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a b s t r a c t

The Lower Cambrian Niutitang formation shale in the Sichuan Basin is not only a source rock for the
Sinian conventional gas reservoir but also a possible reservoir for shale gas. However, very limited work
have been focused on the detailed sedimentary environment related to shale gas exploration. In this
study, detailed field geological investigation, continuous sampling and analyses by SEM, EDS XRD, XRF
and ICP-OES, were used to probe provenance and sedimentary environment of the Niutitang formation
shale in the southeast margin of Sichuan Basin. Both field outcrop observation and laboratory experi-
mental results indicate: 1) the presence of framboidal pyrite; 2) dU � 1; and 3) a negative dCe index
anomaly. The detrital mineral properties and major element analyses indicate that the geotectonic
background of the sediment sources for the Niutitang formation shale can be linked to the neritic zone
and slope zone. The horizontal bedding indicates that suspended sediments were involved in the
sedimentation. The Ba minerals, REE characteristics and trace element index (U/Th) demonstrate that
most of the study area was formed in a normal sedimentary environment, but several isolated zones
were affected by submarine hydrothermal sedimentation. The sedimentation of the Niutitang shale most
likely occurred in a weak hydrodynamic, deep water, oxygen-deficient reducing environment. The major
sediment sources were continental margins, such as the neritic and continental slope zones.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Shale gas exploration and production have received increased
interest due to the growing global energy demand (Johnson and
Boersma, 2013). Organic-rich black shales are considered the
source rocks or seals for most conventional oil and gas reservoirs
(Arthur and Sageman,1994). Meanwhile, shale is also characterized
as a self-contained source rock-reservoir system, in which hydro-
carbon fluids are derived from solid organic matter through
biogenic and/or thermogenic processes (Crutis, 2002; Hill et al.,
2007a).

Commercial shale gas production began in the United States and
was enabled by the key technical developments of horizontal
drilling and massive hydraulic fracturing (Crutis, 2002; Jarvie et al.,
2007). Presently, unconventional shale gas represents a key
resource in the United States and has surpassed natural gas pro-
duction from non-shale sources (Energy Information Administra-
tion [EIA], 2014). Large-scale shale gas utilization and development
have drastically fulfilled the worldwide energy supply (Jarvie et al.,
2007). Shale gas has attracted significant public attention in
countries other than the USA (Crutis, 2002; Chalmers et al., 2012),
such as Australia, Canada, Germany and China.

China possesses abundant shale gas resources. Commercial
shale gas production has recently begun at a few shale gas fields,
among which the Jiaoshiba shale gas field in the southeastern
Sichuan Basin has been the most successful (Wu et al., 2013; Yang
et al., 2015; Chen et al., 2015a,b). The first shale gas well in the
Jiaoshiba gas field, the JY1HF well, yielded a shale gas flow of
20.3 � 104 m3/day (7.2 mmcf/day) in 2012. The JY8-2HF well has a
peak production rate of 54.7 � 104 m3/day (19.4 mmcf/day) (Chen
et al., 2015a,b). The target shale gas production seam in the
Jiaoshiba gas field is the lower Silurian Longmaxi marine shale. In
addition to the Longmaxi formation, the Lower Cambrian Niutitang
formation (also called the Qiongzhusi Formation) is another thick
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and continuous marine shale (Zhang et al., 2008).
In the southeastern Sichuan Basin, the thickness of the Niutitang

formation shale (simplify as Niutitang shale in the following text)
ranges from 20 to 100 m, with the maximum thickness in the
southeast margin of Sichuan Basin (Fig.1a; Nie et al., 2011; Xie et al.,
2013), where the shale has high TOC, high thermal maturity and
large gas-in-place (Huang et al., 2012; Xie et al., 2013). All these
properties suggest a potential target area for shale gas production.
There are some researches related to the sedimentary and tectonic
framework of the southeastern Sichuan Basin, and the analyses of
the geochemical and physical characteristics of the Niutitang shale
in Sichuan basin. For example, Zeng et al. (2016) investigated the
development characteristics of three types of natural fractures in
the Paleozoic marine shales of the southeastern Sichuan Basin. Xue
et al. (2016) investigated the relationship between TOC and pore
development characteristics of the Niutitang shale in Sichuan Ba-
sin. However, due to limited exploration data, the detailed discus-
sion about the petrological, mineralogical and geochemical
characteristics and the sedimentary environment of the Niutitang
formation shale are not yet available for the southeastern Sichuan
Basin.

In this study, we performed field geological investigation of
fresh sedimentary outcrops, then performed petrological, miner-
alogical and geochemical analyses on shale samples in laboratories,
and finally provided some new evidence to explain the detailed
sedimentary characteristics of the Niutitang shale. This study is
useful to better understand the origin of shale gas, and petrological
and physical properties of the Lower Cambrian Niutitang formation
gas shale in the study area.

2. Geological setting

The southeast Sichuan Basin covers southern Chongqing,
northern Guizhou and southeastern Sichuan, among which the
study area belongs to southeastern Chongqing City. Tectonically,
the study area is located at the southeast margin of the south-
eastern Sichuan Basin (Fig. 1). The southeast Sichuan Basin is
composed of SeN and NEeSW trending fold belts and fault zones
(Fig. 1). Caledonian movement led to the stratigraphic lacuna of
the Devonian and Carboniferous Systems, except from the Neo-
proterozoic Sinian, Paleozoic and Mesozoic systems in the study
area (Reinhardt, 1988; Hao et al., 2013; Jiang et al., 2013; Zeng
et al., 2016) (Fig. 2). Among these sedimentary strata, there are
four sets of hydrocarbon source rocks, including the Lower
Cambrian Niutitang shale, Upper Ordovician-Lower Silurian
Wufeng-Longmaxi shale, Lower Permian carbonate source rocks
and Upper Permian coal-bearing shale (Fig. 2). These shales, which
are widely distributed with great thickness and high pyrite,
organic matter and biological fossil contents, are the prior targets
for the exploration and development of Paleozoic marine shale gas
in southern China (Wang et al., 2009 and Dong et al., 2010; Zeng
et al., 2016).

The Niutitang shale is conformably overlain by the grayish-
green shale, mudstone and silty mudstone of the Lower Cambrian
Mingxinsi formation. Meanwhile, a parallel unconformity exists
between the Niutitang formation and the underlying Upper Sinian
Dengying formation (Fig. 2).

3. Sampling and experiments

3.1. Samples

Fifteen shale groups were sampled from the southeast margin of
Sichuan Basin. The locations of sampling are shown in Fig. 1b).
Fresh samples were collected directly from outcrops or geological
profiles of the Niutitang formation, with a block sample size of
10 � 5 � 5 cm (length, width and height, respectively). Samples
were immediately transported to a laboratory for petrological,
mineralogical and geochemical analyses. Of these, 3 shale samples
were collected from a well-exposed geological profile of the Niu-
titang formation in Rongxi, while the other 12 samples were ob-
tained from fresh outcrops in Rongxi and Qingxichang (Fig. 1).

3.2. Experiments and methods

The experimental methods and criteria used in this study
strictly followed the China Geological Survey Bureau standards (No.
DD2006-07). The petrological, mineralogical and geochemical an-
alyses were conducted using thin section identification (TSI),
scanning electron microscopy (SEM), energy dispersive spectrom-
etry (EDS), X-ray diffraction (XRD), X-ray fluorescence spectrom-
etry (XRF) and inductively coupled plasma atomic emission
spectrometry (ICP-OES). XRD was performed at the Chengdu
Mineral Resources Administration and Testing Center using an
XPERT-MPD. The TSI, SEM, EDS, XRF and ICP-OES analyses were
performed at the Chongqing Mineral Resources Administration and
Testing Center using a Leica DM2700P, TM 3000, S-34OON, Axios
(PW4400) and iCAP 6000, respectively.

TSI and SEM were used to identify the microstructure and
mineral composition, while XRD was used to quantify specific
mineral contents. In addition, SEM-EDS was used to qualitatively
describe crucial minerals.

XRF was used to quantify major elements, such as SiO2, Al2O3,
Fe2O3 and TiO2. In addition, trace elements and rare earth elements
(REE) were quantified via ICP-OES. The trace elements discussed in
this study include Th and U, while the REE include LREE, HREE, La,
Yb and Ce.

To ensure the reliability of the elemental analyses, we adopted
a strict error check process to ensure reliability via quality control
(standard reference No. DZ0130.3e2006). Elemental testing was
repeated twice for each sample. The relative deviation (RD) and
permissible error (YC) were then calculated using Eqs. (1) and
(2):

RD ¼ ðB� AÞ=½0:5� ðAþ BÞ� � 100% (1)

YC ¼ C �
�
14:37X

�0:1263 � 7:659
�

(2)

where A and B represent the element values that were measured
twice for each sample (mg/g), X is the average mass fraction of a
composition (%) and C is the relative error coefficient for multiple
analyses of any mineral composition. The value of C is 1 for major
and trace elements in sedimentary samples.

According to Eqs. (1) and (2), if the value of RD is less than YC,
then the element analysis results are reliable and an average value
was then used, based on the repeated measurements.

4. Results and discussion

4.1. Petrography characteristics

Using the Rongxi profile in Xiushan County as an example
(Fig. 1), we divided the Niutitang formation into five different
sediment sections (Fig. 3). The first section is black shale with
phosphate at the bottom, representing an extensive trans-
gression. The sedimentary structure mainly consists of horizontal
bedding that partially contains a pyrite strip, which suggests that
an extensive water body was present during early sedimentation
(Zhang et al., 2008; Yang et al., 2011). The second section is a



Fig. 1. Geological framework, sampling locations, and geological cross section in the southeast margin of Sichuan Basin (modified from Long et al., 2012).
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Fig. 2. Integrated stratigraphic column of the southeastern Sichuan basin from Sinian to Silurian.
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thin-layer of grey silty mudstone with a pelitic texture and
massive bedding. The third section is black carbonaceous shale
with a pelitic texture and horizontal bedding, which suggests
that suspended materials may have participated in the sedi-
mentation (Hill et al., 2007b). The fourth section is grey
mudstone with a thin-layered structure, horizontal bedding and
undulating bedding. The fourth section also includes a locally
developed sandy belt, which reflects the relatively low energy of
the early aquatic environment (Hill et al., 2007b). The fifth sec-
tion is dark-grey carbonaceous shale with a pelitic texture and
horizontal bedding, within which banded and massive pyrites are
common. In general, the Niutitang shale in the southeastern
Sichuan Basin is mainly black, dark-grey through grey, indicating
the shale sedimentation occurred in a mesopelagic zone reduc-
tion environment.
4.2. Mineralogy characteristics

Shale samples display specific variations in mineralogical
composition. The Niutitang shale samples from the study area
exhibit an intermediate combination of detrital minerals and clay
minerals. The detrital minerals, such as quartz, feldspar, carbonate
minerals and pyrite, comprise between 52% and 90% of the sample
composition with an average of 71%. The clay minerals are
composed of illite, chlorite and illiteesmectite mixed-layer min-
erals. Detailed mineral compositions of the selected shale samples
are shown in Fig. 4.

4.2.1. Quartz
The average quartz content is 44.98% and ranges between 33%

and 64% (Fig. 4a). Both authigenic and epigenetic quartz is present



Fig. 3. Rongxi profile (Lower Cambrian Niutitang formation) in Xiushan County, southeastern Sichuan basin.

Fig. 4. The mineral compositions of the selected shale samples.
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in the Niutitang shale. The authigenic quartz comprises the largest
proportion and mainly exhibits a cryptocrystalline texture, which
exists in both spherulitic and xenomorphic granular forms (Fig. 5a).
The cryptocrystalline quartz is irregular in shape, with an average
particle size <50 mm (typically <20 mm). Tiny recrystallization
quartz encases the cryptocrystalline quartz. Spherulitic and
xenomorphic quartz with both xenomorphic and columnar char-
acteristics mainly exhibit arenaceous and hypidiomorphic textures.
The average particle size of quartz with arenaceous texture
is < 30 mm (typically <20 mm). Quartz with arenaceous texture is
evenly distributed, with those particles present in a directional
alignment (Fig. 5a). The quartz with hypidiomorphic and



Fig. 5. Photomicrographs and SEM-EDS images of the Niutitang formation shale (AQ, authigenic quartz; EQ, epigenetic quartz; F-Py, framboidal pyrite; PoeF, potassium feldspar; Pl-
F, plagioclase feldspar; PPL, plane-polarized light). a, spherulitic, xenomorphic, granular quartzs, and framboidal pyrite; b, quartz exhibits aggregate structures and directional
alignments; c, epigenetic quartz distributed in veins with irregular shapes; d, the body of the epigenetic quartz vein; e, potassium feldspar and barium minerals; f, small amount of
mica; g-h, calcite, dolomite and siderite, the main composition of carbonate minerals; and i, energy spectrum analysis for barium minerals.
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xenomorphic columnar textures, which are associated with car-
bonate minerals, are usually presents as an aggregate structure
with an average particle size of <10 mm. Some quartz samples
exhibit aggregate structures and directional alignments (Fig. 5b).

The epigenetic quartz is distributed in veins with irregular
shapes. Its particle size is typically larger than authigenic quartz,
with an average size of <50 mm (Fig. 5a and c). The body of the
epigenetic quartz vein cuts through the authigenic quartz, and the
vein body extension is consistent with the orientation of the
epigenetic quartz (Fig. 5d).

4.2.2. Feldspar
Feldspar, which mainly consists of plagioclase feldspar and po-

tassium feldspar, accounts for 6.1e20.3% of the sample composition
(Fig. 4b). Potassium feldspars are randomly distributed among the
plagioclase feldspars. Feldspar is uniformly distributed in rocks
with arenaceous textures, and its particle size is < 50 mm (typically
<20 mm) (Fig. 5e).

A limited number of samples from the Rongxi profile contain a
small amount of potassium feldspar (Fig. 5e) and mica (Fig. 5f)
along the cleavage planes, as well as metasomatic feldspar alter-
ations. In addition, barium (Ba) minerals are abundant in individual
samples (Fig. 5e and i).

4.2.3. Carbonate minerals
Carbonate minerals, which mainly consist of calcite (Fig. 5g),

dolomite (Fig. 5g) and siderite (Fig. 5h), average 10.6% of the sample
composition, ranging between 2% and 17% (Fig. 4c). The majority of
the carbonate minerals exist as microcrystalline or crystalloblastic
textures and are highly idiomorphic with relatively complete
crystal forms. Carbonate mineral particle sizes are generally
<50 mm, but individual mineral may be > 100 mm. The recrystalli-
zation and overgrowths are apparent for the fine grained carbonate
minerals, some of which are granular, evenly distributed and
associated with quartz (Fig. 5d). In addition, coarse grain carbonate
minerals develop wavy extinctions. Moreover, we observed that
small amounts of carbonate minerals were directionally scattered
with other associated minerals (Fig. 5b).

4.2.4. Pyrite
Pyrite, a type of authigenic mineral with an idiomorphic or

hypidiomorphic granular structure, was formed during the early
sedimentary period. It is the main metallic mineral of the Niutitang
formation shales, as noted by macroscopic (Fig. 6a and b) and
microscopic observations (Fig. 6c-f).

The pyrite content in the entire sample composition is low
(4.34% on average). Two principal mineral distribution patterns
were observed. One distribution occurs in black shales with vein or
fine vein forms (Fig. 6a-c), in which the vein and rock stratification
are always in the same direction. The pyrite vein widths vary from
10 to 1000 mm, while the particle size ranges from 10 to 100 mm. A
second distribution occurs in tiny particles that are disseminated in
other mineral grains (Fig. 6d-f), in which the granularity is typically
<20 mm. The particle pyrites can be divided into two types: the
well-formed crystalline cubic type (Fig. 6d) and the framboidal type
(Fig. 6d-f and Fig. 5a).

4.2.5. Clay minerals
The clay mineral content is a key parameter in shale gas reser-

voirs (Ma et al., 2015). Clay minerals are always distributed in the
interparticle layers of brittle minerals or rock grains with well-
developed crystallinity and irregular features (Fig. 7a). However,
some clay minerals exhibit a directional property (Fig. 7b).

The clay mineral content averaged 28.76% in this study, ranging
from 9% to 48% of the entire sample composition (Fig. 4e). The clay
minerals are composed of illite, chlorite and illiteesmectite mixed-
layer minerals (I-S mixed-layer), among which illite accounts for
the largest portion of the total clay mineral content (Fig. 8).

4.2.6. Mineralogical characteristics and relation to the sedimentary
environment

Certain shale mineralogical characteristics can indicate specific
sedimentary characteristics and regions of provenance. The detrital
minerals in the study area are characterized by semicrystalline,
xenomorphic and hypidiomorphic textures, with small mineral
particles and medium psephicity. Moreover, the detrital mineral
composition mainly consists of stable minerals, such as quartz,
feldspar and carbonate minerals, while the clay mineral compo-
nents are also stable and lack cholritic clastics. These observations
suggest that the majority of the unstable minerals decomposed
completely during the long transport process. Thus, we speculate
that the neritic zone and slope zone represent the regions of
sediment provenance.

Both cubic and framboidal pyrites were found in the mineral
compositions of the selected samples. According to Wilkins et al.
(1996), particle of framboidal pyrite can be used to judge the
reduction-oxidation conditions that occurred during the sedi-
mentary period. The framboidal pyrite particle size typically
ranged from 4 mm to 6 mm in this study, which is consistent with
the framboid diameter (range between 4.8 mm and 6.1 mm) of
samples from the Black Sea (Wilkins et al., 1996). Thus, we spec-
ulate that the Niutitang shales were deposited in a hydrostatic
reducing environment during the sedimentary period. Further-
more, the observed enrichment in Ba may indicate that the sedi-
mentation was influenced by submarine hydrothermal processes
(Rona, 1978; Feng et al., 2007), which will be discussed later in
section 4.4.

4.3. Geochemical characteristics

15 samples were analyzed for elemental compositions. The re-
sults are presented in Table 1. All measurement results passed the
previously noted quality check of Eqs. (1) and (2) and met the No.
DZ0130.3e2006 standard.

4.3.1. Characteristics of major elements
Themajor sedimentary rock elements, such as SiO2, Al2O3, Fe2O3

and TiO2, are relatively stable andwere unaffected by any late-stage
diagenesis (Aitchison and Flood, 1990; Wen and Carignan, 2011).
The Al2O3 and TiO2 contents aremainly associated with terrigenous
material inputs, while the Fe2O3 enrichment is due to the presence
of hot waters at a mid-ocean ridge (Murray et al., 1992a,b). Murray
et al. (1992a,b) and Murray (1994) created graphical models to
identify sedimentary environments based on Fe2O3/(100�SiO2) vs.
Al2O3/(100�SiO2) and Fe2O3/TiO2 vs. Al2O3/(Al2O3 þ Fe2O3)
relationships.

We used these relationships to plot our data on two ratio dia-
grams, as shown in Fig. 9. The Niutitang formation shale mineral
components indicate that a continental margin environment exis-
ted in the southeastern Sichuan Basin (Fig. 9).

4.3.2. Characteristics of trace elements
This study only investigated Uranium (U) and Thorium (Th).

Rona (1978) provided a relationship between U and Th that can be
used to determine if sedimentation was influenced by hydrother-
mal processes. According to these ratios (Rona, 1978), U/Th < 1 may
indicate a normal sedimentary process, whereas U/Th� 1 indicates
the occurrence of hydrothermal processes. Similarly, Wignall
(1994) established a correlation based on dU ¼ 2U/(U þ Th/3),
which can be used to determine a sedimentary environment. He



Fig. 6. Field outcrop, SEM images and photomicrograph illustrating the pyrite distribution in the Niutitang formation shales. a-b, pyrite stripe; c, disseminated pyrites, plane
polarized light; d, combination of framboidal pyrites (F-Py) and cubic pyrites (C-Py); e-f, framboidal pyrites (F-Py).

Fig. 7. SEM images of samples. a, Clay minerals with well-developed crystallinity and irregular features; b, clay minerals with directional distributions.

Fig. 8. Clay mineral compositions of the Niutitang formation shale.
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suggested that dU<1 indicates an oxygen-deficient environment,
with dU>1 denoting a normal seawater environment.
The trace element characteristics of U and Th are given in
Table 1. The U/Th ratios are commonly <1, with only two exception
(1.27 and 1.18). This implies that the majority of the study area
represented a normal sedimentary environment. Moreover, the dU
values range from 1.05 to 1.58, suggesting that the study area
represented an oxygen-deficient environment during the sedi-
mentary period.
4.3.3. Rare earth element characteristics and sedimentary
environment

The geochemical behaviors of rare earth elements (REE) can
provide an understanding of the geochemical processes that
occurred during the period of sedimentary formation (Ruhkin and
Owen, 1986; Elderfield et al., 1990; Owen et al., 1999). All�egre and
Michard (1974) provided a diagram to distinguish different petro-
graphic diageneses based on the La/Yb ratio and

P
REE.

We used this relationship to plot our REE content data, as shown
in Fig. 10. The results show that most points fall within the area
representing sedimentary rocks or the transition zone between
sedimentary rocks and oceanic tholeiites, with only one point
solely within the area of oceanic tholeiites. These characteristics
illustrate that the bulk of the study area represented a normal
sedimentary environment, with only one area affected by subma-
rine hydrothermal processes during the sedimentary period.

In addition, dCe values reflect the enrichment and loss of cerium



Table 1
Major and trace element compositions and typical geochemical parameter characteristics of the selected shale samples.

Sample ID Lithology Major elements (%) Trace elements (mg/g) Rare earth elements (mg/g)

(Section) SiO2 Al2O3 Fe2O3 TiO2 U Th U/Th dU LREE HREE
P

REE La/Yb dCe

RX-27 1 57.78 12.11 5.72 0.52 2.05 5.61 0.37 1.05 141.32 38.32 179.64 11.07 0.57
RX-22 3 58.01 14.14 6.41 0.61 5.434 8.475 0.64 1.58 87.67 24.97 112.64 9.76 0.78
RX-19 4 55.51 13.64 6.22 0.58 5.191 10.18 0.51 1.21 90.21 21.08 111.29 9.64 0.67
RX-13 5 57.73 13.19 6.9 0.59 4.886 9.581 0.51 1.19 84.52 18.04 102.56 7.51 0.48
RX-12 3 59.98 12.77 5.23 0.58 4.656 9.313 0.5 1.2 87.31 18.09 105.4 8.25 0.54
RX-11 1 58.65 14.6 6.32 0.62 3.089 2.432 1.27 1.32 100.59 17.36 117.95 6.48 0.61
RX-06 1 58.21 14.39 5.46 0.6 3.684 7.25 0.51 1.21 95.05 15.41 110.46 11.11 0.57
RX-02 5 55.03 14.13 7.22 0.63 5.414 9.438 0.57 1.26 81.34 16.94 98.28 9.01 0.74
QXC-26 1 56.44 11.61 5.16 0.53 6.078 5.15 1.18 1.56 131.81 18.41 150.22 7.8 0.47
QXC-23 5 57.09 12.48 7.16 0.57 4.437 7.438 0.6 1.28 151.07 20.08 171.15 10.09 0.65
QXC-21 3 55.05 13.66 6.69 0.56 4.509 7.331 0.62 1.3 158.16 19.99 178.15 9.89 0.44
QXC-14 4 57.64 12.82 6.77 0.52 4.463 7.644 0.58 1.27 184.39 21.02 205.41 9.04 0.69
QXC-09 2 58.24 13.71 5.54 0.61 3.769 6.625 0.57 1.26 210.52 22.89 233.41 8.67 0.72
QXC-04 1 56.88 13.11 6.71 0.59 4.124 8.319 0.5 1.2 197.34 23.01 220.35 7.82 0.79
QXC-02 3 50.29 10.21 4.75 0.47 4.068 8.644 0.47 1.17 222.76 24.11 246.87 7.71 0.63

Where Section 1 represents black shale; Section 2 represents grey silty mudstone; Section 3 represents black carbonaceous shale; Section 4 represents grey mudstone; Section
5 represents dark-grey carbonaceous shale; dU ¼ 2U/(Uþ Th/3); dCe ¼ NCe/(2NLa þ NPr), as directly obtained by the system, among which NCe, NLa and NPr are calculated from
the REE chondrite-normalized North American shale composite (NASC) based on test values.

Fig. 9. Major element diagrams of the Niutitang formation shale in the southeastern Sichuan basin. a) Fe2O3/(100�SiO2) vs. Al2O3/(100�SiO2); b) Fe2O3/TiO2 vs. Al2O3/(Al2O3þFe2O3

(modified from Murray et al., 1992a,b; Murray, 1994).

Fig. 10. La/Yb vs. REE diagram of the Lower Cambrian Niutitang formation shale in
southeastern Sichuan basin (modified from All�egre and Michard, 1974).
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(Ce), which is particularly sensitive to variations in oxidation-
deoxidization condition. Thus, the dCe index can reflect the
oxidation-reduction environment of the paleo-ocean (Hein et al.,
1981). Ce includes the variable valence elements of Ce3þ and
Ce4þ. Ce3þ could transform into Ce4þ in an oxidizing environment,
in which the latter has difficulty in dissolving. Thus, the loss of Ce
resulted in a negative Ce anomaly in the water and a positive Ce
anomaly in the sediments. In contrast, if Ce was activated and
released into the water in the form of Ce3þ in an anoxic environ-
ment, then a positive Ce anomaly would occur in sea water and a
negative anomaly would occur in the sediments (Morad and
Felitsyn, 2001). The dCe indexes in the investigated samples are
<1 mg/g (Table 1), indicating that the sea water represented a
reducing anoxic environment during the sedimentary period.
4.4. Discussion of submarine hydrothermal processes

Feng et al. (2007) indicated that submarine volcanic plumes or
strong submarine hydrothermal processes may form polymetallic
deposits on the seafloor. According to our field investigations, no
commercial polymetallic deposits exist in the study area of the
Niutitang formation. These observations indicate that the influence
of submarine hydrothermal processes is local and limited to indi-
vidual areas. This speculation is further confirmed by our analysis of
data, which suggests that only individual samples exhibit the
properties associated with hydrothermal processes (Table 1 and
Fig. 10).



Table 2
Sedimentary characteristics of Niutitang shales and available proofs.

Sedimentary characteristics and environment Available proofs

Sedimentary hydrogeology and
hydrodynamics

Weak hydrodynamic, deep water, oxygen-deficient
reducing environment

Development of horizontal bedding and framboidal pyrite, negative dCe
index, and dU � 1

Certain content of suspended sediments Development of horizontal bedding
Sediment sources Linking to neritic and continental slope zones Characteristics of detrital mineral and major elements (Fig. 8)
Other sedimentary characteristics Locally isolated areas affected by submarine hydrothermal

sedimentation
Presence of Ba minerals, REE characteristics (Fig. 9), and trace element
(U/Th) index

Fig. 11. Sedimentary pattern of the Lower Cambrian Niutitang formation shale in southeastern Sichuan basin.
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Submarine hydrothermal processes may significantly impact
various shale gas reservoir characteristics, such as the mineral
composition, the maturity of the organic matter and resulting
porosity or permeability variations. Further research is required to
determine the specific impacts of the submarine hydrothermal
processes on the shale gas reservoir of the Niutitang formation in
the southeastern Sichuan basin.

5. Conclusions

According to petrological, mineralogical and geochemical ana-
lyses of 15 shale samples from the Lower Cambrian Niutitang for-
mation in the southeast margin of Sichuan Basin, we summarize
the sedimentary characteristics and environment of the Niutitang
shale in Table 2 and Fig. 11. The following conclusions were made:

The development of horizontal bedding, the existence of fram-
boidal pyrite, dU � 1 and the negative dCe index anomaly illustrate
that sedimentation of the Niutitang shale formation occurred in a
weak hydrodynamic, deep water, oxygen-deficient reducing
environment.

The properties of the detrital mineral and analyses of the major
elements indicate that the geotectonic background of the Niutitang
shale formation can be linked to the neritic and continental slope
zones. The development of horizontal bedding indicates that sus-
pended sediments participated in the sedimentation.

The presence of Ba minerals, REE characteristics and the trace
element (U/Th) index indicate that the majority of the study area
represented a normal sedimentary environment, but several iso-
lated areas were affected by submarine hydrothermal
sedimentation.

The sedimentation of the Niutitang shale formation likely
occurred in a weak hydrodynamic, deep water, oxygen-deficient
reducing environment (Fig. 11). The major sediment sources are
continental margins, such as the neritic or continental slope zones.
Some suspended sediments were involved in the sedimentary
process. In local areas, the sedimentary process was affected by
submarine hydrothermal activities.
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