2012; Wang et al.,
2014b). Detrital, authigenic, and biogenic quartz constitute the to-
tal quartz mineral of the organic-rich Niutitang shale. The quanti-
tative evaluation of quartz mineral of different origin in the over-
mature Lower Cambrian shales needs more intensive study in the
future research. The clay content in the Niutitang Formation ranges
from 9 to 29% (Table 3), with an average of 18%. An obvious reverse
negative linear correlation between clay content and total organic
carbon exists (Fig. 8), indicating that the terrigenous mineral input
can significantly dilute the organic matter enrichment.

5.3. Formation mechanism of shale gas

The residual hydrocarbon index (S2, IH, bitumen A) of the oil-
prone organic-rich Niutitang shale is extremely low. All studied
shale samples show low pyrolysis S2 peaks, with an average of
0.022 mg of hydrocarbons per gram of rock (Table 1). In some
samples, the concentrations are below detection limits, and py-
rolysis S2 peaks cannot be determined. The relationship between S2



Fig. 9. Display of remaining hydrocarbon potential (S2) versus total organic carbon
(TOC) for the Niutitang Formation shale samples.

Fig. 10. Plot showing d13C1 versus d13C2 (Figure modified after Tilley and
Muehlenbachs, 2013). Data of Barnett and Fayetteville sourced from Rodriguez and
Philp, 2010; Zumberge et al., 2012. Data of Longmaxi shale in Sichuan Basin sourced
from Dai et al., 2014.

Fig. 11. d13C value of OM (organic matter), CH4, C2H6, and C3H8.
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and total organic carbon (TOC) in the Niutitang Formation shale
samples indicates the existence of type IV inert solid bitumen
(Fig. 9). The bitumen A values of the studied shale samples range
from 6 to 34 ppm (Table 1). The hydrogen index (IH) values are also
very low, with the highest value not exceed 3 mg HC/g TOC.
Additionally, limited amounts of soluble organic matter were
detected in the studied samples, ranging from 7 to 19 ppm. The
residual hydrocarbon index of the organic-rich Niutitang shales in
Rongxi profile displays similar characteristics, with low S2
(0.33e0.37 mg HC/g rock) and HI values (4e5 mg HC/g TOC) (Tan
et al., 2015). The oil-prone Niutitang shale with a high abundance
of organic matter but low residual hydrocarbon index values in-
dicates that most of the hydrocarbons generated during the oil
generation window were consumed during a stage of relatively
high thermal evolution. The shale gas in the over-mature Niutitang
Formation was mostly generated during secondary cracking
processes.

The residual gases are the gases that are retained on the surfaces
of the source rock pores. The geochemical characteristics of these
gases reflect those of the shale gases. Previous studies (Shi et al.,
2012) showed that the residual gases are composed mainly of hy-
drocarbon gas and carbon dioxide, with the hydrocarbon gas ac-
counting for more than 80%. These gases can be measured reliably
to obtain d13C1ed

13C3 data. The results of the carbon isotope ana-
lyses satisfy the need for the geochemical study and application of
residual gases. The residual gases in the Longmaxi shale have
already been studied (e.g., Tang et al., 2015), but the gases in the
Niutitang shale have not.

The d13C1 and d13C2 values of the Niutitang, Barnett (low
maturity and high maturity), and Fayetteville shale gases are
plotted in Fig. 10. The first inflection point on the curve was
considered to be the beginning of secondary cracking andmixing of
primary and secondary cracking gas (Tilley and Muehlenbachs,
2013; Rodriguez and Philp, 2010; Zumberge et al., 2012; Dai et al.,
2014). The low-maturity Barnett shale gas plotted in the pre-
rollover area, with a conventional d13C1ed13C2 trend
(d13C1 < d13C2). As maturity increases, the d13C2 values of Barnett
shale gas become increasingly negative and fall in the rollover area.
As maturity continues to increase, a reversed d13C1ed13C2 trend
(d13C1 > d13C2) occurs, and all highly over-mature Fayetteville shale
gas exhibit this characteristic. Asmaturity increases still further, the
d13C1ed13C2 trend becomes conventional again (Xia et al., 2013).
The Niutitang shale falls in the post-rollover stage at a significantly
high maturity with a conventional d13C1ed

13C2 trend (Fig. 10).
Unlike the Longmaxi shale gas in the Sichuan Basin, which plots in
region III with a reversed d13C1ed

13C2 trend (Dai et al., 2014), the
even higher maturity Niutitang shale gas plots in region IV, in
which the d13C1ed13C2 trend becomes conventional again. This
pattern suggests that cracking of residual bitumen and wet gas at a
high thermal maturity was the main source of the Niutitang re-
sidual gases and, therefore, the shale gas. This is also coincident
with the observation that the Lower Cambrian shales have low
amounts of soluble organic matter with large amounts of total
organic matter.

In a comparative plot that shows the relationships between the
carbon isotopic compositions of organic matter (OM‰), methane
(C1H4‰), ethane (C2H6‰) and propane (C3H8‰, detected in three
samples) in the residual gases (Fig. 11), all of the d13C1 values are
lighter than those of OM, whereas most of the observed d13C2
values for the residual gases are heavier than those of OM in the
corresponding samples. The 12C-12C bond is relatively easier to
break than the 12C-13C and 13C-13C bonds (Rooney et al., 1995). The
heavier isotopic value of ethane relative to OM suggests that the
breaking down of wet gas under such high thermal maturity
catagenesis involved the splitting of ethane bonds and the release
of smaller (isotopically lighter) molecules, which likely led to the
13C enrichment in the residual ethane (Tian et al., 2010). This
finding further confirms that the shale gas stored in reservoirs in
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these types of shale is mostly generated from the cracking of re-
sidual bitumen and wet gas during a stage of relatively high ther-
mal maturity.

6. Conclusions

Based on our study of the organic matter characteristics, trace
elements, mineral component, and residual shale gas carbon
isotope distributions in the Lower Cambrian Niutitang black shale
from southeastern Chongqing, the following conclusions can be
drawn:

(1) Black and organic-rich shales in the lower part of the Lower
Cambrian Niutitang Formation have TOC content ranging
between 2.42% and 9.89% in the studied area. Stable carbon
isotopes and biomarkers both indicate that the organic
matter in the Niutitang black shales wasmainly derived from
both lower aquatic organisms and algaes and belong to type I
kerogen.

(2) The trace elemental redox indices (U/Th, V/Cr, V/(V þ Ni), Ni/
Co) suggest that the Lower Cambrian organic-rich Niutitang
shales were deposited in an anoxic environment and that the
organic matter was well preserved after burial. The Mo-TOC
relationships reveal that the redox conditions of the Niuti-
tang Formation were anoxic and favourable for organic
matter accumulation. The TOC content is positively corre-
lated with quartz and pyrite but negatively correlated with
clay content, indicating a strongly reducing sedimentary
environment far from the coast of a continent.

(3) The residual gases in shales recovered with crushing method
show a normal trend in the values of d13C1 and d13C2 and fall
in post-rollover stage of very high thermal maturity. This
normal tend in methane and ethane carbon isotopes, along
with the extremely heavy d13C2 values as compared to those
of their parent organic matter, indicates the shale gases were
formed through the cracking of residual bitumen after oil
expulsion and even the wet gas at a very high thermal
maturity levels.
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