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According to the concepts of traditional oil and gas geological theory, the exploration of shale
has been forbidden. However, with the emergence of micro/nano-pores, development of
innovative theories such as those of non-Darcy flows, and industrial application of horizontal
wells and multi-stage hydraulic fracturing and other technologies, commercial exploitation of
shale gas has been realized. Shale gas represents the “residual gas” in source rock that has not
been discharged in time. It exists in the form of adsorbed, free or dissolved gas and can be
described as a biogenic gas, thermogenic gas or mixture of both. At present, research,
exploration and development of shale gas are being actively conducted worldwide. Moreover,
the recognized importance of shale gas in natural gas production has changed the world energy
strategies and represents a valuable strategic direction for China’s national oil and gas energy
development.

In China, after more than a decade of research and development, significant progress has
been made in the research, exploration and development of shale gas reservoirs, especially
with the discovery of the Fuling shale gas field. Early preliminary investigations and com-
parative studies with shale gas accumulation conditions in the United States indicated that the
Yangtze plate region of South China, central and Eastern China, Northwestern China, Ordos
Basin, Tarim Basin and Tibetan regions have valuable prospects for shale gas exploration. In
particular, Southern China has enormous shale gas resource potential. At present, with the
rapid development of China’s economy, the demand for oil and gas resources has been
intensified, and a prominent mismatch exists between the oil and gas supply and demand.
Development of China’s shale gas industry is expected to increase the oil and gas reserves,
which can help alleviate the abovementioned mismatch and optimize the energy structure.
This aspect appears to be the motivation for the large-scale geological survey of shale gas in
China.

The key factors influencing the accumulation of shale gas can be summarized as follows:
First, shale as a source rock must be able to produce a large amount of thermogenic or
biogenic gas and must have sufficient in situ gas content; second, shale must have enough
matrix pores. The basic geological factors affecting shale gas accumulation include the organic
carbon content (TOC), organic matter type and maturity (Ro), gas shale thickness, mineral
composition, reservoir characteristics, burial depth and formation pressure. The basic material
elements of shale development, such as the organic carbon content, organic matter type and
mineral composition, are controlled by the sedimentary environment or sedimentary facies.
The sedimentary environment controls the thickness, distribution area, organic matter content
and other characteristics of shale and determines the types of sedimentary rocks and mineral
composition. Notably, the rock types and mineral composition considerably influence the
development of reservoir physical properties, thereby affecting the shale gas accumulation.
Therefore, in essence, the sedimentary environment is the fundamental factor that determines
the enrichment degree of shale gas.

Considering the rapid development of shale gas research and exploration in China, the
following three important tasks must be performed in the geological survey of shale gas:
(1) determine the characteristics of source rocks, such as lithologic characteristics, sedimentary
environment characteristics, sedimentary microfacies types and characteristics, organic matter
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content and mineral composition; (2) identify the temporal and spatial distributions of source
rocks, including the thickness, burial depth, fine distribution and area; and (3) optimize the
prospective and favorable areas for shale gas reservoirs, comprehensively study and delineate
the exploration target area, and provide a scientific basis for the final development of shale gas.
Practical experience indicates that these three key objectives can be accomplished through
lithofacies paleogeographic research and mapping.

In theory, lithofacies paleogeography is an important branch of sedimentary geology,
focused on studying the tectonic evolution background, sedimentary basin properties and
migration of oil and gas in geological history. In practice, lithofacies paleogeography can
guide the exploration and development of oil and gas resources and prediction of prospects
associated with sedimentary stratified mineral and water resource exploration. The mapping
method, which can preliminarily clarify the internal relationship between the deposition and
energy and mineral resource distribution and is an effective method for prospecting, can be
extended to shale gas resources. The sedimentary environment determines the characteristics
of the basic geological elements of shale gas, such as the content of organic matter, sedi-
mentary thickness and mineral composition. Based on this knowledge, by examining the
tectonic setting as the premise and studying the regional fine sedimentary facies, the lithofacies
paleogeography can be mapped to define the spatial and temporal distributions of the favorable
facies zones of source rocks, thereby providing a foundation and direction for shale gas
exploration. In the evaluation of shale gas districts, the fine sedimentary facies, diagenesis and
diagenetic evolution must be analyzed to determine the factors influencing the shale gas
enrichment. Subsequently, the boundary contour must be mapped, and the appropriate
parameters must be selected and superimposed on the lithofacies paleogeographic map. The
highly coupled areas are expected to be the key areas for further exploration and development.

In recent years, considerable shale gas research and exploration have been performed in the
Sichuan Basin, and shale gas fields such as Fuling, Changning and Weiyuan have been
discovered successively. Nevertheless, considerable scope of improvement remains in terms
of the shale gas exploration in the Sichuan Basin, as the existing research methods for the fine
sedimentary facies of source rocks, lithofacies paleogeographic mapping and shale gas
selection evaluation are limited. Moreover, the use of lithofacies paleogeography and mapping
technologies as the guiding theory and key techniques for shale gas geological surveys has not
been extensively considered yet.

From 2012 to 2014, the authors worked on the projects “Research and selection evaluation
of shale gas accumulation conditions of Lower Paleozoic strata in Southern Sichuan Basin”,
entrusted by the Exploration Southern Branch of Sinopec, and “Basic geological survey of
marine shale gas of Lower Paleozoic in Sichuan Basin”, entrusted by the Chengdu Geological
Survey Center of China Geological Survey. The study area can be considered tectonically
equivalent to the backbulge in Inner Yangtze Craton Basin. The research task was to evaluate
and select regions with shale gas blocks. By comprehensively analyzing the outcrop, drilling
characteristics and seismic profile through the theory and mapping method associated with
sedimentology and lithofacies paleogeography and concepts of geochemistry and tectonic
geology, a series of geological maps were compiled, including the comprehensive sedimentary
histogram of the source rock segment, comprehensive shale gas histogram, fine lithofacies
paleogeography of the shale gas development layer group, organic carbon content plane
distribution and average brittle mineral content distribution of organic-rich shale, and
hydrocarbon generation and exploration potential distributions. Considerable progress was
made in shale gas source rock stratigraphic classification and correlation and examination
of the fine sedimentary facies, sedimentary environment and lithofacies paleogeography of the
hydrocarbon source rocks, hydrocarbon source rock development characteristics and effects of
sedimentation on the shale gas sedimentary environment. Moreover, the favorable areas for
shale gas were evaluated, and a detailed and systematic method for shale gas basic geological
surveys was established. The preliminary study performed considering the black rock series
shale gas reservoir in the Ordovician Wufeng and Silurian Longmaxi Formations indicated
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that the most favorable development area is the deep-water shelf facies area. However, further
analyses showed that not all deep-water shelf facies areas are favorable development areas for
shale gas reservoirs. When the costs of exploration and development and buried depth are not
considered, the most favorable area typically pertains to the carbonaceous (silicon) muddy
deep-water shelf facies, and the TOC of black rock series is usually >2.0%. The content of
carbonate minerals in the mineral composition is lower than 30%, and the maturity Ro is
moderate (2.0-3.0%). In the geological investigation of shale gas in the Ordovician Wufeng
and Silurian Longmaxi Formations, lithofacies and paleogeography research and mapping
were performed to effectively superimpose the main geological characteristic parameters of
shale gas development. Subsequently, the favorable shale gas areas of the Ordovician Wufeng
and Silurian Longmaxi Formations in the Southern Sichuan Basin and its periphery were
selected. The target areas for commercial development were defined considering the
influencing factors, such as the surface conditions and burial depth. According to the explo-
ration and development practice, lithofacies paleogeography research and mapping as the key
technical means can facilitate a breakthrough in shale gas geological surveys. In other words,
lithofacies paleogeography research can provide guidance for shale gas geological surveys.

Based on the authors’ work experience and research results, this book describes the use
of the abovementioned method for shale gas geological survey and exploration and devel-
opment research. To provide scientific, reliable and direct guidance and facilitate the ongoing
large-scale shale gas geological survey and exploration and development in China, the
Ordovician Wufeng and Silurian Longmaxi Formations in the Southern Sichuan Basin and its
periphery are considered examples.

We emphasize the use of lithofacies paleogeography and related mapping methods as the
key technology to guide and perform geological surveys of shale gas. The formation and
spatial distributions of shale gas are studied at different scales, specifically, macro-, micro- and
ultramicroscales. The shale gas enrichment factors are considered to comprehensively examine
the enrichment law and selection and evaluation methods.

This book was completed in 2016 and first printed and published in March 2017. The
purpose of this book is to illustrate that lithofacies paleogeography can be used as a guide for
shale gas geological surveys by elaborating theories and examples to provide theoretical
guidance and methodological references for shale gas geological surveys. In 2021, this book
will be republished after supplementing and incorporating the domestic research progress in
the past five years. In recent years, rapid exploration and development of shale gas have
occurred in China, and the breakthrough of shale gas exploration in the Sichuan Basin has
demonstrated that lithofacies paleogeography can serve as a guide for shale gas geological
investigations.
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Qiyu Wang

Xiangying Ge

Bowen Zan

Kenken Zhou

Xiaowei Chen

Wei Liang



In the process of project research on which this book is based, we received assistance from
Xusheng Guo, Zhihong Wei, Dongfeng Hu, Qingqiu Huang and other experts from the
Sinopec Exploration South Branch and strong support from leaders of the Chengdu Geological
Survey Center of China Geological Survey. Academician Baojun Liu, Prof. Xiaosong Xu and
Prof. Qian Yu from the Chengdu Geological Survey Center of China Geological Survey
provided guidance and assistance for the project and the book. We thank Dr. Min Deng,
doctoral student Yao Shengyang and master’s student Huang Xiaoming for sorting the rele-
vant materials for this book. Dr. Chao Chen, Dr. Qian Hou, Dr. Jianjun Zhang, Dr. Binsong
Zheng, Dr. Yuancong Wang, Master Xiaoyong Sun, Master Zhiyuan Tan, Master Penghui Xu,
Master Xin Men, Master Lin Tong, and master’s students Qingsong Zhang and Muyuan Wang
provided valuable help in the project research as well as the drafting of this book. We
appreciate the efforts of Director Zhaoguo Wang and Prof. Jianlong Zhang from the Chengdu
Geological Survey Center of China Geological Survey for supporting the English translation
of this book. Moreover, we thank Dr. Xiaolin Zhou, Dr. Jianglin He, Dr. Jinyuan Huang, Dr.
Ankun Zhao and Dr. Songyang Wu for facilitating the English translation of this book to
diversify the readership. We express our heartfelt thanks to all the abovementioned
individuals.



Based on the research and state of exploration of shale gas through geological surveys, this
book presents methods to screen and evaluate shale gas based on lithofacies paleogeography
and mapping technologies to perform shale gas geological surveys. Based on novel insights
into the definition of shale gas, a comprehensive and systematic analysis of the key factors
influencing shale gas enrichment indicates that the “sedimentary environment is the funda-
mental factor determining the degree of shale gas enrichment”. By extensively discussing the
relationship between lithofacies paleogeography and shale gas enrichment, we demonstrate,
for the first time, how lithofacies paleogeography research and mapping can facilitate and
guide shale gas geological surveys. We consider the Ordovician Wufeng and Silurian
Longmaxi Formations in the Sichuan Basin and its periphery as examples. First, the
spatial-temporal distribution of shales rich in organic matter is confirmed from detailed
research on lithofacies paleogeography. Subsequently, by effectively superimposing the
evaluation parameters of shale gas, the favorable exploration and target areas are predicted. In
summary, the research and mapping of lithofacies paleogeography as a basic method and key
technology can facilitate the geological surveys of shale gas. In this book, we describe the
method and technology, which can guide the realization of large-scale geological surveys and
exploration and development of shale gas.

This book has been written based on the authors’ scientific research and practical experi-
ence, in combination with the research achievements and current state of exploration of shale
gas geological surveys at home and abroad. This book can serve as a reference for geologists
interested in basic geology, mineral geology, petroleum and natural gas geology and coal field
geology and has a high reference value for scientific researchers and teachers in the fields of
sedimentary, lithofacies paleogeography, stratigraphy and petroleum geology.
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Abstract

By summarizing and comparing the basic geological
conditions of shale gas development in North America
and China, this chapter finds that the development of
gas-bearing shales in North America is concentrated, and
the resource type is single. In contrast, the development of
shale in China involves more layers with more resource
types, and basic research has been performed in shales
developed in marine—terrestrial transitional facies and
terrestrial facies. A comprehensive analysis of the existing
research on lithofacies paleogeography and its role in the
development of the world’s oil and gas industry indicates
that lithofacies paleogeography research and mapping
methods can preliminarily clarify the connection between
the sedimentary environment and distribution of energy
and mineral resources.

Keywords

Research status * Shale gas ¢ Lithofacies
paleogeography * Comparative study * North America;
China

Shale gas is an important unconventional natural gas
resource (Ye and Zeng 2008). With the continuously
growing social demand for clean energy, increasing natural
gas prices, deepening understanding of shale gas reservoir
formation conditions, and advancements in drilling tech-
nologies, shale gas exploration and development have
expanded from North America across the world (Du et al.
2011). In 2018, U.S. shale gas production reached
6669 x 10® m3, accounting for 63.4% of the total natural
gas production, and this high production changed the global
natural gas supply pattern (Jiang et al. 2020). Shale gas has
emerged as a research hotspot in the exploration and
development of unconventional oil and gas resources
worldwide, and accelerating the exploration and develop-
ment of shale gas resources has become a focus of the major
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shale gas resource countries (Du et al. 2011). With the rising
demand for energy, increasing energy pressure and envi-
ronmental awareness in China, the exploration and devel-
opment of shale gas resources must be accelerated (Jiang
et al. 2020). Consequently, large-scale basic geological
investigations of shale gas are being performed in China.
Unlike the USA and Canada, which are characteristic of
concentrated shale gas development strata and single type of
shale gas resources, China exhibits shale gas development
strata that are distributed across geological historical periods,
including Cambrian, Ordovician, Silurian, Carboniferous,
Permian and Jurassic. Moreover, many types of shale gas
resources exist, including marine, marine—terrestrial transi-
tional and terrestrial facies. Compared with North America,
Chinese shale gas resources are characterized by large geo-
logical ages, large burial depths, high degrees of thermal
evolution and complex tectonic and geomorphic conditions
(Sun et al. 2020). In the general geological investigations in
the 11th and 12th Five-Year Plans, the distribution areas of
marine, marine—terrestrial transitional and terrestrial source
rocks in China were preliminarily estimated to be as large as
300 x 10* km? 200 x 10* km® and 280 x 10* km?’,
respectively (Zhang et al. 2011). From the perspective of
geographical distributions, high-quality marine source rocks
are mainly distributed in Southern China, especially the
middle-Upper Yangtze region (Liu et al. 2004; Li et al.
2009d), and the lithology mostly includes siliceous shale,
black shale, calcareous shale and sandy shale. Most of the
high-quality source rocks pertain to siliceous and black
shale. This area is a frontier for geological investigation,
exploration and development of shale gas in China (Long
et al. 2009). The source rocks of the marine—terrestrial
transitional facies are mainly distributed in Southern China,
Northern China and Junggar in Northwest China. These
rocks are scattered but exhibit a high resource potential. The
source rocks, which are mostly siliceous shale, coal-bearing
black shale, coal-bearing calcareous shale and silty shale, are
important types of shale gas resources and gaining
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considerable attention in China. The distribution of terres-
trial source rocks is similar to that of marine—terrestrial
transitional source rocks, which are distributed in the three
major plates in China. Among the terrestrial source rocks,
the Jurassic system in Southern China has been the focus of
shale gas resource research, followed by the Middle Ceno-
zoic strata in Northern China and a small amount of source
rock in the Junggar Basin and the Qinghai-Tibet Plateau.
The lithology mainly includes a set of black shales, cal-
careous shale and silty shales of lacustrine facies.

Since the initial geological survey of shale gas in China
and the extensive exploration and development of shale gas
in key areas, many geologists have conducted a considerable
amount of preliminary research. From 2005 to 2009, the
geological conditions of shale gas in Mesozoic
hydrocarbon-bearing basins were analyzed with the source
rock formations as the research objects, and the geological
prospects of shale gas in these Formations were analyzed
based on the distribution pattern of Paleozoic source rocks in
the basin and outcrop area. Further comparison was per-
formed considering the geological characteristics of the shale
gas development Formations in the USA. Based on this
research, the shale gas resource prospects in the Upper
Yangtze region were analyzed, and the prospective areas
were initially selected (Zhang et al. 2003, 2004, 2008a, b;
Liu et al. 2004; Zhao et al. 2008; Ye and Zeng 2008; Zhang
et al. 2008; Zou et al. 2009; Long et al. 2009; Li et al. 2009d;
Cheng et al. 2009; Wang et al. 2009a, b, c). The 12th
Five-Year Plan (2010-2015) corresponded to valuable
breakthroughs in shale geological investigation and research
in China. In the period 2010-2015, considering the basic
geological characteristics of shale gas development in China,
strategic surveys of shale gas resources were performed
nationwide, the national shale gas resource potential was
evaluated, and the favorable areas were selected (Zhang
et al. 2009, 2010a, 2012b; Zou et al. 2009, 2010a, 2013a;
Chen et al. 2009a, 2009b; Pan and Huang 2009; Li et al.
2009d, Wang et al. 2009a, b, c; Huang 2009a; Xu and Bao
2009; Li and Zhao 2009; Nie et al. 2009a, 2011a, 2011b,
2011c; 2012a, 2012b, c; Jiang et al. 2010; Zhang 2011,
Duet al. 2011; Zeng et al. 2011; Chen et al. 2011a; Fu et al.
2011; He et al. 2011; Liang et al. 2012; Zhang et al. 2012b,
2013; Wu et al. 2013a; Wang et al. 2013; Zheng et al. 2013a;
Li et al. 2014, 2015; Wang 2015; Jiao et al. 2015; Zhang
2015). Moreover, industrial breakthroughs in shale gas
exploration and development were achieved through geo-
logical investigations and favorable area optimization. With
expanding research on shale gas exploration, CNPC, Sino-
pec, Chongqing, Sichuan and Guizhou have successively
established shale gas exploration companies or project
departments to conduct basic geological investigations and
research on shale gas resources in the Sichuan Basin and
adjacent areas. CNPC has selected four favorable blocks:
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Weiyuan, Changning, Zhaotong and Fushun-Yongchuan (a
cooperative block with Shell) in Southern Sichuan and
Northern Yunnan-Guizhou and drilled more than 60 shale
gas exploration wells, leading to significant exploration
breakthroughs. High-yield shale gas flow has been observed
in Well Yangl101 in Fushun and Well Ning201 in Changn-
ing, and Well Wei201 represents the first drilled well for
shale gas development. Sinopec has mainly focused on
Fuling, Nanchuan and Qijiang in the Southeastern Sichuan
Basin and Pengshui outside the basin. The organization has
identified more than 50 shale gas exploration wells, achieved
exploration breakthroughs in Fuling, Qijiang and Pengshui,
established the Fuling National Shale Gas Exploration
Demonstration Zone and discovered China's first shale gas
field, the Fuling Shale Gas Field, with proven reserves of
106.75 x 10° m®. In 2015, the Fuling National Shale Gas
Demonstration Zone was successfully completed, with a
production capacity and output of 5 x 10° m’ and
31.68 x 10® m3, respectively, accounting for 71% of Chi-
na's shale gas production (Cai et al. 2021). In 2016, sub-
stantial exploration breakthroughs were made in other
prospective areas, and as of 2020, 6 large and medium shale
gas fields have been discovered in Fuling, Weirong,
Changning, Weiyuan, Zhaotong and Yongchuan in the
Upper Ordovician Wufeng Formation and Lower Silurian
Longmaxi Formation of the Sichuan Basin (Zou et al. 2017;
Cai et al. 2021) (Fig. 1.1), indicating that shale gas explo-
ration in China has entered the industrialized and
quasi-industrialized production stages. These achievements
demonstrate the prospects for the exploration and develop-
ment of shale gas in the Sichuan Basin and its peripheral
area, which are expected to facilitate the growth of natural
gas production in China.

Nevertheless, the shale gas geological investigations are
limited, and a guiding ideology and key technical methods
are lacking. According to the actual geological investigation
results of shale gas in China, the reservoirs are characterized
by multiple resource types, widespread distribution and high
potential (Zhang 2011). From discovery to final industrial
and commercial development, shale gas reservoirs have
benefited not only from the development and deepened
understanding of oil and gas geological theories, such as the
discovery of micro/nanoscale pores and extension of
non-Darcy seepage theory but also from the breakthrough
and progress of industrial technologies, such as horizontal
well development and multistage hydraulic fracturing tech-
nologies. In this context, the conduction of basic geological
investigations of large-scale shale gas requires targeted
knowledge and theoretical guidance of geological disciplines
and the application of key technical methods.

Research on the regional geological background and
related basic geological characteristics of shale gas devel-
opment in China, such as the spatial distribution of
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Fig. 1.1 Key drilling spots for shale gas in the Wufeng Formation-Longmaxi Formation in the Sichuan Basin (Zou et al. 2017)

mudstones and shale; sedimentation and diagenesis; and
reservoir characteristics, enrichment and accumulation,
along with their evaluation and optimization, is still in the
lag phase. The level of nationwide geological investigation
for shale gas is low. Consequently, except for a few areas in
the Sichuan Basin, no major breakthrough has been made in
most areas yet. Moreover, except for the Wufeng-Longmaxi
Formation, industrial production has been realized, neces-
sitating the expansion of research in other regions. Despite
the deepening of shale gas geological investigation and
continuous improvement of research and exploration
methodologies, the key technical methods have failed to
address the requirements for accelerating production devel-
opment. The main problems can be summarized as follows:
Although many researchers have focused on shale gas, most
of these studies were performed in certain areas or strati-
graphic subdivisions, and only a limited number of studies
have been performed on the development characteristics,
enrichment and spatial distribution of the complete shale gas

reservoir system. The research of sedimentary systems,
sequence stratigraphic and petrographic paleogeography
with source rocks is not systematic. Moreover, systematic
and extensive research on the spatial and temporal distri-
bution characteristics of organic-rich shale as source rocks
and reservoirs must be performed using basic and operable
key research methods and means. The formation mechanism
of shale gas in depositional and diagenetic processes remains
to be clarified, as the diagenetic minerals, diagenesis, dia-
genetic evolution and pore evolution of shale gas reservoirs
have not been studied sufficiently. In addition, the formation
mechanism of shale gas reservoirs has not been systemati-
cally explored.

In conclusion, the extent and research of shale gas geo-
logical investigations under the complex geological back-
ground of China are limited owing to the lack of integrated,
systematic and unified technical approaches and basic geo-
logical theories. Through comprehensive comparative
research, the authors believe that the key to shale gas



geological investigation and development is to understand
the basic geological characteristics and spatial distributions
of the shale gas reservoir-source rocks, to understand the
relevant background and to optimize the prospective,
favorable and target areas. In other words, shale gas geo-
logical investigations have the following three objectives:

(1) To clarify the characteristics of source rocks, such as
lithological characteristics, depositional environment,
types and characteristics of sedimentary microfacies
(lithofacies), organic matter contents and mineral
compositions.

To clarify the spatial and temporal distribution patterns
of source rocks, including their thickness, burial depth,
fine distribution and area.

To optimize the prospective and favorable areas of
shale gas reservoirs to provide a scientific basis for the
exploration and development of shale gas.

(©))

3

Theoretically, the key to shale gas geological investiga-
tion and research is to focus on basic geological surveys and
source rocks, which are the carriers of shale gas develop-
ment and deposition, especially through lithofacies paleo-
geography and mapping. Another key aspect is to follow
systematic and scientific approaches, use reasonable geo-
logical theories and identify critical research methods.

Based on the actual situation, the Southern Sichuan Basin
and its adjacent region, which involve the Lower Cambrian
Niutitang Formation and Upper Ordovician Wufeng Forma-
tion and Lower Silurian Longmaxi Formation, are key areas
for shale gas geological surveys in China with promising
shale gas development strata and considerable shale gas
resource potential. Since 2008, the Ministry of Land and
Resources, Chengdu Center of China Geological Survey,
CNPC, Sinopec and related research and production units
have performed geological investigations and exploration and
development work in these regions, with the most significant
achievement being the establishment of the first large shale
gas field in China. According to the practical explorations,
sedimentary (micro) facies, fine petrographic paleogeography
and even sequence stratigraphy analyses and geochemistry
and petroleum geology concepts can be used to perform the
basic geological investigations of shale gas and promote the
exploration and development of shale gas in later stages.

Accordingly, based on the authors’ work experience and
research, this book sublimates the concepts of sedimentol-
ogy, lithofacies paleogeography, geochemistry and other
related theories as guidance to examine shale gas
carrier-source rocks. We emphasize that the geological sur-
vey of shale gas must be guided by lithofacies paleogeog-
raphy and its related mapping methods, which can facilitate
research on shale gas formation, spatial distribution
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characteristics, enrichment patterns and optimization of areas
at different scales from macroscopic to microscopic to
ultramicroscopic. The use of this approach for shale gas
geological investigations and exploration and development
studies is demonstrated and supported by an example per-
taining to the research of gas-bearing formations, namely the
Wufeng Formation-Longmaxi Formation in the Southern
Sichuan Basin and adjacent areas. This book can provide
scientific and reliable guidance for ongoing large-scale shale
gas geological investigations and future exploration and
development activities in China.

1.1 Current Research Status

According to the definition of petrology, clay rocks refer to
sedimentary rocks dominated by clay minerals (content
greater than 50%) (Zhao and Zhu 2001; Jiang 2003). Clay
rocks that solidify into rock are known as mudstone and
shale. Mudstone and shale are rocks with particle sizes of
less than 0.0039 mm (i.e., < 4 pm) and composed mainly of
clay minerals. In contrast, fine-grained sediments are clay-
and silt-grade sediments with particle sizes less than 62 um
and mainly contain clay minerals, silt, carbonate, organic
matter, etc. (Schieber and Zimmerle 1998; Aplin and Mac-
quaker 2011). Jiang et al. (2013) referred to sedimentary
rocks composed of fine-grained sediments as fine-grained
sedimentary rocks or argillaceous rocks. Among these rocks,
the rocks with developed and undeveloped lamination are
known as shale and mudstone, respectively. The sizes of
clay and silt particles are less than 4 pm and between 4 and
62 um, respective. Since clay and silt particles are difficult to
distinguish visually, argillaceous rocks are generally con-
sidered to be a mixture of clay and silt. In addition,
fine-grained sedimentary rocks are widely distributed,
accounting for approximately 2/3 of sedimentary rocks
(Macquaker and Adams 2003; Aplin and Macquaker 2011),
which is consistent with the proportion of clay rocks in
sedimentary rocks reported by Chinese scholars such as Liu
(1980) and Jiang (2003). The rocks defined as clay rocks by
Chinese scholars may be consistent with the fine-grained
sedimentary rocks classified abroad, although they are lim-
ited in terms of structural and compositional constraints.
Shale gas reservoirs usually include argillaceous rocks,
marls, sandstones and carbonate rocks (Zhang et al. 2008b;
Bust et al. 2013). Therefore, the term “shale” in shale gas is
typically used to represent a geological formation rather than
the lithology (Bust et al. 2013). Moreover, shale gas for-
mations actually consist mainly of fine-grained sedimentary
rocks rather than muddy shales, but the lithology of shale
gas formations is still collectively referred to as ‘“shale”
according to present research practice.
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The deposition and diagenesis of fine-grained sediments
in shale is a weak field of research in sedimentology and
even geology due to the small particle size, difficulty of
observation and limitations of ultramicroscopic experimental
conditions. The study of fine-grained sedimentary rocks in
shale gas formations can facilitate the analysis of sedimen-
tary rock genesis and depositional environments and has
important petroleum geological significance. In the hydro-
carbon system, shale typically acts as a source rock or cap
rock, generating hydrocarbons that migrate to reservoirs with
superior physical properties or preventing the diffusion of
hydrocarbons in the reservoir. The discovery of shale gas
indicates that shale has dual characteristics as a source rock
and reservoir.

The research and development of shale gas has a history
of nearly 200 years. The USA was the first country to
conduct shale gas exploration and commercial development.
The development of shale gas in the USA can be divided
into four major stages: the early exploration and develop-
ment stage (1821-1975), geological theory and exploration
technology research stage (1975-2000), rapid development
stage (2000-2006) and rapid increase in production stage
(2007 to present) (Wang et al. 2012b). The considerable
history of research and exploration experience in the USA,
coupled with the gradual enhancement of drilling and
extraction technologies in its industrial processes, has
transformed shale gas to one of the main energy supplies in
the USA at present. According to the U.S. Energy Infor-
mation Administration (EIA), the shale gas production in the
USA in 2020 was 7330 x 10® m®, accounting for approxi-
mately 80% of its total natural gas production. In 2019, the
U.S. shale gas production increased by 957 x 10° m?,
accounting for 73% of the global natural gas production
growth rate (Zou et al. 2021). The rapid growth of shale gas
production in the USA and the satisfactory form of the entire
industry are attributable to factors such as the natural gas
market prices and long-term support of the state, industry
authorities and associations (Wang et al. 2012b). The U.S.
Government's advanced leadership pertaining to the “energy
independence” strategy is the key to the success of the “shale
oil and gas revolution” (Zou et al. 2021). However, from the
perspective of shale gas, the innovations and progress in
geological theories and methods related to shale gas research
have ensured that the USA the only region worldwide to
have commercialized the exploration and development.

Owing to the clean energy attributes of shale gas and the
bottleneck of conventional oil and gas exploration and
development worldwide, the research, exploration and
development of shale gas has spread from North America,
led by the USA, to the rest of the world, and emerged as a
hot spot for energy exploration in the recent decade. The
exploitation of shale gas resources is of significance for
China, which has scarce oil and gas resources but widely

developed organic-rich shales. Although shale gas research
in China started relatively late, it has undergone three stages,
including fractured reservoir exploration and accidental
discovery (before 2005), basic research and technical
preparation (2005-2009) and industrial breakthrough (2010)
(Zou et al. 2010a; Wang et al. 2012b). At present, consid-
erable shale gas research and exploration is being performed
in China, focused on innovations in geological theories,
geological investigations, exploration technologies and
methods and more refined research at the microscopic scale.
Notably, China officially initiated shale gas exploration and
development after the USA and Canada. Despite starting at
the base level, an annual shale gas production of 100 x 10®
m> has been achieved in China, followed by a historic
growth to 200 x 10® m? in two years at depths of 3500 m
and a breakthrough discovery at depths of 35004000 m,
which represent notable accomplishments in the history of
China's natural gas development (Zou et al. 2021).

1.1.1 Current Status of Foreign Research
The history of the shale gas industry in the USA can be
traced to 1821, when the first natural gas well was drilled by
Mitchell Energy in the Devonian Durdirk Shale in Chau-
tauqua County, New York (producing gas from an 8 m thick
shale fracture at a well depth of 21 m) (Curtis 2002). Since
then, shale gas has been used for home lighting in rural
Fredonia. The most developed shale-gas-rich zone in the
USA is the Barnett Shale reservoir in the Fort Worth Basin
in Texas, the successful development of which has received
widespread attention (Li et al. 2011a). Since Mitchell Energy
and Development Corporation drilled the first well in the
Barnett Shale in 1981, 20 years’ worth of effort was
expended to extract gas from impermeable shale using
hydraulic fracturing techniques. The subsequent rapid
decline in gas recovery from vertical wells led to the
development of horizontal well technologies (Boyer et al.
2011). In 1992, the first horizontal well was drilled in the
Barnett Shale gas reservoir, and the development of Barnett
Shale was accelerated by advancements in the hydraulic
fracturing techniques (Li et al. 2011a). The application of
horizontal wells and hydraulic fracturing technologies has
enabled the economic development of unconventional shale
gas reservoirs (Rahm 2011). In 2008, Barnett Shale became
the largest gas-producing formation in the USA, delivering
7% of the nation's natural gas (Boyer et al. 2011).
Organic-rich shales are widely distributed in 48 states in
the USA (all states except Alaska and Hawaii), with gas
resources ranging from 1483 x 10" m® to 1859 x 10'* m?
(Li et al. 2011a). Due to the low clay content and high brittle
mineral content of marine shales, which are conducive for
hydraulic fracturing, shale gas has been typically produced



from Paleozoic silicon-rich marine sedimentary formations
(Jenkins and Boyer 2008; Chalmers et al. 2012). Moreover,
several researchers have focused on lacustrine organic-rich
shale. For example, Zhang et al. (2012c) studied the Weal-
den Shale of Early Cretaceous lacustrine deposits in NW
Germany using organic geochemical methods to reconstruct
the depositional environment and performed 3D digital
simulations of hydrocarbons to clarify the characteristics of
shale gas in different areas.

1. Current status of shale gas exploration and development
in North America

According to statistics, in the mid-1970s, the USA entered
the stage of large-scale development of shale gas. In 2000,
the USA had five shale gas basins: Antrim Shale in the
Michigan Basin, Ohio Shale in the Appalachian Basin, New
Albany Shale in the Illinois Basin, Barnett Shale in the Fort
Worth Basin and Lewis Shale in the San Juan Basin, with
geological resources of 12.85 x 1012 -25.14 x 1012 m®
and proven geological reserves of 6994.3 x 108 m> (Curtis
2002). Among these basins, Barnett Shale in the Fort Worth
Basin is the largest shale-gas-producing area in the USA.
The Newark East shale gas field discovered in the Fort
Worth Basin in 1981 has emerged as the second-largest gas
field in the USA, with annual shale gas production values of
217 x 108 m>. By 2007, in addition to the five previously
discovered shale-gas-producing basins in the USA, more
than 20 basins, such as the Oklahoma Basin (Woodford
Shale), Arkoma Basin (Fayetteville Shale) and Williston
Basin (Bakken Shale) (Yan et al. 2009; Zhou et al. 2012) has
been reported, with the Barnett, Marcellus, Fayetteville,
Haynesville, Woodford, Lewis, Antrim and New Albany
Shale associated with large-scale production.

With the success of shale gas exploration and develop-
ment in the USA, regional exploration, investigation and
testing of shale gas has also begun in Canada. Early
exploration and development focused on the Middle Devo-
nian Horn River Basin and Triassic Montney shale area in
Northeastern British Columbia. In recent years, this explo-
ration has gradually expanded to other provinces, such as
Ontario and Quebec (Zhou et al. 2012). Preliminary pre-
dictions of shale gas resources in the Upper Cretaceous
Wilrich Formation and its contemporaries, Jurassic
Nordegg/Fernie Formation, Triassic Doig/Doig Phosphate/
Montney Formation, Exshaw/Bakken Formation and Devo-
nian Ireton/Duvernay Formation in the Western Sedimentary
Basin (eastern British Columbia and Alberta area), are
approximately 2.83 x 10® m’ (Yan et al. 2009), which
demonstrates the potential of shale gas resources. The
Canadian Society for Unconventional Gas (CSUG) consid-
ers the Colorado Shale, Jurassic and Paleozoic shales in the
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west (including the Bowser Basin in Northern British
Columbia) and Devonian shales in the Southeast to have
significant potential for development. In 2007, the shale gas
production in Western Canada was approximately 8.5 x 10°
m°, with three horizontal wells showing a high daily pro-
duction rate (9.4 x 10*-14.2 x 10* m®) (Yan et al. 2009).
The Horn River and Montney shale gas play are present two
of the largest shale gas reservoirs in Canada (Zhou et al.
2012).

2. Geological background of shale gas in North America

Along with technological innovations in shale gas devel-
opment, US unconventional oil and gas companies are now
focusing on the geological characteristics and regional
geological background of shale gas reservoirs to increase the
number of high-production wells and achieve a higher eco-
nomic efficiency (Zhou et al. 2012). Shale gas basins in
North America are mainly distributed in the areas in which
passive continental margins have evolved into foreland
basins and in the Paleozoic Craton terrane areas that are rich
in conventional hydrocarbon resources (Montgomery et al.
2005; Pollastro et al. 2007; Li et al. 2009d; Zeng et al. 2011).
The gas-bearing shale has various degrees of maturity, gas
origins and lithofacies and complex depositional environ-
ments. The eastern petroliferous basins, such as the Appa-
lachian Basin, Fort Worth Basin in the Gulf of Mexico and
Western Canada Sedimentary Basin, are dominated by black
shale, with inferences and interpretations of the depositional
environment remaining open to debate (Li et al. 2009d).
Loucks and Ruppel (2007) and Algeo and Barry (2008)
proposed that the organic-rich black shale of the Devonian—
Mississippian Barnett Formation in the Fort Worth Basin
and central Appalachian basin corresponds to the restricted
deep-water deposition in the foreland basin and was
deposited below the storm wave-base and oxygen minimum
zone (OMZ) at approximately 120-215 m with anoxic-
anaerobic characteristics. These sediments are mainly com-
posed of semipelagic ooze (from neritic shelves) and bio-
logical skeletal debris, and the sedimentation was largely
accomplished by suspension mechanisms such as turbidity
currents, mudflows and density currents, belonging to eux-
inic slope-basin facies. Biomarker data indicate that the main
oil-generating Barnett Shale facies is marine in nature and
was deposited under dysoxic, strong upwelling, normal
salinity conditions (Hill et al. 2007a). The organic-rich
mudstone in unit C of the Lower Jurassic Gordondale For-
mation in the Western Canada Sedimentary Basin (WCSB)
was deposited on gentle slopes at water depths of up to 200
m (Ross and Bustin 2008). Hammes et al. (2011) investi-
gated the geological background, depositional environment,
stratigraphic characteristics and shale gas potential of the



1.1 Current Research Status

Haynesville shale and indicated that the Haynesville shale
was deposited in a euxinic and anoxic basin with a restricted
environment. Romero and Philp (2012) studied the Wood-
ford Shale in Oklahoma, USA, and concluded that high
salinity conditions and water density stratification prevailed
during the deposition of this formation.

These examples indicate that most of the black shales in
North America were first deposited at high sea levels, and
the nutrient-rich upwelling currents carried sufficient nutri-
ents from deep-sea biogenic debris, resulting in high bio-
logical productivity and a strong reducing environment (Li
et al. 2009d).

The analytical application of sedimentology and sequence
stratigraphy is valuable in the regional search for shale gas
resources and in predicting the shale gas potential. (Zhou
et al. 2012). The sequence stratigraphic structure division of
shale is less studied than that of coarse-grained clastic and
carbonate formations (Bohacs 1998). Harris (2011) per-
formed the sequence stratigraphic division of the Woodford
shale in the Permian Basin based on sedimentological and
geochemical characteristics and identified a second-order sea
level decline cycle in the lower Woodford Formation,
showing a lowstand systems tract with enriched total organic
carbon (TOC). In contrast, the transgressive and highstand
systems tract of the middle-upper Woodford Formation are
not highly enriched in TOC. Hemmesch et al. (2014) studied
the sea-level changes and sequence stratigraphic character-
istics of the Upper Devonian Woodford organic-rich shale in
the Palmyra Basin, West Texas and identified second- and
third-order sea-level sequences based on shale layer char-
acteristics. Abouelresh and Slatt (2012) classified the lower
Barnett Shale in the east-central Fort Worth area into 1-7
depositional units and the upper Barnett Shale into 8-16
depositional units according to the rising and falling char-
acteristics of sea level. The researchers indicated that the
lower Barnett Shale was deposited in a low-energy,
deep-water environment, slightly far from a terrigenous
source area. In contrast, the upper Barnett Shale was
deposited in an oxygenated shallower water environment
and may have been influenced by tectonic periodic activities
with frequent sea-level fluctuations. These aspects indicate
that the division of sequence stratigraphy has a guiding
significance for the development of organic-rich shales.

3. Petrological characteristics of gas-bearing shales in North
America

(1) Rock types in Barnett Shale
The Mississippi Barnett Formation in the Fort Worth Basin

is a classic shale gas system (Loucks and Ruppel 2007)
whose geologic characteristics have been extensively studied

in the recent decades. The Barnett Shale covers approxi-
mately 38 counties in the Fort Worth Basin in Texas, and the
main gas-producing areas are located in the Northern and
Southern parts of the basin. In the eastern part of the basin,
the Barnett Shale unconformably overlies the Ordovician-
age Viola Group and is overlain by the Pennsylvanian-age
Marble Falls limestone (Jarvie et al. 2007).

Recognition of the different lithofacies is an important step
in the evaluation of the gas in place, flow capacity and
mechanical properties of Barnett Shale. The lithofacies vary
in terms of the petrophysical and mechanical properties and
organic content (Hickey and Henk 2007). The Barnett
interval comprises a variety of facies but is dominated by
fine-grained (clay- to silt-sized) particles. For example, the
black shale of the Barnett Formation in the Fort Worth Basin
consists mainly of calcareous siliceous mudstone and
argillaceous lime mudstone, with intercalated thin beds of
skeletal debris. Instead of detrital quartz, clay- to silt-sized
microcrystalline quartz is the major component of the silic-
eous Barnett facies (Loucks and Ruppel 2007). Based on the
analyses of porosity and organic geochemistry, a petro-
graphic study of the conventional core Mitchell 2 T.P. Sims
from Barnett has led to the identification of the following
rock types: organic-rich black shale, fossiliferous shale,
dolomite rhomb shale, dolomitic shale, phosphatic shale and
concretionary carbonate (Hickey and Henk 2007). Abouel-
resh and Slatt (2012) analyzed Barnett Shale using cores,
thin sections and SEM and reported several microsedimen-
tary features that indicate that these common fine-grained
rocks may have been transported and/or reworked by uni-
directional currents. Six lithofacies were identified based on
vertical facies transitions: (1) massive mudstone, (2) rhyth-
mic mudstone, (3) ripple and low-angle laminated mudstone,
(4) graded mudstone, (5) clay-rich mudstone and
(6) spicule-rich mudstone. A number of sedimentary struc-
tures and textures indicate that a variety of current-related
processes were active in sediment transport and deposition,
likely including high-density flows, turbidity currents, storm
currents and/or contour currents. The current-induced fea-
tures of these facies likely included millimeter- to
centimeter-scale cross- and parallel laminations, scour sur-
faces, clastic/biogenic particle alignment and normal- and
inverse-size grading.

(2) Mineral composition of Barnett Shale

The mineral composition of the gas-bearing black shale is
dominated by quartz, followed by clay minerals, carbonate
minerals including calcite and dolomite and minor amounts
of pyrite, feldspar and rhodochrosite. Moreover, this shale is
characterized by a high organic matter content and traces of



naturally occurring copper and phosphate minerals (Li et al.
2009d). The brittle mineral content is high, with quartz
contents of 20-70% and carbonate mineral contents lower
than 20% (Loucks and Ruppel 2007; Jarvie et al. 2007; Ross
and Bustin 2008; Milliken et al. 2012). The clay minerals are
mainly illite with some monazite (Bowker 2003), and the
compositional maturity is relatively high. According to the
minerals, textures, organisms and structures, the Barnett
Shale can be grouped into three lithofacies: siliceous shale,
clay shale and partly muddy carbonate (Loucks and Ruppel
2007, Jarvie et al. 2007; Ross and Bustin 2008).

The mineral components play an indispensable role in
shale reservoirs, and the highest Barnett Shale production is
associated with zones with 45% quartz and only 27% clay
(Bowker 2003). The shale brittleness is correlated with the
content of quartz and carbonate (Jarvie et al. 2007). Marti-
neau (2007) suggested that different areas in the Barnett
Shale contain different amounts of siliceous, carbonate and
clay minerals, resulting in different fracture characteristics.
Considering these aspects, Bowker (2007) highlighted that
the Barnett Shale is associated with high shale gas yields
owing to the high brittleness. The high brittleness allows the
material to be effectively fractured hydraulically, and with-
out these mineral fraction characteristics, shale gas extrac-
tion from the Barnett Shale would not be successful using
the existing extraction techniques.

(3) Petrological characteristics of other shale formations

Other shale gas formations in North America have been
extensively investigated in recent years. According to the
research on petrological characteristics, the petrology of
these formations is similar to those of the Barnett Shale,
albeit with certain differences. For example, the Bossier
gas-bearing shale reservoir in Western Texas is a mixture of
shale, sandstone and siltstone (Jarvie et al. 2007). Hem-
mesch et al. (2014) identified seven lithofacies for the
Woodford organic-rich shale: shale, phosphate nodule-
bearing shale, dolomite, chert layer, radiolarian-bearing
calcareous laminae, biotite-bearing mudstone and siliceous
rock. The bulk mineralogy of Devonian—Mississippian black
shales in the Western Canada sedimentary basin is domi-
nated by biogenic quartz, which accounts for 58-93% of the
bulk rock. The low siliceous content is attributable to the
high content of carbonate minerals, and the clay minerals are
mainly illite, with a small amount of unevenly distributed
kaolinite (Ross and Bustin 2008). Most researchers have
reported consistent results regarding the origin of silica in
siliceous shales in North America (Bowker 2003; Loucks
and Ruppel 2007; Ross and Bustin 2007). Similar to the
Mississippi Barnett Shale in the Fort Worth Basin, other
organic-rich shales in North America consist primarily of
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brittle minerals, with clay mineral contents lower than 50%.
The clay mineral content of the well-known Green River
Shale in the Uinta Basin is lower than 10%; the Heather
Shale in the North Sea contains 53-57% quartz and exhibits
a clay mineral content lower than 5% (Hunt 1996). By
analyzing the clay minerals, organic matter content, thermal
maturity, humidity and pore structure of the Fayetteville
Shale, Bai et al. (2013) concluded that the relative propor-
tions of quartz—carbonate—clay minerals influenced the
physical properties of the rock, and the rock composition
was the most fundamental factor affecting the effectiveness
of drilling and hydraulic fracturing.

In general, the gas-bearing shale in North America is
mainly composed of organic-rich siliceous shale, with a
small amount of calcium, low clay mineral content and a
large number of biogenic clasts. Influenced by the biological
activity, the source of silica is predominantly biogenic, and it
rarely has a terrigenous origin.

4. Organic matter characteristics of North American shales

The gas-bearing shales in North America are important
hydrocarbon source rocks. Curtis (2002) compared the
geological and geochemical characteristics of shale forma-
tions in the five major basins in North America, including
the vitrinite reflectance, organic carbon content, favorable
shale thickness and adsorbed gas volume. In particular, the
organic carbon content of the Barnett Shale ranges from 2.0
to 7.0%, with an average of 4.5%. The organic carbon
content of the Antrim Shale and the New Albany Shale is
slightly more than 20%, while the Ohio and Lewis Shales
exhibit lower organic carbon contents, mostly < 5%. The
adsorbed gas content for the Antrim shale and New Albany
shale ranges from a 13% to 70%. The genesis of shale for-
mation in the major shale-gas-producing basins in the USA
has biogenic, thermogenic and mixed origins, i.e., low
thermal maturity shale (e.g., Antrim Shale with R, = 0.4—
0.6%), high thermal maturity shale (e.g., Barnett Shale with
Ro = 1.0-2.1%) and mixed high-low thermal maturity shale
(e.g., Ohio Shale with Ro = 0.4-1.3% and New Albany
Shale with R, = -1.3%). Moreover, the kerogen type is
predominantly type I-II; (Curtis 2002; Montgomery et al.
2005). The Devonian—-Mississippian strata of the Western
Canada Basin exhibit a TOC between 0.95.% and 7% (Ross
and Bustin 2008). The Woodford Shale in Oklahoma, USA,
has a high organic carbon content of 5.01-14.81%, and the
organic matter is predominantly type II (Romero and Philp
2012).

Notably, the organic matter content and thermal maturity
vary considerably in different shale gas basins. Current shale
gas exploration practices in the USA show that the shale
maturity is generally greater than 1.3% in shale-gas-producing
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areas (Martineau 2007; Pollastro et al. 2007), with a maxi-
mum maturity of 4.0% in Southern West Virginia in the
Appalachian Basin. Moreover, shale gas is produced only in
areas with high maturity levels. The maturity of organic
matter in shale reservoirs does not considerably influence the
shale gas accumulation, although a higher maturity is favor-
able for shale gas accumulation (Jiang et al. 2010). In addi-
tion, clay minerals are hydrophilic, while organic matter is
methanophilic (Zhang et al. 2012b). Therefore, the organic
matter content considerably influences the shale gas sorption
capacity (Chalmers and Bustin 2008a, 2008b).

5. Characteristics of shale gas reservoirs in North America

The pores in shales, which appear to be singular are isolated,
are in fact connected by straight and narrow throats, and the
pores are characterized by complex internal structures and
porous complexes. The porosity of organic-rich shales in the
five major shale gas basins in the USA is typically more than
5%, and the New Albany Shale has a porosity higher than
10% and a low permeability (Curtis 2002). The pores in
organic shales can be classified as microporous (pore size up
to 2 nm), mesoporous (pore size 2-50 nm) and macroporous
(pore size greater than 50 nm) (Chalmers and Bustin 2008a,
2008b; Ross and Bustin 2009). The adsorption capacity of
shale is also associated with micropores (Ross and Bustin
2009). The micropores in the Barnett Shale include intra-
granular, intergranular and intergranular micropores of
authigenic minerals. The dominant type pertains to inter-
granular micropores formed by hydrocarbon generation
evolution, clay mineral transformation, fossil silicification
and framboidal pyrite formation (Loucks et al. 2009; Ross
and Bustin 2009).

Research on shale reservoirs is largely dependent on
advanced analytical techniques, with scanning electron
microscopy, backscattering and two-dimensional (2D) and
3D imaging techniques being widely used. For example,
Slatt et al. (2011) used polarized light microscopy and
scanning electron microscopy (SEM) to investigate the pore
characteristics of favorable formations of the Barnett and
Woodford shale gas systems in North America, distin-
guishing several types of pores: porous floccules,
organoporosity, intraparticle pores and microfractures. Cur-
tis et al. (2012) used focused ion beam techniques combined
with backscattering or SEM to observe shale gas core
samples from different horizons in nine regions of North
America and determined the 3D digital features of the cor-
responding SEM images to visualize the pore size distribu-
tion, pore structure characteristics, connectivity and
coexisting minerals. The researchers indicated that pores
sized approximately 3 to 6 nm have the highest number but
contribute less to the total pore volume than micro- to

mesopores, indicating that shale gas reservoirs are domi-
nated by micropores and mesopores with a low porosity.
Clarkson et al. (2013) investigated the pore structure of
North American shale gas reservoirs by applying
small-angle and ultrasmall-angle angle neutron scattering
techniques combined with low-pressure adsorption and
high-pressure mercury intrusion techniques and concluded
that the porosity was determined by the pore size.

Various types of pores exist in shale gas reservoirs, and
the evolutionary process is extremely complex due to the
combined influence of diagenesis and hydrocarbon genera-
tion. Chalmers et al. (2012) comprehensively evaluated the
development characteristics of pores in shale reservoirs
through physical, organic geochemical and compositional
analyses of shale gas favorable formation samples from
different regions of North America. The researchers high-
lighted that the porosity was related to the pore size, the
micropores contributed the least to the porosity, and the pore
evolution was characterized by an increase in the number of
micropores and a decrease in the number of mesopores and
macropores as the porosity decreased. Moreover, the
researchers clarified the relationships among the distribution
characteristics of the porosity and pore size versus the con-
tent, type and evolution degree of organic matter and mineral
compositions. Notably, the mesopores and macropores are
mainly intercrystalline pores, intergranular pores or organic
matter pores and do not follow the direction of shale lami-
nae. The pore size is inversely proportional to the specific
surface area (Beliveau and Honey 1993). Because the
micropores occupy a higher specific surface area than
mesopores and the smallest specific surface area pertains to
macropores, the porosity decreases with the increase in the
number of micropores and decrease in the number of
mesopores and macropores. Pores develop during the ther-
mal maturation of kerogen and generation of hydrocarbons
(Jarvie et al. 2007). As kerogen matures, the porosity of the
micropores increases (Chalmers and Bustin 2008a; Ross and
Bustin 2009). Because mesopores and micropores are the
main constituents of shale pore space, they are of economic
importance for shale gas (Keller et al. 2011), which exists in
the form of adsorbed gas. The macropores in the Barnett
Shale are mainly derived from the thermal degradation of
kerogen, in which kerogen undergoes thermal cracking,
leading to petroleum generation (Jarvie et al. 2007; Chal-
mers and Bustin 2007; Loucks et al. 2009; Modiaca and
Lapierre 2012; Mastalerz et al. 2013). Mastalerz et al. (2013)
studied the evolution of the pores during diagenesis of the
New Albany Shale by analyzing the organic matter, mineral
composition and physical and gas-bearing properties of the
shale. The researchers reported that the pores did not follow
a constant trend during the diagenetic process. Nevertheless,
with the generation of hydrocarbons, the porosity exhibited
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several minima and fluctuations. As the maturity increased,
the porosity and total pore volume varied with the pore size
distributions and pore types. Thus, the variation in the
porosity is considerably influenced by the hydrocarbon
generation of kerogen and organic matter transformation due
to hydrocarbon migration.

Jarvie (1991) noted that the pore-space changes in
organic-rich shales occurred owing to the transformation of
organic matter during hydrocarbon generation. Peters (1986)
suggested that during early diagenesis (Ro of 0.6%), up to 0.6
wt% hydrocarbons were transformed by the kerogen, while in
middle diagenesis, the porosity decreased with the increasing
maturity of the organic matter. During the late maturation
stage, the number of available open pores decreased, and the
fluid flow was restricted as the early pores filled with oil or
solid bitumen. The size of the pore throat was noted to be
closely related to the rock porosity and permeability (Nelson
and Batzle 2006), and Jarvie et al. (2007) suggested that the
blocking of the roaring channels by asphaltene residues led to
the low permeability. As the thermal evolution progressed,
the porosity increased with the conversion of oil and bitumen
to dry gas, which created microfractures and allowed the
formerly closed pore system to open.

In conclusion, North American shale gas reservoirs con-
tain mostly micropores to mesopores exhibit a high porosity
and low permeability, and the macropores are not developed.
The porosity is related to the type of pore, i.e., the size of the
pores determines the porosity. The generation of and varia-
tion in the pores are mainly associated with the diagenesis,
hydrocarbon generation and evolution of organic matter.

6. Research on diagenesis

The study of diagenesis is significance for the porosity and
permeability analysis of conventional reservoirs, compre-
hensive evaluation of reservoirs and reservoir and gas pro-
duction prediction (Yang et al. 2012). For shale gas,
diagenesis controls not only the thermal evolution degree of
organic matter, but also the mineral composition of shale,
especially the composition of clay minerals. Additionally,
the intensity of diagenesis considerably influences the
development of reservoir space (Liang et al. 2012). Diage-
nesis influences the mechanical properties of shale, with
compaction transforming loose and soft clays to mudstones
and shales and cementation of minerals such as carbonates
and quartz causing a shift in the mechanical properties from
plastic to brittle sedimentary rocks (Bjerlykke and Karre
1997). Research on shale gas diagenesis has gradually
attracted attention. Laughrey et al. (2011) comprehensively
analyzed the diagenetic history of the Marcellus Formation
in the Sullivan area of Pennsylvania and indicated that when
the sediments of the Marcellus Formation were buried at a
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depth of approximately 500 m, early diagenesis was asso-
ciated with mechanical compaction and mudstone dewater-
ing. As the buried depth increased, the chemical compaction
corresponded to quartz cementation and transformation of
clay minerals. The organic pores developed significantly
during late catagenesis, and this process continued in the
metagenesis state at depths greater than 8 km. Milliken et al.
(2012) analyzed the porosity, permeability and TOC of
Barnett Shale samples with high maturity (Ro: 1.52-2.15%)
in the eastern Fort Worth Basin and noted that the reservoir
factors were not correlated with the composition and struc-
tural characteristics of the rock due to diagenesis. Com-
paction and cementation caused the loss of most of the
primary intergranular pores. Most of the pores were thus
secondary pores filled with asphaltenes and the clastic par-
ticles were replaced.

Notably, shale gas reservoirs, as hydrocarbon-producing
layers, are subject to both organic and inorganic modifica-
tions during burial and diagenesis, and the formation process
is complicated. Therefore, the existing studies on shale gas
diagenesis are not sufficient, and a comprehensive detailed
and systematic study of the diagenesis and diagenetic evo-
lution of shale gas reservoirs and their impact on the reservoir
storage space must be conducted. Because shale-gas-bearing
shales are both source rocks and reservoirs in hydrocarbon
systems, the rock types are mainly muddy shales with high
clay mineral contents. The diagenesis of these rocks can be
examined using the research methods of hydrocarbon source
rocks. For example, in hydrocarbon source rocks, the clay
mineral assemblage and diagenetic evolution are clearly
influenced by the acidity and alkalinity of the formation
fluids and fluid composition (Niu et al. 2000).

7. Characteristics and evaluation of shale gas reservoirs in
North America

From a petroleum geological viewpoint, a large amount of
natural gas is generated from source rocks through a series of
geological conditions and discharged in large quantities
under continuous pressure. These gas migrates to permeable
strata such as sandstones and carbonate rocks and accumu-
lates in structural or lithologic gas reservoirs. The part
remaining in the fine-grained sedimentary rock system forms
the shale gas resources (Tian et al. 2005). This model of the
generation and storage of shale gas simplifies the reservoir
accumulation process and integrates the gas reservoir char-
acteristic analysis and reservoir evaluation. This compre-
hensive analysis process is different from that of evaluating
conventional oil and gas reservoirs.

Shale gas reservoirs in North America are large-scale
continuous accumulations and exist in three states: adsorbed
gas, dissolved gas and free gas, with most of the gas
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corresponding to adsorbed and free gas. Shale is derived
from biogenic, thermogenic and mixed types of sources,
with thermogenic sources being dominant (Du et al. 2011;
Xiao et al. 2013). The same set of shale horizons in the same
basin, affected by different stages of thermal evolution,
exhibit different types of gas reservoirs. For example, the
Woodford Shale in the Late Devonian-Early Mississippian
of Oklahoma, USA, exhibits different types of biogenic gas
and thermogenic gas reservoirs in different stages of thermal
evolution of organic matter in different areas (Cardott 2012).
Thermogenic shale gas reservoirs are mainly controlled by
the thermal maturity of shale, while the main controlling
factors for biogenic shale gas reservoirs are the formation
water salinity and level of fracturing (Li et al. 2009d).

The analysis and evaluation of shale gas reservoirs, as
comprehensive research tools for the exploration and
development of shale gas resources, have been performed
for each shale gas basin and formation. For example, Ross
and Bustin (2007) analyzed the shale gas potential by
studying the organic matter content, organic matter maturity
and gas-bearing properties of the Early Jurassic Gordondale
mudstone in the Peace River region in Northeastern British
Columbia, Canada. Bowker (2007) studied the type, thermal
evolution and conversion characteristics of organic matter,
combined with the adsorbed gas volume and mineral com-
position of shale and analyzed the shale gas system. Ross
and Bustin (2008) comprehensively analyzed the shale gas
potential by performing stratigraphic and tectonic studies of
the Devonian—Mississippian system in the Western Canada
Basin, examining the organic matter and mineral composi-
tion and investigating the gas-bearing properties. Chalmers
and Bustin (2012b) examined the shale gas potential of the
Cretaceous Shaftesbury Formation in Northeastern British
Columbia, Canada through organic geochemistry, mineral-
ogy, porosity, and gas content analyses and concluded that
the present burial and organic matter maturity of shale for-
mations influences the hydrocarbon generation capacity
more notably than the TOC content. The United States
Geological Survey (USGS) identified the Lower Cretaceous
Pearsall Formation in Southern Texas as a potential shale gas
resources through hydrocarbon investigations of the Meso-
zoic strata in the Northern Gulf Coast. Moreover, Hackley
(2012) verified the potential of shale gas reservoirs by ana-
lyzing the lithology, stratigraphy and depositional environ-
ment of the Pearsall Formation.

The examples of shale gas development in North America
demonstrate that shale gas reservoirs are dominated by
adsorbed gas, and the shale adsorption capacity determines
the amount of adsorbed gas. The adsorption capacity of shale
is related to factors such as the mineral composition, organic
matter content, kerogen type, formation water content, pore
size and structural characteristics and thermal evolution
stage of the organic matter. Organic-rich shale with a higher
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organic matter content, higher thermal evolution level, and
lower formation water content corresponds to higher
adsorbed gas volumes (Ross and Bustin 2007, 2009; Hao
et al. 2013). The effect of the mineral composition on the gas
adsorption can be observed by the fact that quartz and car-
bonate minerals have lower internal surface areas and
therefore adsorb a lower amount of gas (Ross and Bustin
2007). Ross and Bustin (2009) reported that in dry condi-
tions, illite and smectite exhibit higher gas adsorption
capacities than kaolinite. Schettler and Parmoly (1990)
indicated that the main adsorption space in the Devonian
shale of the Appalachian Basin is provided by illite, and the
contribution of the kerogen to the adsorption space is less
significant. Zhang et al. (2012b) noted that in organic-rich
shale, the adsorption capacity of the minerals is lower than
that of organic matter. Hill et al. (2007b) analyzed the
Barnett Shale in the Fort Worth Basin and concluded that the
volume of shale gas is related to the organic matter content,
thickness and maturity of the shale.

Overall, in shales with a low matrix porosity, the
gas-bearing properties and microfracture development
characteristics influence the shale gas production capacity
(Curtis 2002). The gas-bearing property of shale gas is
related to the content and type of organic matter, level of
thermal evolution, rock type, mineral composition and
physical properties. In fact, the rock mineral composition
and organic matter characteristics are the basis of shale gas
development. The level of organic matter thermal evolution
determines the type of shale gas reservoir and storage space.
The mineral composition, organic carbon content and
organic matter maturity of shale rocks are the three most
important factors for shale reservoir development (Curtis
2002; Jarvie et al. 2005). Therefore, the evaluation of shale
gas reservoirs, analysis of shale gas deposits and prediction
of potential resources are based on the fundamental under-
standing and evaluation of shale gas in terms of the pet-
rography, rock composition, organic matter type and
maturity and reservoir properties. The diagenesis and origi-
nal components of shale must be considered when evaluat-
ing reservoirs (Ross and Bustin 2007).

While fractures are necessary to ensure high gas pro-
duction in the Barnett Shale, the macroscopic fractures do
not considerably influence the hydraulic fracturing as they
are filled with carbonate minerals (Bowker 2003). In the
Barnett shale, most of which is a closed system, the organic
and inorganic gases produced by hydrocarbon evolution are
not immediately released, leading to the generation of high
pressures (Jarvie et al. 2007). Gaarenstroom et al. (1993)
estimated the oil and gas cracking capacities and suggested
that the pressure generated by 1% oil cracking in a closed
system could attain the threshold for rock cracking. This
finding suggests that the microfractures and migration
channels in the Barnett shale are at least partially derived
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from the generation of early hydrocarbon and nonhydro-
carbon gases and from the secondary cracking process of
hydrocarbons after oil and gas are generated. Bowker (2007)
found that although Newark East has been the largest natural
gas field in the Fort Worth Basin since 2001, due to the
development characteristics of the facture system, the gas
production in different areas of the Fort Worth Basin varies
considerably. The Barnett Shale exhibits low gas production
near faults and folds, and the structural fractures determine
the gas production of the Barnett shale.

Montgomery et al. (2005) believed that the development
of shale gas must be based on a comprehensive study of the
geological characteristics, geochemical analyses and tech-
nological developments. The geological characteristics can
be examined to clarify the characteristics of shale reservoirs,
and geochemical analyses can clarify the potential produc-
tivity of shale and formation pattern of shale gas. After the
reservoir and resource potential have been determined, the
technological developments determine the productivity of
shale. Therefore, the analysis of the geological characteris-
tics and geochemistry of shale gas reservoirs based on the
latest hydraulic fracturing and horizontal well technologies
is a fundamental and decisive part of shale gas exploration
and development, and the study of its sedimentological,
petrological and diagenetic effects and organic geochemical
aspects eventually determines the effectiveness of shale gas
reservoir development.

According to the shale gas production practices of the
USA, the favorable reservoir characteristics of thermogenic
shale gas can be summarized as follows: TOC > 2%, shale
thickness > 15 m, 1.1% <Ro <3% and quartz con-
tent > 28% (Li et al. 2009d). Shale gas reservoirs with high
production and economic benefits correspond to a wide
distribution area, moderate burial depth, large thickness
(>30 m), organic matter abundance (TOC > 2%), kerogen
type I or II;, moderate maturity (1.1% < Ro < 2.5%), high
gas content (3—10 m3/t), low water production, moderate
clay content (<40%), high brittleness (i.e., low Poisson's
ratio and high Young's modulus) and surrounding rock, as
these aspects facilitate hydraulic fracturing control (both the
upper and lower strata are limestones) (Curtis 2002; Mont-
gomery et al. 2005; Pollastro et al. 2007; Li et al. 2009d).
Diverse reservoir rock types, dominant free gas,
well-developed caprocks and overpressure reservoirs are
also characteristics of high-production shale (Xiao et al.
2013). Curtis (2002) compared the geological and geo-
chemical characteristics of shale gas, such as the vitrinite
reflectance, organic matter content, favorable shale thickness
and adsorbed gas volume, of favorable shale gas strata in five
major basins in North America and concluded that the fac-
tors affecting shale gas production rates can compensate for
one another.

1 Introduction

1.1.2 Research History and Status of Shale Gas
in China

China is the third country initial to shale gas exploration,
which is later than the USA and Canada. The resource of
shale gas is rich in China, which is approximately equal to it
in the USA (Zhang et al. 2009). It is no doubt that the shale
gas will be the new growth point of natural gas in China (Ye
and Zeng 2008). The shale gas has been entered into the
commercial stage in China since the industrial shale gas flow
had been gotten in the well JY-1 in 2012. Although the
annual output of shale gas is gradually rapid growth, the
shale gas is mainly coming from the middle-shallow burial
depth layer (1000-3000 m in depth) in China. There is a big
gap between the annual output of shale gas in China and
USA (Zhang et al. 2021). In present, the breakthrough of
shale gas has been gotten in the marine shale gas in the
Southern China; however, there are a few of questions and
challenges in the shale gas industry in China now. The
enrichment condition of the shale gas has not been well
understood (Jiang et al. 2020).

Since the 1960s, the industrial gas flow has been inter-
mittently observed in the fractured shale reservoirs in dif-
ferent basins. However, it has not been paid enough
attention. The preliminary research on shale gas resources
was started in 2004 by the Strategic Research Center of Oil
and Gas Resources, Ministry of Land and Resources, China
(SRCOGR, which is presently known as the Ministry of
Natural Resources) and China University of Geosciences
(Beijing), which was the first time focused on the shale gas
in China. Since 2006, the shale gas exploration has been
started in China symbolized by the project “The potential
evaluation and favorable area prediction for shale gas
resource in the key areas of China”. This project is belonged
to the national major project named “The strategic survey of
oil and gas resources and favorable area prediction” which is
carried out by the institutes organized by the SRCOGR, such
as, China National Petroleum Corporation (CNPC), Sinopec
Corporation (SPC), Chengdu Center of Geological Survey,
Chongqing Coal Geology Research Institute. The shale gas
in China was assessed by dividing the China into five
evaluation units, such as the Upper Yangtze and
Yunnan-Guizhou-Guangxi unit, Middle-lower Yangtze and
South-east unit, the north and Northeast unit, the Northwest
unit and the Tibetan unit. Five pilot areas were set up as the
Sichuan—Chongqing—Guizhou—Hubei pilot area for shale
gas, the Qijiagulong depression in Songliao basin pilot area
for shale gas and oil shale, the shale gas-tied gas-coalbed
methane pilot area in the Northern Qinshui basin, the lower
Yangtze and Anhui-Zhejiang pilot area for shale gas. Several
key blocks were selected out too. The companies major in
the shale gas exploration were set up by the CNPC, SPC,
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China National Offshore Oil Corporation (CNOOC), which
symbolizes the beginning of shale gas exploration in China.
Meanwhile, the industrial shale gas flow was gotten in some
local areas. Furthermore, the shale gas research teams were
gradually established in research institutions and private
enterprises too. In present, the disciplines boom has been
formed in shale gas exploration. The formal shale gas field
development was kicked off with the setting up of Fuling
shale gas field, in July 2014.

According to the Resource evaluation results of the
Ministry of Natural Resources, PRC (formerly Ministry of
Land and Resources) in 2015, the shale gas resource is about
121.86 x 10'> m® in China. The recoverable resources of
shale gas are 21.81 x 10'> m’. The marine shale gas is
13.00 x 10'2 m>, mainly enrichment in the Sinian, Cam-
brian, Silurian Formation and so on, in the Upper Yangtze
area and Western Tarim basin. The terrestrial shale gas is
3.73 x 10" m® which is enrichment in the Ziliujing For-
mation in Sichuan Basin, the Yanchang Formation in Ordos
basin, the Shahejie Formation in Bohai Bay Basin and the
Qingshankou Formation in Songliao basin. 5.08 x 10'* m’
is enrichment in the marine and continental transitional
facies shale, such as the Permian Formation in the
middle-Upper Yangtze, the Carboniferous—Permian Forma-
tion in the Ordos basin, Junggar Basin, Tarim Basin and so
on (Sun et al. 2020). During the 2016-2020, the shale gas
has entered in the rapid development stage. A lot of the
innovation and breakthrough were gotten in this period. In
present, the shale gas has been seeming as an important field
for increasing natural gas storage and production in China
(Zhao et al. 2019). The shale gas development has been
accelerated by CNPC. The production capacity construction
has carried out in the shallow shale gas resources (<3500 m
in depth) in Changning, Weiyuan and Zhaotong. Up to the
end of 2019, the accumulative proved shale gas geological
reserves have been 10,610 x 10 m>. The annual output of
CNPC is 80.3 x 10° m’ and 116.1 x 10°* m® in 2019 and
2020, respectively. The marine shale gas in Wufeng-
Longmaxi Formation has been economically exploited by
the Sinopec, in the Fuling area and Weirong area. The
accumulative proven shale gas geological reserves amounted
to 7255 x 10® m’ at the end of 2019. The annual outputs of
SINOPEC were 73.4 x 10° m® and 84.1 x 10° m’ in 2019
and 2020, respectively (Zou et al. 2021). The Sinopec
reported that the accumulative proven shale gas geological
reserves were 9408 x 10% m3, at the end of 2020. The
favorable area for shale gas is mainly distributed in Sichuan
Basin and its surrounding area (Cai et al. 2021). It is deduced
that the annual output of shale gas in China will be
300 x 10® m® in 2025, and likely will be 350 x 10* m’-
400 x 10®* m® in 2030. The shale gas will occupy a major
proportion in the increasing of gas in China. The major
contributor will be the marine shale gas from the deeper
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shale strata. The annual output of the marine shale gas likely
be 150 x 10® m’-200 x 110* m® in 2030. The shale gas
exploitation in Sichuan Basin will accelerate the Sichuan—
Chongqing area as the biggest oil and gas production area in
China. The Sichuan Basin will be constructed as the “Dag-
ing gas field” (Zou et al. 2021).

The shale gas in China is characterized with different
enrichment types, wide distribution and with huge potential.
Shale strata were well deposited in the strata of different
ages. The shale strata are deposited in various environment,
such as the marine, terrestrial and the transitional facies. The
organic-rich shale is commonly act as the source rock in the
petroliferous basin. The Paleozoic shale in Sichuan Basin is
mainly marine sedimentary, with stable regional distribution,
large thickness, organic matter enriched and high thermal
evolution. A large amount of oil and gas has been observed
in Paleozoic shale which is a realizable field for shale gas
exploration and development (Zou et al. 2010a). The Pale-
ozoic shale in Southern China has experienced a complex
tectonic evolution. It is with the similar geological condi-
tions and tectonic evolution characteristics to the typical
shale gas basins in eastern USA (Long et al. 2009). Paleo-
zoic shale gas is an important field to the exploration and
production of shale gas in China.

At the beginning of shale gas study, the scholars were
focus on the enrichment mechanism (Zhang et al. 2003,
2004), the accumulation condition (Zhang et al. 2008a; Chen
et al. 2009a; Wang et al. 2009a, b, c, Nie et al. 2009a), the
evaluation of favorable area (Zhang et al. 2008b; Zhao et al.
2008; Cheng and Pi 2009; Pan and Huang 2009; Li et al.
2009d) and so on. The research degree is relatively high in
the middle-large petroliferous basin (Zhang et al. 2008;
Wang et al. 2009a; Huang, 2009b). The study is the most
advanced in the marine shale in south China. Based on the
enrichment mechanism study and the comparison of geo-
logical conditions of shale gas in China and the USA, Zhang
et al. (2009) concluded that the geological conditions are
superior in China for shale gas, with the same shale gas
potential as the USA. The Shale gas in China is character-
ized by high abundance of organic matter, high thermal
evolution and stronger post-renovation. Meanwhile, the
shale gas is characterized by coexistence of marine and
continental facies, dominated by the sedimentary zones and
complex distribution. For the absent of core samples for
shale gas, most of the early studies were based on the con-
ventional oil and gas exploration data, coalbed methane and
solid mineral exploration data. The shale samples were
coming from the outcrops or the shallow layer. Due to the
lack of practices data, many analogies are carried out by
referring to foreign materials such as the USA (Xu and Bao
2009, Nie et al. 2009a, Zhang et al. 2004; Zeng et al. 2011;
Chen et al. 2011a). Meanwhile, to a certain degree, the
progress of the shale gas industry is restricted by the
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deficiency of the shale gas exploration theories and methods
(Li and Zhao 2009). Basing on the geological characteristics
and accumulation conditions of Shale gas in China, Li et al.
(2012¢) concluded that Marine shale gas exploration pro-
spect in China is the best and Sichuan Basin and its sur-
rounding areas are the most realistic. It needs to be verified
the potential of shale gas in the marine and continental
transitional shale and coal measure shale. Lacustrine shale
gas is mainly distributed in the central area of the depression
and with a certain exploration potential. In conclusion, in the
early stage of shale gas research in China, a side range of
interests was focused on the marine shale gas in the middle
and Upper Yangtze area. And, the research degree of it is
most advanced in China. Since 2009, great progress has been
gotten in the shale gas industry in Southern China. The key
factors for the trap and enrichment of Chinese-style shale gas
are concluded, such as, the shale gas favorable area is
dominated by the ‘“sedimentary facies and preservation
conditions”, the sweet-spot areas are dominated by the
“Tectonic types and tectonic processes” (Guo 2016).

The study area of this book is the Southern Sichuan Basin
and its surrounding area. The target layer is the Ordovician
Wufeng Formation-Silurian Longmaxi Formation. Hence,
this work is basing on the modern research of marine shale
gas in Southern China, mainly involving Ordovician
Wufeng-Silurian Longmaxi Formation and part of Cambrian
Niutiantang/Qiongzhusi Formation in Paleozoic.

1. The geological setting of the shale gas in Southern China

There are three regional source rock layers in Paleozoic in
south China. The excellent source rock is characterized with
the siliceous-shale and the dark shale in the Lower Cambrian
Niutiantang (or Qiongzhusi) Formations, the Upper
Ordovician Wufeng Formation to Lower Silurian Longmaxi
Formation. The high-quality source rocks are mainly
argillaceous and siliceous rocks in the Upper Permian
Longtan Formation or Wujiaping Formation and Dalong
Formation. The organic-poor limestone is non-source rock
or poor source rocks (Fu et al. 2011). Similar to shale gas in
north America, favorable shale gas formations in China are
deposited in the deep-water platform located at the foredeep
belt (or depression zone) in the early foreland basin, (Chen
et al. 2011a). The Yangtze platform has been in the stage of
consecutive thermal deposition since the late Sinian. The
structural pattern is characterized with “two basins separated
by one platform” in the early Paleozoic. The shale was
mainly deposited in the depression and slope of platform
margin. The shale mainly deposited in the intraplatform
depressions and platform margins, with the restriction of the
geographical pattern of passive continental margin during
the lower Cambrian Niutiitang Formation depositional
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period. The shale is characterized the thinner thickness and
high organic matter content in the deep-water environment
and thicker thickness and low organic matter content in the
shallow-water environment. In late Ordovician to early Sil-
urian, the south China plate initial converged with the
Yangtze plate. The shale in Wufeng-Longmaxi Formations
is deposited in the plate convergence in the early formation
of depression. In the depression, the shale is characterized
with thicker thickness, high organic matter content. The
organic-rich shale is relatively thinner at the outside of the
depression (Chen et al. 2011a; Liang et al. 2009).

The evolution of the middle-Upper Yangtze region began
with the breakup of Rodinia continent in Nanhua Period.
From Sinian to Early Ordovician, the whole middle and
Upper Yangtze region was in the background of extension
and splitting. A stable middle-Upper Yangtze craton basin
was formed within the continental block (Zeng et al. 2011).
There is a difference in the spatial and temporal distribution
of the Sinian-Silurian cratonic basin in the middle-Upper
Yangtze basin. It has undergone two stages from extension
to compression, with the evolution process ordinally from
rift basin to fissure basin and depression basin. The first
stage is from Sinian to early Ordovician. It is characterized
by the evolution from early rift to fissure basin in the
extensional environment, and the formation is mainly car-
bonate. The II stage is from late Ordovician to early Silurian.
The study area underwent an extrusion stress environment.
The basin is a successional compressional depression basin
within the craton. The craton margin is generally extruded
and uplifted. As a whole, the basin pattern is restricted by
uplift segmentation. The sedimentary formations are mainly
clastic and mixed type. The lithological association is
characterized with the carbonate is gradually drop, the clastic
rocks is gradually increasing in the upward (Huang et al.
2011a).

Basing on the outcrops, well test, core samples and the
tests of sedimentology, geochemistry, reservoir engineering,
Dong et al. (2010) concluded that the distribution of
organic-rich black shale in Qiongzhusi and Wufeng-
Longmaxi Formations were dominated by the neritic facies
to deep shelf sedimentary environment during the Early
Paleozoic in the Upper Yangtze Area. The lower Paleozoic
formation is the favorable layer for the shale gas. The
organic-rich shale in Longmaxi Formation was deposited
during the transgressive systems in Early Silurian (Chen
et al. 2009a, Huang et al. 2011a, Li et al 2012¢). Meanwhile,
the organic-rich shale is deposited in the area with slow
regressive system, where is favorable to the shale gas for-
mation. Then the sea level began to decline slowly and
entered the high stand systems tract, which was mainly
semi-deep water shelf deposition. The sandy content is
gradually increased with the increasing of silty shale,
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argillaceous siltstone and siltstone in upward, which com-
posed the regressive sedimentary sequence.

2. Petrological characteristics

6]

Lithofacies and mineral composition

There is a huge difference between different scholars on the
lithofacies division of the Longmaxi Formation in Sichuan
Basin and its surrounding area. The petrology has rapidly
developed in the last ten years, with a lot of study on the
lithofacies (sedimentary microfacies) had been carried out.
There are many lithofacies division schemes. It can be
roughly divided into three types as following,

6]

(@)

The lithofacies are classified mainly according to the
mineral composition, assisted with the sedimentary
structure. However, no unified standard has been
established. For example, one division scheme is pro-
posed by Zeng et al. (2011), which divided the Long-
maxi Formation into three lithofacies, such as the
carbonaceous shale facies, silty shale facies, marl facies.
Liang et al. 2012 proposed that there are five lithofacies
in Longmaxi Formation, which is carbonaceous shale,
siliceous shale, silty shale, calcareous shale, ordinary
shale. Zhang et al. (2012b) concluded that the Long-
maxi shale is composed by black, gray-black and dark
gray calcareous and siliceous shales, sandy shales or
thin siltstones. The laminated structures are commonly
observed in the Longmaxi shale. Wang et al. (2014b)
proposed that there are eight lithofacies in Longmaxi
Formation, which is siliceous shale, calcium siliceous
shale, micritic calcareous shale, calcareous laminate
shale, shell marl, wavy bedding shale, dolomitic shale,
phosphorus shale. Zhao et al. (2016) proposed that
Longmaxi shale is composed by the siliceous shales,
clayey shales, silty shales, calcareous shales,
core-bearing argillaceous limestone/calcareous mud-
stone, siltstone-fine sandstone and bentonite. Another
classification scheme is proposed by Wu et al. (2016).
Basing on siliceous mineral (quartz and feldspar), car-
bonate minerals (calcite and dolomite) three mineral
and clay mineral, it can divide the shale into siliceous
shale, calcareous shale, clay shale and mixed type of
shale. The shale can be classified into more than 30
types according to the contents of the three components.
The shale can be classified in different types, according
to TOC content and mineral composition. Jiang et al.
(2016) classified the Longmaxi shale in Weiyuan area
into 11 types, for example the organic-rich siliceous
shale facies and organic-rich carbonate-siliceous shale
and so on.
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The shale was divided into different types, according to
the laminar and mineral composition characteristics too.
Firstly, Liu et al. (2011) divided the Wufeng-Longmaxi
shale in east Sichuan Basin into eight lithofacies,
including the stratified-non-stratified mud/shale dolo-
mitic siltstone, stratified calcareous mud/shale argilla-
ceous siltstone, stratified-non-stratified silty mud/shale,
silty-fine-grained  sandstone, calcareous nodules,
organic-rich shale without lamellation. The mineral
mainly composed by quartz or carbonate. This method
was optimized by Ran et al. (2016) by taking the silica
content into account. The Longmaxi shale can be
divided into 9 types, such as the silicon-poor
non-parallel laminated shale, silicon-rich parallel lami-
nated shale. Basing on the core samples observation and
thin sections identification of Well CX-1, Chen et al.
(2013a, b) divide the Longmaxi shale into lamellar
shale, lamellar calcareous shale, lamellar dolomitic
shale, lamellar carbonate shale and lamellar silty shale.
The lamellar is composed by the mud grade of quartz,
feldspar, clay, organic matter, silt grade of quartz,
feldspar, metasomatic origin of calcite, dolomite and
pyrite (local, small) content varies.

Recently, Shen et al. (2021) classified the
Wufeng-Longmaxi Formation into four types of shale
facies combinations, based on the comprehensive con-
sideration of mineral composition, reservoir physical
properties, bedding fractures and the influence of bed-
ding on fracture network formation. This scheme is
focused on the fracturing ability of shale gas reservoir
to form fracture network. According to hydrodynamic
genesis of shale deposition, eight lithofacies shale has
been classified into strong and weak hydrodynamic
zones by Wang et al. (2014b). And, he pointed out that
siliceous shale, calcium-bearing siliceous shale and
micritic calc shale under the weak hydrodynamic zone
have higher organic carbon content. On the other hand,
scholars have also done some research on the lithofacies
of Guanyingiao Formation. Liang et al. (2022) divided
the Guanyingiao lithofacies according to the biological
characteristics of the Guanyingiao Formation. Wang
et al. (2016) had discussed the significance of mineral
composition and distribution characteristics for shale
gas exploration. By referring to the lithofacies division
scheme of Wufeng-Longmaxi Formation by Wu et al.
(2016), Wei (2020) classified the lower Cambrian shale
in Western Hubei into four main lithofacies combina-
tions according to the three-end element of siliceous
minerals (quartz + feldspar), carbonate minerals and
clay minerals. The shale facies are mainly
silica-clay-bearing shale facies, ash/silica mixed shale
facies, clay/silica mixed shale facies and



argy-rich/ash-mixed shale facies. The organic matter is
enrichment in the siliceous shale, and the TOC in the
clayey shale is generally smaller than 2.0%.

The mineral composition is obviously affected by the
sedimentary environment. For example, the organic-rich
shale deposited in the depression environment of Marine
platform is generally characterized with enrich siliceous and
calcareous organisms, with little or no clay minerals. Silic-
eous and calcareous minerals are mainly the remains or
detritus of various hydrocarbon-forming organisms which
have been buried and evolved through various diagenesis
(Qin et al. 2010a). However, the mud shales formed in the
sea—land interaction or continental lacustrine basin are usu-
ally enrich the clay minerals. The organic matter is saved in
the form of organic clay mineral aggregate in shale by the
adsorbed of the clay minerals (Lu et al. 1999; Cai et al. 2006,
2007; Li et al. 2006; Yu 2006). A large number of studies
reported that the mineral composition of Wufeng-Longmaxi
Formation is mainly quartz, followed by clay minerals, and
other components also include feldspar and a small amount
of carbonate minerals. Liu et al. (2015) found the mineral
composition of Longmaxi Formation shale in Southeast
Sichuan is quartz (avg. 36.07%), clay minerals (avg.
41.55%) and little carbonate mineral. Quartz content is the
highest at the bottom and decreases upward, while clay
content increases. This conclusion has been observed in the
other shale gas well too, such as the well XY-1, YY-1 and
the well in the Jiaoshiba area, where the Wufeng-Longmaxi
shale is mainly composed by the quartz and clay minerals,
with a small amount of plagioclase, potash feldspar, calcite,
dolomite and pyrite (Wu et al. 2015).

The lithology of Longmaxi Formation in Sichuan Basin
and its periphery is similar to that of North American shale.
Both of them are mainly consisted with carbonaceous shale,
siliceous shale, silty shale, and a certain amount of silty fine
grained clastic rocks such as fine siltstone, argillaceous
siltstone. The mineral composition is mainly quartz, with
big content of organic matter, maldistribution of calcium
and extensive distribution of pyrite. However, it is different
from the bio-siliceous shale in North America that the
quartz in the Longmaxi Formation is mainly terrigenous and
relatively little diagenetic metasomatism in the study area
(Zeng et al. 2011; Chen et al. 2011a ; Liu et al. 2011;
Zhang et al. 2012b; Liang et al. 2012). Basing on the
petrology, mineralogy and biological characteristics analysis
on the marine source rock in the middle-Upper Yangtze,
Qin et al. (2010a, b) and Fu et al. (2011) pointed out that
the siliceous rocks were mainly biogenic. The mainly
minerals of the key source rocks in south China were
mainly from the benthic siliceous or calcareous frameworks
after burial evolution. The source rocks are mainly biogenic
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in south China. The organic matter is partly saved in the
siliceous and calcium minerals in the marine shale. The
shape of these minerals is irregular, and with the charac-
teristics of raw chips, multitudinous elements (especially
with some little or other trace elements). There is an
obviously differences in smoothness and color of the min-
erals surface. It is indicating that the siliceous and carbonate
minerals in the organic-rich shale is not from terrigenous
input (Qin et al. 2010a). Zhang et al. (2012b) found the
radiolarians and siliceous sponge spicules in well YS-1, the
Sanhui outcrops in south Sichuan province, the Hegou
outcrops in the Shizhu county and other areas. Meanwhile,
the content of animal organic debris was particularly
prominent in the muddy deep water shelf environment, with
the highest relative 37% and an average 14%. It likely as an
important component for hydrocarbon generation. The
organic-rich siliceous rocks are commonly resulted by the
combined action of hydrothermal activity and biological
deposition. Quartz is mainly from biological deposition and
SiO, chemical precipitation caused by hot water. This may
help us understand the reason that dark bedded siliceous
rocks are commonly organic-rich rock, while the organic
matter content is commonly very low in the flint which is
merely formed by the chemical precipitation (Fu et al.
2011).

Lithology and rock mineral composition are double key
internal factors for the mechanical properties of rock and
even fracture feasibility (Sui et al. 2007), which are the
fundamental factors affecting the pore structure of shale gas
reservoir too (Chen et al. 2013). Hence, the mineral com-
position and brittleness index are two important indicators
for the description and evaluation of organic-rich shale
reservoirs in Longmaxi Formation now (Liu et al. 2012).
Most of the Longmaxi Formation profiles in Sichuan Basin
is characterized that the clay and carbonate minerals are
increasing in the upward, while the quartz decreasing (Liang
et al. 2009; Chen et al. 2011a; Liu et al. 2012). The brit-
tleness index of the organic-rich shale is about 50-75% in
the depositional center. As far from the land, the content of
carbonate minerals is gradually increasing, while the ter-
rigenous clastic minerals are gradually decreasing, in the
limited shallow sea facies (Liu et al. 2012).

Furthermore, the deposition of pyrite is related to bio-
logical processes too. A lot of H,S is formed by the sulfate
reacts with organic matter with the action of bacteria in the
anoxia water. In the early diagenetic stage, H,S combines
with iron ions to form sulfide. Then, the sulfide reacts with
active functional groups in organic matter to form organic
sulfur. However, metal ions are more easily combined with
H,S. Once the iron ions present in the environment, the
formation of pyrite is prior to that of organic sulfur (Zhang
et al. 2013a).
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Clay mineral characteristics

Clay minerals as a general term for finely dispersed
water-bearing layered silicate and water-bearing amorphous
silicate minerals, which are the most abundant minerals in
strata (Li et al. 2012¢). The formation, transformation and
disappearance of clay minerals in mudstone are influenced
by many factors such as the depositional environment,
diagenesis and source rock (Zhao and Chen 1988). The key
factors dominated the formation of clay mineral are com-
monly different in different regions and layers, which
resulted the difference in the distribution and types of clay
mineral. It is helpful to analyze the paleoenvironment and
diagenesis of clay minerals by analyzing their types,
occurrence, content and variation characteristics. For a long
time, clay minerals have been seemed as a favorable tool to
oil and gas exploration. Sedimentary rocks are rich in
montmorillonite, which is conducive to the generation and
migration of oil and gas through diagenesis Daoudi et al.
(2010). There is a law of co-evolution between the ratio of
illite/montmix and organic matter. A lot of organic matter is
adsorbed in the clay minerals, which have a strong catalytic
effect on the process of hydrocarbon generation (Zhang
et al. 2013a). The type and content of illite in shale are
important factors and indicators for the content of
hydrocarbons.

Little previous work was focused on the clay minerals
about the shale gas. Basing on the analysis of clay mineral in
the dark shale, Li et al. (2012c) discussed the influence of
clay minerals on the reservoir property of shale. It is con-
cluded that the composition, distribution and the formation
mechanism of the clay mineral is not only showing the
characters of the depositional and diagenetic environment,
but also with a certain influence on the porosity and per-
meability. Therefore, the study on clay minerals should be
emphasized in shale gas reservoir.

3. Characteristics of organic matter and its relation to
mineral composition

(1) Characteristics of organic matter

There were two hydrocarbon generation centers for Long-
maxi Formation in Sichuan Basin and its surrounding area,
which are the Wanxian-Shizhu of hydrocarbon generation
center in the eastern Sichuan Basin and the Zigong-
Luzhou-Yibin hydrocarbon generation center in the
Sichuan Basin (Wang et al. 2009a). The burial depth of
Silurian source rocks is deeper in the eastern and Northern of
Sichuan Basin than the south Sichuan Basin, while the
thermal evolution of the shale is similar to each other of the
two areas (Zeng et al. 2011).
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The organic matter is enriched in the dark Longmaxi
shale. Under a microscope, the shale is opaque black and
gray black. Several different occurrence forms of organic
matter are observed in the microscopic identification and
electron probe analysis (Zhang et al. 2013a). The organic
matter abundance is an important index for source rocks
evaluation. Three conventional indexes are applied to
organic matter abundance of source rocks, such as the total
organic carbon (TOC), hydrocarbon generation potential
(S; + S,) and chloroform bitumen “A”. In consider of the
high to over thermal evaluation of Paleozoic source rocks in
Sichuan Basin, chloroform bitumen “A” and hydrocarbon
generation potential can no longer be availably showing the
hydrocarbon generation capacity of high-overmature source
rocks. Hence, TOC has been regarded as the key index to the
evaluation of hydrocarbon generation intensity in Paleozoic
mud/shale in Sichuan Basin (Wu et al. 2013a). Therefore,
total organic carbon content is an important index for eval-
uating the abundance of source rocks, as well as an impor-
tant parameter to show the intensity and amount of
hydrocarbon generation. According to the definition of shale
gas, organic matter in shale is the parent material of
hydrocarbon, as well as an important adsorption medium and
carrier of shale gas (Li et al. 2007; Zhang et al. 2013a).

The Longmaxi Formation is characterized with high
organic matter content and stronger hydrocarbon generation
potential, which is similar to shale gas in North America.
According to the TOC tests from the outcrops and core
samples, the TOC is in the range of 0.35-18.40%, with an
average of 2.52% in the south Sichuan Basin. In the 261
samples, the TOC is ranging from 0.50 to 8.75%, with an
average of 2.53%. About 45% of them are with TOC bigger
than 2%, which are mainly located at the lower Longmaxi
Formation (Huang et al. 2012). Basing on the organic geo-
chemistry analysis, Zhu et al. (2010) pointed out that the
TOC is 1.2-5.6% (avg. 3.1%) in Longmaxi Formation in
Sichuan Basin. In Sichuan Basin, the TOC is 5.1-6.8% (avg.
3.6%) in Wufeng shale. In the periphery of Sichuan Basin,
the value of TOC in Wufeng shale is smaller than it in the
Sichuan Basin, such as the TOC is 2.6-4.2% (avg. 3.2%) in
well PY-1 (Zhao et al. 2016).

The kerogen in the Longmaxi shale is mainly in the type
of Sapropel in Sichuan Basin. Kerogen is amorphous and
derived from lower aquatic organisms (Huang et al. 2012).
Kerogen was flocculent under scanning electron microscope.
In organic matter, the content of algae-amorphous group is
58.9-78.3% (avg. 71.2%). The content of animal organic
debris group is 7.5-26.4% (avg. 15.9%). The content of
secondary group is 11.2-14.8% (avg. 12.7%) (Zhu et al.
2010). In consider the H/C and O/C ratio of rock pyrolysis
analysis cannot be used to determine the kerogen type for the
high thermal evolution sample, 3'>C values are commonly
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used to determine the types of organic matter in Sichuan
Basin, for the carbon isotopic composition of kerogen is less
affected by thermal evolution (Hao and Chen 1992; Huang
et al. 1997). The 6'°C values of the I-II; type kerogen are
ranging from —32.04 to —28.78% (avg. —30.23%) (Wang
et al. 2000). According to the maceral of kerogen, Chen
Wenling et al. (2013) concluded that the kerogen of the shale
at the bottom of Longmaxi Formation in Well CX-1 is
Type I, with the algal particles 7.7-11.2% (avg. 9.53%),
carbon bitumen 2.4-6.8% (avg. 4.0%), microsomal content
4.6-9.4% (avg. 6.65%), animal body contents 2.1-11.6%
(avg. 7.76%). According to the kerogen microscopic anal-
ysis of core samples in well JY-1, Guo and Liu (2013)
pointed out the Longmaxi shale is the I type kerogen, with
6'3C (PDB) —29.2 to —29.3%. The carbon isotope of nat-
ural gas is obviously inversed, as 6'3C, (PDB) is —29.2%,
while 6'°C, (PDB) is —34.05%. It can be concluded that
kerogen is mainly the type I kerogen and partly with the II;
kerogen in the Longmaxi shale in Sichuan Basin (Wang
et al. 2014b; Guo et al. 2014). The gas generation potential
of Longmaxi shale is better than North American shale in
which the kerogen is mainly composed by the II kerogen.

The thermal evolution of the Longmaxi shale is higher
than north America. The shale gas discovered in China is
thermal genesis and with the similar enrichment conditions
to USA. However, there are some obviously differences
between China yet (Li et al. 2012¢). The thermal evolution
history is showing that the Longmaxi Formation in Sichuan
Basin was reach the low maturity stage at the end of Early
Permian (Ro is 0.5-0.7%), reached the peak of hydrocarbon
generation at the end of Triassic (Ro is 0.9-1.1%) and
entered wet gas—gas condensate stage at the end of Early
Jurassic (Ro is about 1.3%). In present, it is in the late stage
of hypermaturity, and all liquid hydrocarbons are cracked
into dry gas (Huang et al. 2012). It is reported that the burial
depth of Longmaxi shale is distributed in a wide range,
especially it is deeper than 5000 m in local area, while the R,
is merely in the range of 2.2 to 4.0% (Wang et al. 2009a; Liu
et al. 2009, 2016; Zhu et al. 2010; Chen et al. 2013a, b;
Wang et al. 2016; Guo et al. 2014).

(2) The relationship between organic matter and mineral
composition

The laboratory studies showing that there is a positive cor-
relation between the TOC and the gas generation rate and
adsorbed gas volume of shale gas (Wang et al. 2009a,
2012b). The mineral composition is one of the key factors
for the total gas content of shale (Ross and Bustin 2008).
Therefore, it is likely with a certain correlation between the
mineral composition and organic carbon content in shale.
For example, Zhang et al. (2013a) concluded that the
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silicification of rocks may relate to the organic matter
co-existed with cryptocrystalline quartz and illite, in the late
filling veinlet. A lot of organic matter is adsorbed on the clay
mineral and cryptocrystalline ultrafine quartz, which cat-
alyzes the hydrocarbon generation. Furthermore, a lot of
organic matter is observed in cleavage cracks or fissures of
primary minerals and secondary enlarged edges, which is
indicating that multiple hydrocarbon migration may have
occurred during diagenesis in this area.

The Paleozoic shale in middle-Upper Yangtze is mainly
composed by the clay minerals content, brittle minerals
(quartz and feldspar), carbonate minerals (calcite and dolo-
mite) and a small amount of sulfate minerals and sulfide (Fu
et al. 2011; Qin et al. 2010a, b). Basing on the clay minerals
and sulfides analysis, Fu et al. (2011) point out that the
source rocks deposited in different environment can be with
similar abundance of organic matter but with different
mineral compositions. However, basing on the systematic
X-ray diffraction analysis of organic-rich shale (TOC >

1.5%) sampled from diachronous marine strata in south
China, Qin et al. (2010b) pointed out that there is a certain
correlation between the total organic carbon content and
mineral content of marine shale in South China. There is a
negative correlation between the TOC and the clay mineral
content, while a positive correlation between the TOC and
the content of quartz. This relationship may be caused by the
stable environment of platform basin, platform depression
and lagoon, which is favorable for the formation of marine
organic-rich shale, and is not conducive to the transport and
deposition of terrigenous clastic clay with water. In addition,
there is a certain correlation between mineral composition
and kerogen type, which may be effect by the sedimentary
environment, provenance and other factors (Fu et al. 2011).

However, in middle-Upper Yangtze, there is no obvious
correlation between the thermal maturity and the content of
clay mineral and quartz in the Paleozoic marine shale. There
is an obviously linear relationship between the burial depth
and the content of illite and illite/smectite formation in the
clay mineral. The content of illite is obviously increased
with the increase of the depth, while the illite/smectite for-
mation is decreasing with the increasing of the depth (Fu
et al. 2011). Hence, it can be concluded that the composition
of the mineral is obviously correlate to the TOC. The ther-
mal evolution of the organic matter is complemented with
the transformation of clay minerals. I can be deduced that the
sedimentation had influenced the enrichment of organic
matter and the mineral components of shale (Li et al. 2009d).
The diagenesis is mainly present by the transformation of
clay minerals (Lei et al. 1995).

The organic-rich layer located at the bottom of Ordovi-
cian Wufeng Formation and Silurian Longmaxi Formation is
the most favorable formation for the enrichment of shale gas
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(Zhang et al. 2013a). The “deep water shelf-benthic algal
mat model” is the typical model of the marine source rocks
formation in Southern China (Liang et al. 2009). In marine
environment, the source rock is favorable to deposited in the
undercompensated environments, such as shallow-deep
water basin, deep water shelf basin, deep water shelf facies
(Chen et al. 2006a; Qin et al. 2009).

4. Reservoir characteristics

cMicropores and nano-pores are commonly observed in the
marine organic-rich shale in China, in the forms of inter-
granular pores, intragranular pores and organic pores. Espe-
cially, the nano-pore throats formed after the hydrocarbon
generation of organic matter, which are the main space for
shale gas enrichment (Nie et al. 2009a). The nano-pore was
firstly observed by Zou et al. (2011c), and was divided into
organic nano-pores, nano-pores within particles and
micro-fractures and so on. He has opened the prelude to the
visual study of shale gas reservoir space in China.

In the study area, the porosity, permeability and pore
types of the Longmaxi shale are similar to those in north
America. However, due to the differences in sample col-
lection and analysis methods, the reservoir physical tested
results of the Longmaxi shale are significantly different
among different scholars, although the pore types are similar.
Zeng et al. (2011) pointed out that Longmaxi shale in
Sichuan Basin is a compact lithology in which the porosity is
often less than 2%. The micropores of shale reservoir are
mainly illite flake micropores, microfractures, matrix
micropores, intragranular dissolution micropores, berrylike
pyrite intergranular micropores and so on. According to the
helium pycnometry and pressure pulse decay experiments,
the average porosity and permeability of Wufeng-Longmaxi
shale are 2.11-12.46% and 0.0063-104.41 x 10~ um® in
Sichuan Basin and its surrounding areas, respectively. The
reservoir physics of the Wufeng-Longmaxi shales is good,
except the south Sichuan Basin. The scanning electron
microscopy (SEM) analysis showed that the interlayer
microcracks and secondary micropores are in the
organic-rich layer too. The width of the fractures is in the
range of 0.5-60 pum. The diameter of secondary pore is
ranging 1 um to 40 um. The average face rate is 8.77%
(Wang et al. 2012b). According to the test results of 33 core
samples from Longmaxi Formation conducted by Weather-
ford, the porosity of Longmaxi shale is 1.15% to 5.80%
(avg. 3.00%), and about 80% samples are bigger than
2.00%. Especially, basing on the 8 core samples of Long-
maxi shale from the shale gas well with shale gas break-
through in Weiyuan area, the porosity is 1.7-5.8% (avg.
4.2%), permeability is 0.00025-1.73700 x 107> m* (avg.
0.421 x 107"® m? (Huang et al. 2012). Basing on the
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high-power SEM analysis of 69 samples from south
Sichuan, Wang et al. (2012b) pointed out that the pore types
in shale were diverse. A large number of pores and natural
fractures are formed in the organic-rich shale. The pores can
be divided into four types of matrix pores, such as residual
primary pores, organic pores, interlamellar micropores of
clay minerals, unstable mineral dissolution pores. The
organic pores and the interlayer micropores between the clay
minerals are the main contributors to shale reservoir space.
The facture densest section is located at the lower part of
Longmaxi Formation. Organic pores and interlayer microp-
ores of clay minerals are the major component of matrix
pores in shale, which is the significant difference between
shale and sandstone reservoirs, and both of them are formed
by the diagenesis. Basing on the reservoir physical tests of
159 core samples from the organic-rich shale section with 38
m thickness in well JY1, Guo et al. (2013) concluded that
the porosity is 2.78-7.08% (avg. 4.80%), and the perme-
ability is 0.0016-216.601 x 10~ um?*(avg. 0.16 x 107
pm?). The reservoir space types are diverse too, including
organic pores, intergranular pores, intergranular pores, dis-
solution pores, organic shrinkage pores, structural fractures
and cleavage fractures. The permeability of the shale without
fractures is commonly less than 0.01 x 10~ um?®. Based on
the alcohol method and gas method for porosity and per-
meability respectively in the core sample of Longmaxi
Formation from well CX-1, Chen et al. (2013a, b) pointed
out the porosity is 1.92-10.64% (avg. 5.68%), and the per-
meability (including fracture permeability) is 2.36-
32.37 x 107 um?®. Basing on the characteristics of the SEM
analysis of the sample from Qilong outcrops in Xishui
County, Ran et al. (2014) divided the pores in shale into
three types, such as micropores (<10 nm), mesoporous
(10-1000 nm) and macropores (> 1000 nm). Up to 10
parameters was concluded by Tu et al. (2014) to the reser-
voir evaluation of shale gas, including organic carbon con-
tent, organic matter maturity, effective thickness, reserve
abundance, porosity, gas content, adsorbed gas content,
reservoir pressure, burial depth, clay mineral content and so
on. Liu et al. (2021) pointed out that the morphology of
nano-pores in Wufeng-Longmaxi shale is controlled by pore
location (pore type), kerogen type, burial depth, thermal
maturity and pore size.

As mentioned above, the reservoir space of
Wufeng-Longmaxi shale in Sichuan Basin is controlled by
the mineral composition, lithofacies type, organic carbon
content, maturity of organic matter and diagenesis. There are
diverse types of reservoir space in Longmaxi shale, which is
mainly component by organic pores, interlayer micropores
of clay minerals and intergranular pores, secondary the
dissolution pores and intergranular pores. Microfractures are
well formed in shale, which is conducive to the reservoir
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physical properties and hydraulic fracturing treatments. It is
reported that the organic matter in Wufeng-Longmaxi shale
is composed by bitumen and kerogen. Xie et al. (2021)
pointed out that there are a lot of pores in the pyrobitumen,
mainly in the form of bubbles and spongy pores. However,
little or no pores are observed in algal fragments, and no
irregular pores are observed in bacterial aggregates. Zhu
et al. (2016) pointed out that the paleontological fossils can
form organic pore network system which is contribute to the
pore space in shale. In Longmaxi Formation, graptolites are
preserved in multi-layer carbonized films, with a few of
interlayer pores and pore space in graptolites. The porosity
of the graptolites shale is bigger than 2%, while the per-
meability is commonly smaller than 0.5 x 10~ um?® The
microfractures in shale are conducive to the increasing of
permeability which plays a significant role in hydrocarbon
migration and shale gas exploitation. There is an obvious
correlation between the reservoir characteristics and mineral
composition in organic-rich shale. For example, Chen et al.
(2011a, b, c, d) found that the porosity of Longmaxi For-
mation in Southern Sichuan Basin increases with burial
depth. There is a positive correlation between porosity and
the content of brittle minerals such as quartz, while a neg-
ative correlation between porosity and the content of clay.
Quartz is characterized with stability mechanical, and it can
act as a good supporting role in the pores. The correlation
coefficient is big between the porosity and the content of
quartz (Hu et al. 2021).

5. Study on diagenesis

Although the shale gas exploration in China is started much
later than USA, it is based on the successful practices expe-
rience of shale gas in North America. A rapid progress has
gotten in shale gas production in China. However, as the
Shale gas exploration in North America, little work has car-
ried out on the reservoir diagenesis. Previous studies on the
diagenesis of shale gas reservoirs are focus on the organic
geochemistry such as the TOC, thermal maturity of the
source rock (Liu et al. 2011; Wang et al. 2012b; Huang et al.
2012; Zuo et al. 2012; Nie et al. 2012a, b; Li et al. 2012c;
Wang et al. 2012b). The diagenesis has been concerned too
(Chen et al. 2011a, b, c, d; Liang et al. 2012; Wang et al.
2012b; Li et al. 2012c). Basing on the characteristics and
transformation of clay minerals in organic-rich shale in
Southeastern Chongqging and their influence on reservoir
physical properties analysis, Li et al. (2012c) deduced that a
lot of micro-fractures were formed in the illitization process
of smectite produced micro-fractures, which is a part of the
storage and permeability space in shale reservoirs. Wang
et al. (2012b) pointed out that diagenetic stage is closely
related to the brittleness of shale reservoir. During the late
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maturity or metamorphosis stage, the minerals in shale are
gradually transformed into brittle and stable minerals.
A large-scale reservoir conditions is an indispensable con-
dition to the enrichment and high yield of shale gas. With the
effect of compression, little primary pore was resided in the
shale. The reservoir space in shale is mainly composed by the
secondary pores and fractures which are formed by the
hydrocarbon generation, transformation of clay minerals and
the dissolution of unstable minerals (Liu et al. 2011; Wang
et al. 2012b). In consider of the influence of mineral forma-
tion (e.g., quartz, dolomite and pyrite) on the shale gas
reservoir condition during the diagenetic stage, Wang et al.
(2021) pointed out that hyomorphic pyrite, bioquartz and
microbial dolomite were mainly formed in the early stage of
syngenic-early diagenetic stage, which is with the destructive
and constructive dual effects on the preservation of original
pores in shale. It is supported that the framework dominated
the formation of high-quality shale reservoir. The rigid sup-
port framework composed of such minerals and terrigenous
debris is beneficial to the preservation of original pores and
later fracturing. Zhou et al. (2021) concluded that the car-
bonate minerals Wufeng -Longmaxi shale are derivatives of
methanogen metabolism at the early burial stage of sedi-
ments. The carbonate mineral is benefit to the brittleness of
shale which improves drillability and fracturing effect of
shale reservoir. As for the division of diagenetic stages, Chen
et al. (2011a) pointed out that the Longmaxi shale is char-
acterized with high illite content stable over the Sichuan
Basin, which indicated that the Longmaxi shale has enter into
the late diagenetic stage. The diagenetic degree of Longmaxi
shale in Southern Sichuan Basin is appropriate to the
enrichment of shale in consider of the thermal evolution
conditions. As the source rock in Sichuan Basin, the shale gas
reservoir was experienced by organic and inorganic pro-
cesses diagenesis during burial. The formation process of
shale gas reservoir is relatively complicated. Basing on the
analysis of pores influenced by the diagenesis of organic-rich
shale in lower Qiongzhusi Formation in well NJ-1, Fu et al.
(2015) pointed out that some pores were cemented and filled
by the dissolved silicon recrystallization during diagenesis.
The pores are gradually becoming closed or semi-closed
pores with the increase of quartz content, and the porosity is
decreased. Hence, the diagenesis study in shale gas discipline
(especially shale gas in China) has still in the primary stage
now. Up to now, few comprehensive and systematic study
has been carried out on the diagenesis and diagenetic evo-
lution of shale gas reservoirs.

6. The characteristics and evaluation of gas reservoirs

According to the tested data from the core samples from well
CX-1 in south Sichuan Basin, the commercial value of shale
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gas is dominated by the content of free gas and adsorbed gas.
The content of free gas is closely related to its structure.
However, the adsorption gas is affected by environmental
factors such as temperature, pressure and so on. In the same
condition, the adsorption volume is positively correlated
with the organic matter content (Wang et al. 2009a, b, c).
The organic carbon content is positively correlated with gas
content in well CX-1. It can be concluded that the richer of
organic matter the bigger total gas content in the shale.
Longmaxi Formation is favorable for the enrichment of shale
gas for the characteristics of it such as, big TOC, high
thermal maturity, with micro-fractures, appropriate burial
depth. Therefore, the shale gas reservoir was mainly evalu-
ated according to the TOC at the initial stage of shale gas in
China.

Kerogen and clay minerals in shale is an important carrier
for the adsorption hydrocarbon. The characteristics of pores
in shale and its gas adsorption capacity is not only controlled
by the type of clay minerals, but also the thermal maturity
and the petrogenetic of shale. The specific area of shale is
influenced by the content of micro pores in shale to, which is
dominated the adsorb ability of the shale (Ji et al. 2012).
Hence, the shale gas reservoir evaluation should be based on
petrological study. In addition to petrology and physical
properties studies as the evaluation of conventional reser-
voirs, the evaluation of shale reservoirs should take the total
gas content and the technical feasibility into consider (Zhu
et al. 2009). Longmaxi shale has been in the hypermaturity
stage (Zou et al. 2010a). The gas in the shale is mainly in the
form of free and adsorbed state, little is in the dissolved state
(Wang et al. 2011a). Basing on the simulation study of lower
Cambrian shale in Western Hubei, Fang et al. (2021) pointed
out that the shale gas is mainly component by the free gas,
secondary adsorb gas. Hence, the study of pores and the
composition of free and adsorbed gas are with great signif-
icance to revealing the gas-bearing characteristics of shale.
Under a certain temperature—pressure condition, the
adsorption gas content is positively correlated to the organic
carbon content. Meanwhile, the content of adsorb gas is also
significantly correlated with the type of organic matter,
thermal maturity, mineral composition (especially clay
minerals), humidity (water content) and pore structure (Hao
et al. 2013). Adsorption capacity is one of the important
indicators for shale gas reservoir evaluation. The evaluation
parameters include lithological association, mineral compo-
sition, tectonic structure, TOC, vitrinite reflectance (R,),
kerogen type and diagenesis (Yu et al. 2012). Basing on the
analysis of the adsorption characteristics of shale and the
difficulties would be faced in shale gas exploration in China,
Hao et al. (2013) pointed out that the adsorption capacity of
the shale is influenced by the characteristics of organic
matter (enrichment degree, type and maturity), mineral
composition, pore size and structure, water content and
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regional temperature—pressure condition. Zhang et al.
(2012b) found that the higher thermal maturity the more
adsorbed gas in shale. In organic-rich shale, the adsorption
capacity of minerals to gas is weaker than that of organic
matter. In the laboratory, the gas adsorption capacity is
directly proportional to pressure and inversely proportional
to temperature (Zhang et al. 2012b). In practices, the
adsorption capacity of shale is affected by pressure and
increases with the increase of burial depth but decreases with
the increasing of temperature when it reaches a certain extent
(Hao et al. 2013). Basing on the analysis of state and content
of gas in shale influenced by the composition of shale, tec-
tonic and geological conditions, Jiang et al. (2016a, b) and
Zou et al. (2015, 2016) pointed out that the gas in shale is
mainly in the state of adsorption and free state, which is
closely related to the temperature—pressure (depth) condi-
tion. The composition ratio of adsorbed and free gas is a
direct impact on the occurrence characteristics of shale gas,
which should be paid attention.

The experimental and analogical studies on the enrich-
ment of shale gas have been carried out by the Chinese
scholars, basing on the experience of shale gas production of
USA and the lithologic characteristics, hydrocarbon gener-
ation capacity, hydrocarbon accumulation capacity of shale
in China (Li et al. 2009d; Jiang et al. 2010; Liang et al.
2012). Zhong et al. (2019) pointed out that the shale gas
reservoirs in the Wufeng-Longmaxi Formation are with six
features, such as organic geochemical characteristics, gas
content, lithology and mineral composition, brittleness
(fractured ability), physical properties and heterogeneity of
the gas reservoirs. Liang et al. (2016) concluded the key
factors influenced the enrichment of shale gas in Sichuan
Basin are included: (1) a huge thick organic-rich shale which
provides a hydrocarbon basis for shale gas; (2) an enclosed
environment which is conducive to the preservation of shale
gas; (3) a huge number of organic pores which provides
space for the reservoir of shale gas; (4) the intensive frac-
tures in brittle sections which is contribute to the reservoir
space of shale; (5) the dense high-angle fractures are bene-
ficial to the formation of complex fracture networks in later
fracturing treatment. (6) compressional faults are favorable
for shale gas preservation for its good plugging ability. One
typical feature has been observed in the Wufeng-Longmaxi
Formation, which is the total gas content are commonly
different in different areas (Fig. 1.2). Basing on the statistical
analysis more than 600 shale samples from
Wufeng-Longmaxi Formations, Qiu et al. (2019) pointed out
that the gas content is obviously varied in vertical. The
smaller one is almost on gas content, while the biggest one is
9.0m’/t. There are great differences in gas content in
favorable (enrichment) and sweet spots, according to the
comparative analysis of different regions such as Weiyuan,
Changning, Fuling and Wuxi are the main areas. An
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important feature of Wufeng-Longmaxi shale gas is the
pressure coefficient of it (Fig. 1.2). According to the clas-
sification criteria of natural gas reservoirs, shale gas reser-
voirs can be divided into low-pressure gas reservoirs
(pressure coefficient < 0.9), atmospheric pressure gas reser-
voirs (0.9 < pressure coefficient < 1.3), high-pressure gas
reservoirs (1.3 < pressure coefficient < 1.8) and ultra-high-
pressure gas reservoirs (pressure coefficient > 1.8). The
overpressure is commonly observed in Sichuan Basin, such
as the Jiaoshiba and Changning-Weiyuan shale gas field
where the shale gas has been commercially exploited
(Fig. 1.2). Guo et al. (2014) pointed out that the shale gas
enrichment and the total resources of shale gas are domi-
nated by the porosity and formation pressure. Hu et al.
(2014) concluded that the formation pressure coefficient is a
good indicator for preservation conditions the of shale gas.
The over pressure is commonly indicted a good preservation
condition of shale gas. The formation mechanism of over-
pressure has been studied Zhang et al. (2016). It is concluded
that the bigger TOC is the basic condition for overpressure
in shale strata. The higher thermal evolution the more gas is
cracked, which is more benefit to formation the overpres-
sure. The preservation of overpressure is closely correlated
to the uplifting process too. In conclusion, the shale gas in
Wufeng-Longmaxi Formations is characterized with high
thermal evolution and ultra-overpressure. The gas is mainly
in the free gas state in the overpressure area. The enrichment
of shale gas is influenced by the adsorption of shale, the trap
of capillary pressure and slowly diffusion, which is named
“micro residual enrichment model” by (Tenger et al. 2017).

The atmospheric pressure shale gas reservoirs are com-
monly observed in Sichuan Basin (Fig. 1.2). According to
the structural conditions, shale quality and production
characteristics in Sichuan Basin and its surrounding area,
Nie et al. (2019) divided the pressure shale gas reservoirs in
Wufeng-Longmaxi Formations into four types, such as
organic-rich eroded away or denudation type, early diffusion
type, fracture or fault damaged type and residual syncline
type. Meanwhile, Nie et al. (2019) deduced that although
atmospheric pressure shale gas reservoirs are characterized
with poor-middle enriched and medium-low quality shale,
large total resources and huge reserves may be preserved in
some area. Guo et al. (2020) proposed that favorable
atmospheric shale gas reservoirs can be predicted with the
following parameters, such as TOC > 3%, porosity > 3%
and total gas content > 3m™/t in the complex structural areas
outside the basin.

In the primary stage, the favorable area for shale gas had
been predicted by the analogy analysis between China and
the five shale gas production areas in USA. Most of the
scholars predicted the favorable area for shale gas by taking
into account of the shale thickness, buried depth, TOC and
R,. Partly scholars took the isothermal adsorption capacity in
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to account too, which optimized the parameters for pre-
dicting the favorable target area for shale gas. However, little
total gas content data can be obtained in the pre-drilling
stage. Hence, in the primary stage, the prediction of favor-
able areas for shale gas in China actually was a prediction on
the organic-rich shale, which has not entered into the opti-
mization stage of shale gas. According to the primary stage
of shale gas exploration in China, the shale gas resources are
widely distributed in China. Marine strata in south China are
with superior geological conditions for shale gas accumu-
lation and abundant shale gas resources, which is expected to
become an important strategic replacement area for oil and
gas resources in China. Especially, the Sichuan Basin
deserves the first attention (Zhu et al. 2010).

There are many factors affecting the scale exploitation of
shale gas. The key factor is the reliability of geological
evaluation criteria for core area. The determination of the
core area is related to whether the target of maximum
enrichment of shale gas can be identified in the early stage of
shale gas exploration. If the core area is predicted reliability,
the shale gas flow will be obtained which is the basement to
achieve large-scale economic exploitation in later period
(Wang et al. 2012b). The favorable areas and its geological
characteristics are commonly different among different
studies, for the geological evaluation criteria for shale gas is
inconformity among different scholars. For example, Wang
et al. (2012c) proposed that the core area for shale gas in
Wufeng-Longmaxi Formations in Sichuan Basin should be
with big thickness (mostly 40-100 m black shale thickness),
big TOC (> 1.5% in most areas), high thermal maturity (Ro.
avg. 1.49-3.135) and big total gas content (avg. > 2 m’/t).
Zuo et al. (2012) proposed that there are seven key geo-
logical factors for predicting the favorable area for shale gas
in Southeast Sichuan Basin, such as abundance of organic
matter, thermal maturity, organic matter type, brittle mineral
content, shale thickness, burial depth and structural config-
uration. The evaluation criteria for favorable exploration
areas are as follow, (1) thickness of organic-rich shale is >

100 m; (2) the top burial depth of Longmaxi shale is
shallower than 2400 m; (3) TOC > 2%; (4) Ro > 1.3%;
(5) regional tectonic strength is weak. Huang et al. (2012)
pointed out that the favorable areas for shale gas in Long-
maxi Formation in Southern Sichuan Basin is characterized
with TOC (0.50-8.32%, avg. 2.53%), effective thickness
(20260 m) at the lower section of Longmaxi Formation,
sapropelic-type kerogen, Ro (>1.8%), in high to hyperma-
turity stage, with nanoscale pores, porosity (1.15-5.80%,
avg. 3.00%), enrich brittle minerals, big total gas content
(0.3-5.1 m’/t, avg. 1.9 m’/t), total hydrocarbon is abundant.
The areas may be great shale gas resource potential with
buried depth (<3600 m).

The preliminary geological evaluation standard for Chi-
na's shale gas core area is established by Wang et al. (2012b),
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Fig. 1.2 Distribution characteristics of pressure coefficient in Wufeng-Longmaxi Shale gas reservoirs in Sichuan Basin and its surrounding area

basing on the experience of shale gas production of North
American and the research progress of China shale gas. The
core areas for shale gas have been selected out in Southern
Sichuan Basin. Meanwhile it concluded that the Southern
Sichuan Basin is the most realistic shale gas development
zone in China. Li et al. (2013b) established a set of evaluation
index system suitable for high-evolution marine shale gas in
Southern Sichuan Basin based on the research results of
various indicators. Good results have been gotten by applied
this system to the core area selection and potential evaluation
of Longmaxi shale gas in Southern Sichuan Basin.
Furthermore, the terrestrial shale gas study has been
started early. For example, the enrichment condition and the
exploration potential has been studied by Ye and Zeng
(2008). They found that the favorable shale in Xujiahe
Formation is the dark shale mainly deposited in littoral lake
swamp and inland lake swamp facies. Basing on the analysis
of shale gas geological conditions, Zhang et al. (2008)
pointed out there might be a huge amount of shale gas
resources in paleogene Shahejie Formation in Jiyang
Depression. Zhou et al. (2011) has discussed the
reservoir-forming conditions and exploration direction of
Mesozoic lacustrine sedimentary shale gas in Fuxian block,
Ordos Basin. Wang et al. (2011a, b) has evaluated the shale

gas condition in the Ordovician Marine shale, carboniferous-
Permian Marine and continental transitional shale and upper
Triassic lacustrine shale in Ordos Basin and pointed out that
the latter two layers are with the potential to form shale gas
reservoirs. Yang et al. (2013) has studied the characteristics
of micro pores in shale and its geological significance to the
enrichment of shale gas in continental shale in Ordos Basin.
He pointed out the enrichment and migration of shale gas is
mainly contributed by the intergranular pore in clay minerals
content aggregation and intragranular pore between the
layers. The two types of intergranular pores are main control
factors of reservoir permeability anisotropy, secondary the
intergranular pore and dissolution pore. Organic pores may
contribute less due to it is very rare. At the same time, the
influence of microcracks cannot be ignored, which is the
main microchannel connecting the macropores and meso-
pores. Lin et al. (2013a, b) analyzed the geological condi-
tions and organic geochemical parameters of terrestrial
organic-rich shale, by concluding the distribution of terres-
trial organic-rich shale in China. It is concluded that the
continental organic-rich shale in China is mainly distributed
in the Middle Cenozoic in north and Northeast China,
Northwest China and some parts of south China. On the
whole, the terrestrial shale gas enrichment in China is
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characterized with large cumulative thickness, diverse types
of organic matter, with a lot of reservoir space, good
preservation conditions, high abundance of resources and
convenient surface conditions. Moreover, the terrestrial
organic-rich shale in China mostly overlaps on the conven-
tional oil and gas fields which with the data and equipment
advantages. Therefore, it is likely with better economic
recovery. At the same time, the research on shale gas in
China is mainly focused on basic theory. The geophysical
method using to the shale gas exploration has still in the
primary stage. Basing on the analysis of geological and
geophysical response characteristics of organic-rich layer in
Southern Sichuan Basin, Li et al. (2011a) has established a
set of geophysical technical process for shale gas explo-
ration, through the research for seismic data acquisition,
processing and interpretation. And, some new progress has
been obtained in the seismic exploration of shale gas. In
addition, Chen et al. (2011a) systematically studied the
formation conditions of shale gas in Hetaoyuan Formation of
Cenozoic lacustrine basin-Biyang Depression of Nanxiang
basin for the first time, by referring to the evaluation indexes
of marine shale gas in the USA.

1.2 Current Status of Lithofacies
Paleogeography

Lithofacies paleogeography is an important branch of
modern sedimentary geology, which originated from sedi-
mentology. Its development has a close relationship with the
development of sedimentology. Lithofacies paleogeography
can become a branch of discipline, which is related to the
development of sedimentary petrology into sedimentology,
and this learning process is inseparable. In a sense, sedi-
mentology is the main basis for the study of lithofacies
paleogeography. Now, however, its research scope has
already gone beyond sedimentary petrology. Based on a
high integration and intersection of various geological dis-
ciplines, and supported by the theory of tectonic activity and
dynamic transformation, it focuses on investigating and
studying the reorganization of oceans and land, distribution
of land and sea, nature of basins, ecological environment and
allocation of mineral resources from a global perspective
(Mou et al. 2016a).

1.2.1 Development History of Foreign

Lithofacies Paleogeography

Due to lack of theoretical guidance, the original sedimen-
tology basically describing the appearance of sedimentary
rocks, focusing on studying and describing their external
features and trying to explain their causes. Until 1830, Lyell
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proposed the idea of “Uniformity Theory”, including the
“Walther law of facies” proposed by Walter at the same time.
For a long time in the future, research in the geological
community will be based on these guiding ideologies (Hua
and Zhang 2009).

Until 1939, Twenhofel published the book of the Prin-
ciples of Sedimentation and Trask published the book of the
Modern Marine Sedimentation. They explored the charac-
teristics of modern sedimentary environment in methodol-
ogy and provided necessary tools for explaining ancient
geological history (Hua and Zhang 2009). This is also one of
the most important and commonly used principles and
methods in the development of sedimentology, that is, to
speculate the formation environment of ancient sedimentary
rocks according to the modern sediment forming environ-
ment, conditions and climates of modern sediments can be
summarized as “present being a key to past”. In addition, the
principle and method of particle size classification of debris
particles proposed by Udden, Wentworth, etc., conforming
to the laws of Fluid Mechanics and the Normal Distribution
of particles; Boggs researched on micro-petrology of sedi-
mentary rock and Milner applied mineral research on
provenance and stratigraphic correlation division, etc. These
typical examples represent the origin stage of sedimentary-
based lithofacies paleogeography. It could be said that the
lithofacies paleogeography and related mapping works
(methods) at the origin stage have little relation with mineral
resources and energy resources.

The World War II and the reconstruction for various
countries after the war intensified demand for energy and
minerals, which indirectly contributed to the rapid devel-
opment of sedimentology and lithofacies paleogeography.
Among them, the most important is a large number of new
technologies and methods to continuously used in sedi-
mentology, which makes the comprehensive development of
various testing technologies in this period become main-
stream, such as the application of X-ray diffraction and
mathematical statistics in particle size analysis (Hua and
Zhang 2009). Typical examples are as follows: In 1935,
based on the study of sedimentary mineral components,
Peitizhuang compiled the contour map of sedimentary
mineral components for the first time according to the con-
tent and characteristics of different mineral components. In
1949, Sedimentary Rocks was published, which studied the
classification of sedimentary rocks and discussed the strata
and tectonic environments. It was the first research work on
systematic classification in the history of sedimentology.
The main task of sedimentology is to infer the paleoenvi-
ronmental characteristics of rock strata. In 1945, Krubin not
only obtained the paleosedimentary environment of the
research object through a great deal of research, but also
made a quantitative study on the material expression (rocks,
etc.) of the sedimentary environment and concluded that
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“boundary conditions, particles and hydrodynamic condi-
tions (energy) are the three main factors in the sedimentary
system”, which enriched the relevant knowledge of sedi-
mentology. In the research history of sedimentary basin
analysis, Pettijohn and Crews (Cloos) also systematically
used paleocurrent direction and rock correlation to conduct a
preliminary analysis, which is the first time in the field of
sedimentology. The innovation and application of these
theories and methods not only directly promoted the devel-
opment of sedimentology itself, but also accelerated the
development of lithofacies paleogeography and gradually
deepened the relationship between this discipline and min-
eral and energy resources. This is the stage of development
of sedimentology and lithofacies paleogeography.
Sedimentology and lithofacies paleogeography entered
the modern research stage after 1950, which was marked by
the most famous, representative and innovative theory,
“Turbulence Theory”, which was a milestone in the devel-
opment history of sedimentology and lithofacies paleo-
geography. Subsequently, under the guidance of Kuenen,
Bouma further proposed the “Bauma sequence” model. The
next 20 years or so also witnessed the rapid development of
sedimentology and lithofacies paleogeography, and a large
number of high-level summative and innovative mono-
graphs were published: Sedimentary Petrology and Sedi-
mentology by Douglas, Analysis of Paleocurrent and Basin
by Pettijohn and Porter, etc. Among them, there are several
works and theories of great significance: the first is the
classification of limestone published by Fok (1959, 1962),
which is a very important breakthrough in the study of
sedimentary facies of carbonate rocks; Secondly, mechanical
concepts such as fluid flow pattern, Reynolds and Froude
numbers were introduced into sedimentology, which greatly
promoted the hydraulic interpretation of sedimentary struc-
tures and the study of formation mechanism. The flume
experiment of Simons and Richardson (1961), in which the
concept of water flow dynamics was formulated to explain
the sequence of sedimentary structures, has since established
the basis for sedimentology and lithofacies paleogeography.
Then, there is the theory of plate tectonics developed from
Wegener’s continental drift theory and the seafloor spread-
ing theory of American seismic geologists Dietz and Holden
(1970) and Heirtzler (1969). Mckenzie and Parker, Princeton
University’s Morgan and Lamont Observatory (France)
Pichon and others jointly put forward, it is a specific
extension of the theory of seafloor spreading and finally
published by Morgan and Series. In the same year, French
geologist Pichon divides the earth’s rock strata into six
plates, namely the Pacific plate, the Eurasian plate, the
American plate, the Indian Ocean plate, the African plate
and the Antarctic plate. This theory provides a basis (theo-
retical basis) for understanding the large-scale distribution of
sedimentary facies and biota, as well as the migration of the
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crust, thus prompting sedimentologists and paleogeogra-
phers to consider the influence of structure and plate
movement on sedimentation. Therefore, a new discipline,
basin analysis, has also been developed.

In short, from 1950s to mid-1970s, because of the
background of global geological research, many geologists
found that although sedimentary rocks contained a large
variety of extremely important mineral resources, some of
them only occurs in sedimentary rocks. In order to study the
occurrence and distribution of these minerals and petroleum
and further expand their exploitation scope, many
researchers began to pay attention to the origin and nature of
sedimentology and lithofacies paleogeography, as well as
their deep relationships with minerals and petroleum and
relationships including causal relationships, spatial rela-
tionships and so on. The results prove that the paleoenvi-
ronment or paleogeography not only controls the formation
of sedimentary layered deposits, oil, gas, etc., but also
controls the formation and enrichment of many-layered
deposits. Therefore, it is very important to study the natural
geographical environment when sedimentary rocks were
formed. Essentially, the continuous innovation of theories
and methods related to sedimentology and lithofacies pale-
ogeography has also fundamentally guides the deepening of
research and exploration in the field of mineral and the
petroleum industry and made great achievements. This
knowledge should be very important in the development of
sedimentology and lithofacies paleogeography in this period.

From the late 1970s to the 1980s, the development of
sedimentology and lithofacies paleogeography should have
matured. Many sedimentologists not only supplemented and
improved the various theories and methods of their prede-
cessors, but also put forward many more constructive theo-
ries and methods. The development of stratigraphic
stratigraphy based on seismic stratigraphy not only enriched
the theory of sedimentology, but more importantly, provided
the basis and methods for the preparation of more accurate
paleogeographic maps, with representative works such as
seismic stratigraphy in oil and gas exploration (Vail 1977)
and principles of stratigraphy (Vail and Posamentier 1988).
The global ocean anoxic event discovered (proposed) by
Schlanger and Jenkyns (1976) according to the plate tectonic
theory provides an excellent foundation and methodology
for global research. It is worth noting that the theoretical
basis and methods are put forward for mineral resources and
oil and gas resources. The former being based on the oil and
gas industry foundation, then researched and put forward
and finally served for the research, exploration and devel-
opment of oil and gas; the latter having mineral and
hydrocarbon resources due to the anoxic seabed, where the
sediments are black and rich in organic carbon, generally not
disturbed by benthos and often form marine striped sediment
containing pyrite and heavy metals. Generally speaking, the



26

development of sedimentology and lithofacies paleogeog-
raphy in this period is inextricably linked with mineral
resources and energy resources (such as hydrocarbons) and
guides the research, exploration and development of mineral
resources and the hydrocarbon industry.

Since 1990s, sedimentology and lithofacies paleogeog-
raphy have entered a period of modern comprehensive
development. Information from the International Association
of Sedimentologists (IAS) (the 12th to 19th, 1986-2014)
from 1986 to 2014 shows that contemporary sedimentolo-
gists have not only placed greater emphasis on basic sedi-
mentological and lithofacies paleogeographic research
(summarised as the process of refining the theoretical system
of sedimentology), but also strengthened new sedimento-
logical research methods with a view to increasing the
understanding of the sedimentary environment of “sedi-
mentary rocks” from a more detailed macro- and micro-
scopic and integrated perspective, thus better serving the
recovery of the paleoenvironment and paleogeography, and
thus enabling accurate predictions of the genesis and spatial
distribution of mineral and energy resources. On this basis,
we will seize contemporary hot issues and conduct targeted
research. The specific mainstream development directions
are: high-precision sequence stratigraphy research (covering
the compilation method of high-precision lithofacies paleo-
geographic map, instantaneous lithofacies paleogeographic
map, global sea level change (curve) research, etc.) sedi-
mentary basin analysis (especially sedimentary basin anal-
ysis in complex orogenic belts), dolomite genesis research,
deep-water sedimentation and sedimentation research, sedi-
mentary structure evolution and sedimentary response
research, climate, environmental change and resource sedi-
mentology research, etc. Another particularly important
research status and the trend is the comprehensive research
of interdisciplinary and cross-penetration. Nowadays, the
concept of time coordinates has not only been introduced
into the understanding of sedimentological laws, but also
closely integrated with tectonic theory, earthquake-sequence
stratigraphy, geophysics, geochemistry and computers, etc.,
using “new methods and new technologies”. Begin to
explore the regularity of sediment movement in
four-dimensional space (Jiang et al. 2014), to better serve
basic geological research, mineral and energy industry
development, etc. This will be the development trend and
direction of the contemporary and future sedimentology
research model with “sedimentology, supported by multi-
disciplinary integration and cutting-edge technology” (Liu
et al. 2006; Zhang and Xin 2006; Jiang et al. 2007; Hua and
Zhang 2009; Zheng et al. 2013a, b; Jiang et al. 2014).

It is not difficult to see that the development history of
sedimentology and lithofacies paleogeography abroad
(Table 1.1) is also the development history of mineral and
energy industries to some extent. Among them, oil-gas

1 Introduction

sedimentology, sequence stratigraphy derived from sedi-
mentology, etc., combined with geophysics, geochemistry
and other comprehensive disciplines, have achieved good
results in the research of mineral resources and energy
resources. They not only fully display sedimentology and
lithofacies paleogeography at macro- and micro-levels, but
also make the research more comprehensive and accurate
and has been applied to the exploration and development of
mineral resources and energy resources. In a word, the
theories and technologies of sedimentology and lithofacies
paleogeography accompany and guided the rapid develop-
ment of the mineral and energy industries.

1.2.2 Research Status of Lithofacies
Paleogeography in China

The study of lithofacies paleogeography in China started
early. Although the related theories and methods are rela-
tively lacking in innovation, most of them are the basis for
the theories and methods of sedimentology and lithofacies
paleogeography abroad. In the past, theoretical supplements
or fruitful innovations were made according to Chinese
geological conditions, but considerable progress and
remarkable achievements were made.

In the aspect of restoring paleoenvironment or paleo-
geography, the lithofacies paleogeography research in dif-
ferent periods in China have produced different mapping
guiding ideologies, principles and methods and formed
corresponding representative monographs or achievements
(Mou et al. 2016b). In chronological order, in the 1950s, Mr.
Liu (1955) compiled the earliest large-scale paleogeographic
atlas of lithofacies in China, “Paleogeographic Map of
China” based on stratigraphy. In 1965, Lu Yanhao, a pale-
ontologist, compiled Cambrian Paleogeography from the
perspective of paleobiogeography (Lu et al. 1965). In 1984,
Guan Shicong compiled “Sedimentary Facies and Oil and
Gas in Chinese Sea-Continent Change Sea Areas”, taking
sedimentology as the theoretical basis and combining the
knowledge of geotectonics, stratigraphy, petroleum and
natural gas geology and other disciplines), which is the first
attempt in China to apply sedimentology and lithofacies
paleogeography to oil and gas energy resources. In 1985,
Professor Wang Hongzhen and his team kept pace with the
times, adopted the idea of “tectonic activity theory” and
“geological historical evolution stage theory” and compiled
the “Chinese Paleogeographic Atlas” (Wang et al. 1985). It
not only has some innovations and breakthrough in mapping
idea, but also is ingenious in map expression: although the
overall shape of the map is still plotted with the present
latitude and longitude, the main continental blocks in China
and the tectonic boundary with the orogenic belt are used in
the crust. Docking subduction zones and crustal
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superimposed subduction zones represent their tectonic
divisions and related properties, which are consistent with
the idea of “tectonic activity theory” in the idea of compiling
maps; the second is the evolutionary nature of the ocean-
continent transition process between continental blocks in
China. The final description of the orogenic form between
them is consistent with the “geological historical evolu-
tionary stage theory” in the idea of compiling maps. This is
the first generation of lithofacies paleogeography atlas in
China. It is not only the Chinese sedimentology, but also the
breakthrough and innovation of the whole geoscience
research, which has important guiding and enlightening
significance.

After the 1990s, sedimentology and lithofacies paleo-
geography in China entered a period of development in which
a hundred schools of thought competed, drawing on and
absorbing the guiding ideas of the “activity theory” from
abroad, and the “geological activity theory” in China, which
was used to compile “fixed theory” lithofacies paleogeo-
graphic maps within the present-day coordinates of latitude
and longitude in China, with emphasis on “petrographic or
sedimentary” elements (Mou et al. 2016b). Representative
figures and works include Liu Baojun and Xu Xiusong, who
proposed the idea of “tectonic control of basins and basin
control of phases” in the compilation of maps and compiled
the Atlas of South China Earthquake - Triassic Lithofacies
Paleogeography (Liu et al. 1994). In summary, this paleo-
geographic atlas has the following two features: (1) the idea
of “structure controlling basin and basin controlling facies”
was adopted for the first time in China to compile lithofacies
paleogeographic map set, and the compiled paleogeographic
map fully considered the crustal evolution background of
each fault stratum in each geological history period and
reflected its structure and basin nature in the form of corner
maps. The paleogeographic map is a preliminary attempt at
dynamic paleogeographic recovery (Mou et al. 2016b); (2) it
focuses on dissecting the tectonic and basin-embedded
properties of the sediments, emphasizing them as a compre-
hensive causal body of tectonic subsidence, sea-level rise and
fall and material supply rates and also focuses on the effects of
event deposition and continental margin evolution, etc.
Another example is the quantitative lithofacies paleogeo-
graphic mapping method pioneered by Feng Zengzhao,
which adopts a “single-factor analysis and multi-factor syn-
thesis” approach to compile a series of quantitative lithofacies
paleogeographic maps of various regions and selected geo-
logical periods in China (Feng and Wu 1988; Feng 1991;
Feng et al. 1994, 1997a, b, 1999), such mapping methods
have been widely applied in the field of oil and gas explo-
ration and development in China (Mou et al. 2016b), a typical
example of the application of Chinese lithofacies paleo-
geography to the oil and gas industry. Of course, in the early
research stage of the oil and gas industry, there are many
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typical examples of lithofacies paleogeography and its map-
ping methods as the main guiding ideology, for example, the
application of lithofacies paleogeography and its mapping
methods played a key role in the discovery of the Puguang
gas field in China. The collaborative team of Ma et al. (2002,
2005; Ma and Cai 2006; Ma et al. 2009), Mou et al. (2003)
and others compiled a more detailed lithofacies paleogeog-
raphy map of the Changxing Formation in the Northeast
Sichuan area after detailed studies of the sedimentary phases
and sedimentary micro levels, which was a key guide for oil
and gas field companies in good deployment, etc. As a result
of the sedimentary paleoenvironment (paleogeography). The
different views on sedimentary paleoenvironment (paleo-
geography) have led other oil and gas companies to give up
other promising fields. This simple example not only proves
that lithofacies paleogeography and its mapping methods
have a fundamental and critical guiding role in the
pre-hydrocarbon industry studies and even further explo-
ration and development processes, but also shows that Chi-
nese sedimentologists have also been actively exploring ways
to enhance the utility of lithofacies paleogeography (Mou
et al. 2016b), i.e., to integrate sedimentary lithofacies pale-
ogeography studies with mineral and energy resource pre-
diction. This is also an important aspect of the study of
lithofacies paleogeography in China. This is also a major
feature and development trend of lithofacies paleogeography
in China since the end of 1990s. Another main feature and
development trend is to explore how to improve the
isochronism, instantaneity and objectivity of lithofacies
paleogeography research (Mou et al. 2016b). It should be said
that since Vail (1977) combined sedimentary facies analysis
with seismic data, introduced the concept of sequence and
proposed the concept of isochronous stratigraphic frame-
work, how to draw up the lithofacies paleogeographic maps
of system tracts or related interfaces in different sequences, so
as to more truly reflect the sedimentary evolution of sedi-
mentary basins, and more objectively and dynamically reflect
the filling sequence and historical changes of sedimentary
basins (Mou et al. 1992; Mou 1993, Mou et al. 1999, 2016b;
Ma et al. 2002, 2005; Ma and Cai 2006; Ma et al. 2009; Jiang
etal. 2007; Hua and Zhang 2009), and finally, the relationship
between them and mineral and energy resources (time and
space, genetic mechanism) will be clarified more precisely, so
as to better serve the mineral and energy industries, this has
always been the goal of sedimentologists. In China, the
instantaneous mapping method of stratigraphic sequences
developed by Mou et al. (1992) was the pioneer and repre-
sentative of this method. In these two works, not only the
theory and methodology of stratigraphic paleogeography are
discussed in-depth, but also the practice and application of
this methodology are discussed. These works are closely
related to oil and gas exploration, development and applica-
tions. The theory provides a fundamental basis for the
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sedimentary environment and spatial and temporal distribu-
tion of sediments, minerals and energy resources, while the
preparation of medium- and large-scale stratigraphic paleo-
geographic maps at the basin scale guides the exploration and
development of oil and gas and achieves practical results,
reflecting its application value. Up to now, many sedimen-
tologists have explored and expanded the study of strati-
graphic paleogeography and more elaborate mapping
methods and achieved a great deal of results, such as Deng
et al. (1997) and Zheng et al. (2000, 2001, 2002, 2008,
2010b) have been trying to apply the relevant principles and
methods to the study and prediction of terrestrial sedimentary
environments. Ma et al. (2009) compiled and published a
tectonically stratified lithofacies paleogeographic map of the
South China.

Just like the research and development history of sedi-
mentology and lithofacies paleogeography in foreign coun-
tries, the development history of China is also accompanied
by the development of the mineral and energy industries.
Every innovation in theory and related technical methods is
closely related to the demand of mineral and energy indus-
tries. The development of the latter cannot be separated from
the key guidance of the former.

In China, oil and gas sedimentology developed from
lithofacies paleogeography has experienced the stage of
learning from abroad to practice (1949-1970), the stage of
enriching and perfecting oil and gas sedimentology theory
(1970-1990), and the stage of production and practice of
combining oil and gas sedimentology with stratigraphic
stratigraphy, seismology, logging, experiment and new
computer technology (after 1990) (Gu and Zhang 2003).
Nowadays, from the perspective of basic research and theo-
retical innovation, although the paleogeographic research of
the activity theory and the research on the distribution of
oceans, seas and continents on the paleolatitude coordinates
are still the goals that sedimentary geologists strive and
pursue, they are also the goals of sedimentary paleogeogra-
phy today. Frontier areas of research. However, in terms of its
practical applicability, just as the development of sedimen-
tology and lithofacies paleogeography has become more
integrated, the development of paleogeography cannot ignore
the needs of the people it serves and still needs to persist in
exploring appropriate guiding ideas and mapping methods in
order to better serve the mineral and energy resources
industries that are closely related to our lives. In recent years,
Mou and Xu (2010) put forward the idea of “structural
control of basin, basin control of facies, facies control of oil
and gas basic geological conditions”, and made full reference
to mineral and energy resources, comprehensive application
of oil and gas geology and other disciplines, the compilation
of the lithofacies and paleogeography Atlas of China
(Ediacaran-silurian) (Mou et al. 2016b) is an attempt to
integrate basic research, theoretical innovation and practical
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application and finally achieve better results. This is of great
significance not only for the study of sedimentology and
lithofacies paleogeography, but also for the research and
exploration of energy and mineral resources.

In recent years, as shale gas has become a research hot-
spot in the field of energy, the concept of shale gas sedi-
mentology has emerged. Organic-rich shale, as the host of
shale gas reservoir development, has its unique petrological
characteristics. Identifying different petrological features is
the key to evaluating the formation conditions, in-situ gas
content and resources of shale gas reservoirs (Yang et al.
2010). However, at present, most scholars at home and
abroad have studied the content and type of organic carbon,
maturity, mineral composition, fracture system, temperature
and pressure, structural preservation conditions and other
aspects and deeply studied the adsorption mechanism
(Zhang et al. 2003; Jarvie et al. 2007; Travis et al. 2008; Nie
et al. 2009a; Zou et al. 2010c, 2011a). However, the petro-
logical characteristics, depositional environment and depo-
sitional model of the organic-rich mud shale developed in
shale gas reservoirs are less involved, which in turn deter-
mine the material basis for the development of shale gas, and
the basic geological characteristics of shale gas investigation
are more important.

Work in fine-grained sedimentology and paleogeography,
including mudstone and shale, dates back to the 1940s
(Dapples and Rominger 1945), with an initial focus on
macroenvironmental and lithofacies studies, such as sub-
marine channels and lithography. Submarine fans (Dill et al.
1954; Sullwold and Harlod 1960), turbidity currents and
turbidites (Kuenen 1950), tidal currents and tidal rocks
(Straaten and Kuenen 1958) and mud in Salt Lake (Dellwig
1955) environments and wind dust deposition in marine
environment (Radczewski 1939). In the 1970s and 1980s,
research expanded into sedimentary petrology (Picard, 1971;
Spears et al. 1980) and sedimentation modelling, creating
models for deep-sea suspended sedimentation (Schubel and
Carter 1984), turbidity and isobath sedimentation (Stow and
Piper 1984), tidal current sedimentation (McCave 1971),
explored the genesis of fine-grained sedimentation in ter-
restrial lake environments (McCave 1971), conducted
experimental (Kranck 1980) and simulation studies
(McCave and Swift 1976; Stow and Bowen 1978), analysed
the mechanisms of fine-grained sedimentation (McCave
1984), noting modeling studies of organic-rich fine-grained
sediments (Sageman et al. 1991). In the 1990s, people
gradually paid attention to the study of fine-grained sedi-
mentary microstructure (Hulbert 1991) and its controlling
factors. With the rapid development of the unconventional
oil and gas industry, especially since the beginning of the
21st Century, with the development of the shale gas industry
dominated by the USA, the study of fine-grained sediments
and tight facies has received renewed attention (Jia et al.
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2014). At the same time, for shale gas, organic-rich shale
deposition modeling and mechanism research has attracted
much attention (Loucks and Ruppel 2007). Various genetic
models have been established for source rocks, mainly
including upwelling models (Sageman et al. 1991; Su et al.
2007; Li et al. 2008; Zhang 2015), oceanic hypoxia event
model (Sageman et al. 1991; Cappellen and Ingall 1994;
Erbacher et al. 2001; Su et al. 2007; Li et al. 2008; Zhang
2015), pelagic suspended sedimentary model (Stow and
Tabrez 1998; Stow et al. 2000), Black Sea model (Wijsman
et al. 2002), continental margin slope-basin model (Loucks
and Ruppel 2007), shallow-water shelf models (Leckie et al.
1990; Egenhoff and Fishman 2013), peripheral foreland
basin depositional models (Lehmann et al. 1995) and inland
lake basin depositional models (Piasecki et al. 1990; Gilbert
et al. 2012; Xu et al. 2015a, b). At present, most of the
evaluation methods for shale gas reservoir source rocks
adopt the inversion method, that is, using residual organic
matter in strata to evaluate source rock. However, some
scholars use the emerging geobiological theory to evaluate
the source rocks by forward modeling (Xie et al. 2006; Yin
et al. 2008; Wu 2012).

1.2.3 Application Status of Lithofacies
Paleogeography in Shale Gas Industry

The development history and research status of global sed-
imentology and lithofacies paleogeography show that, on the
one hand, the development of sedimentology and lithofacies
paleogeography in the world is, to a certain extent, driven by
the development and demand of the mineral and oil and gas
industries. On the other hand, lithofacies paleogeography not
only has important basic theoretical significance for humans
to study the tectonic evolution history of the earth, the
control of tectonic activity on the attributes of sedimentary
basins, the restoration of ocean-continent patterns and the
transformation of geological historical periods, etc. In the
research of oil and gas resources, exploration and develop-
ment, prospect prediction of sedimentary layer-controlled
minerals, and water resources exploration also play a very
critical role (Mou et al. 2016b). In layman’s terms, different
sedimentary systems and sedimentary facies control the most
primitive exploitation conditions of mineral resources and
oil and gas resources in the geosphere; that is, different
paleoenvironment or paleogeography will form different
mineral resources and oil and gas resources. The rule is
summarized as “facies control oil and gas, basic geological
conditions” (Mu and Xu 2010). Then, we should be able to
preliminarily reveal the internal relationship between sedi-
mentation and the distribution of energy and mineral
resources through lithofacies paleogeography and mapping
methods. If the knowledge from other disciplines is
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integrated on this basis, we will be able to reveal the causes
of energy and mineral resources more deeply.

Therefore, it is concluded that lithofacies paleogeography
is not only a theoretical guide to the study of mineral and
energy resources, revealing their intrinsic connections,
which has the property of ‘guidance’, but also its mapping
method is itself a method for finding minerals and oil and
gas, which can be directly applied to the exploration and
development of mineral and energy resources (Mou et al.
2011, 2016b), which has the property of ‘key technology’.

As early as 70 years ago, Mr. Xie Jiarong put forward the
forward-looking view of paleogeography as a guide for
prospecting work (Xie 2001). He was the first geologist to
openly put forward paleogeography as a guide to prospecting.
The first application of facies paleogeography and its mapping
method in oil, gas and mineral exploration and development.
Xie Jiarong (2001) proved the key role of paleogeographic
interpretation by the discovery of new coalfields and coal-
fields in Huainan and considered that paleogeographic con-
ditions controlled the physical and chemical properties of coal
seams and the economic value of exploration and develop-
ment. The distribution of bauxite and phosphate deposits is
also controlled by paleogeography. He further pointed out that
the exploration of copper and iron ore still needs a correct
understanding of paleogeographic characteristics. Under the
guidance of this theory, lithofacies paleogeography of dif-
ferent scales is a method to search for mineral resources such
as coal seams, bauxite, phosphate rock, copper and iron ore. In
addition, sedimentology, lithofacies paleogeography and its
mapping methods have been playing a very important role in
conventional oil and gas exploration (Feng and Wu 1988,
Feng et al. 1991, 1994, 1997b, 1999, 2000; Mou et al. 1992,
1997b, 2000, 2010, 2011, 2014, 2016b; Tian and Wan 1993,
1994; Chen and Wang (1999), 2009a; Ma et al, 2002, 2005;
Ma and Cai 2006; Ma et al. 2009). Tian and Wan (1993)
guided by lithofacies paleogeography, studied the distribu-
tion, sequence and lithofacies of the Jurassic in China
according to the Chinese tectonic environment, paleogeo-
graphic outline, sedimentary lithofacies and stratigraphic
sequence characteristics and analyzed the hydrocarbon-
bearing geological conditions of the Jurassic in China. Feng
and Wu (1988) studied the petrology and lithofacies paleo-
geography of the Qinglong Group in the lower Yangtze
region, and from the isopach map of dark rock group of the
Qinglong Group, the distribution law of oil layers can be seen
historically and comprehensively; Granular limestone formed
in shoal environment, quasi-contemporaneous dolomite and
limestone with structural cracks are all favorable oil and gas
reservoirs; Marl can also be used as oil and gas caprock. He
studied the hydrocarbon generation, storage and caprock
conditions of the Qinglong Group from the perspective of
lithofacies paleogeography. In his monograph “China Sedi-
mentology”, “Lithofacies Paleogeography and Jingbian Gas
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Field”, “Lithofacies Paleogeography and Hudson Oilfield in
the Tarim Basin”, “Lithofacies Paleogeography and the
Hudson Oilfield in the Tarim Basin”, “Reef Gas in the Upper
Permian Changxing Formation in the Sichuan Basin” Reser-
voir exploration”, “Lithofacies paleogeography research has
led to a major breakthrough in the exploration of oolitic shoal
gas reservoirs in the Feixianguan Formation in the Sichuan
Basin”, and “the important role of sedimentary facies in the
breakthrough of oil and gas exploration in the Yanchang
Formation”, etc. The guiding role of geography or sedimen-
tary facies in oil and gas exploration (Feng et al. 1991, 1994,
1997b, 1999, 2013), these are typical applications of quanti-
tative lithofacies paleogeography and mapping (methods) in
oil and gas exploration and development. Liu and Xu (1994)
discussed the prospect of oil and gas by studying lithofacies
paleogeography in Southern China, laying a foundation for
the application of lithofacies paleogeography research and
mapping (methods) in oil and gas exploration in Southern
China. During the “Seventh Five-Year Plan” period, in the
project of “Prospecting Foreground Prediction of Lithofacies
Paleogeography, Sedimentation and Stratum Control in South
China” presided by Academician Liu Baojun, Mou et al.
(1992) used the theory and method of sequence stratigraphy to
combine the Combined with this, the method of sequence
lithofacies paleogeography was first proposed in China, and
the ore-controlling mechanism of the sedimentary system
tract was discussed by taking a Devonian sedimentary
layer-controlled ore deposit in South China as an example.
And, it is the first application of sequence stratigraphy in oil
and gas minerals. In future research, it is further considered
that “the division of sedimentary sequence sedimentary sys-
tem tract and the compilation of the sequence lithofacies
paleogeographic map can be used for the research and anal-
ysis of the spatial configuration of the oil and gas
source-reservoir-cap rock”, and it is pointed out that this
method provides research ideas and working modes for “se-
lection and evaluation from sequence stratigraphy-sequence
lithofacies paleogeography-oil and gas source-reservoir-cap
rock”, and the Permian in Hunan, Hubei and Jiangxi are taken
as the research objects to compile corresponding sequence
sedimentary system. Geographical map, combined with the
sedimentary characteristics of each system tract, analyzed
horizontally and vertically and discussed the spatial config-
uration of oil and gas source-reservoir cap rocks in the
Hunan-Hubei-Jiangxi region (Mou et al. 1992; Mou 1994;
Mou et al. 1997b, 2000). Guidance and application of facies
paleogeography [especially sequence lithofacies paleogeog-
raphy and its mapping (methods)] in the oil and gas geological
survey in the Hunan, Hubei and Jiangxi regions. The idea and
method of applying lithofacies paleogeography theory,
lithofacies paleogeography or sequence lithofacies paleo-
geography has been widely studied and applied in national oil
and gas geological surveys and even used to guide oil and gas
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(Mou et al. 1992; Mou 1994; Mou et al. 1997b, 1999, 2007,
2010,2011,2014; Xu et al. 1994; Mei et al. 1996, 2005, 2006,
2007; Lietal. 1998; Chen and Wang 1999, 2000, Chen and Ni
(2005), 2009; Tian et al. 1999, 2000, 2008, 2010; Zheng et al.
2000, 2001, 2002, 2009; Ma and Cai 2006; Ma and Chu 2008;
Zhou et al. 2006; Wang et al. 2007, Zhu et al. 2008; Lu and Ji
2013). The most typical application is the discovery of the
Puguang gas field in the Sichuan Basin. Ma et al. (2010)
believed that the innovation of geological knowledge, explore
ideas and exploration technology had brought about the dis-
covery of the Puguang gas field. The main contribution of the
distribution pattern of salt rock reservoirs is the study of
lithofacies and paleogeography and the compilation of related
maps. On the basis of detailed analysis of the sedimentary
characteristics of the depositional system of the Permian
Changxing Formation, the time and the spatial distribution of
each sedimentary facies belt were defined, and the corre-
sponding lithofacies paleogeographic maps were compiled. It
is believed that the reefs of the Changxing Formation are reefs
on the gentle slopes of the carbonate platform margins, which
are intermittently distributed along the platform margins. It is
pointed out that the shoals and reefs on the platform margin. It
is the most favorable facies belt for oil and gas reservoirs, and
reef dolomite and granular dolomite are the most favorable
microfacies for reservoirs (Mou et al. 2016b). In fact, the reef
gas reservoir of Changxing Formation in the upper Permian in
the Sichuan Basin has experienced a difficult geological sur-
vey and exploration process. During this process, under the
misleading of two wrong geological understandings, the
exploration of the reef gas reservoirs at that time was stagnant
(Feng et al. 2008). To make a breakthrough, it is necessary to
re-understand the genesis of reef gas reservoirs (shoals and
reefs at the edge of the platform) and geological distribution
patterns (lithofacies and paleogeographic features). By
studying the characteristics of reefs and reef gas reservoirs, it
is considered that reef gas reservoirs are obviously controlled
by lithofacies paleogeography and sedimentary facies belt,
and lithofacies paleogeography controls the distribution of
reefs and reef gas reservoirs. The exploration success rate of
reef gas reservoirs in the Changxing Formation of Upper
Permian in the Sichuan Basin has been improved, and a major
breakthrough has been made in reef gas reservoir exploration
(Feng et al. 1997a, b, 1999, 2013; Mou et al. 2003, 2005; Ma
et al. 2002, 2006, 2007, 2010, 2014).

In a word, the theoretical development of lithofacies
paleogeography and the progress of related technologies,
such as the innovation and development of mapping tech-
nology of sequence lithofacies paleogeography, have played
an important role in the geological investigation and
exploration and development of sedimentary minerals and
conventional oil and gas resources in the past decade. It
plays a very important role in developing new oil explo-
ration fields such as rivers, deltas and slump turbidite fans,
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deep-water gravity flow deposits, beach bars, reefs and
carbonate uplifts and promoting the exploration and devel-
opment of oil and gas resources. It has played an irre-
placeable role in theoretical guidance (Zhu 2008) and is a
key technical method.

Shale gas reservoirs are a kind of oil and gas resource.
However, the guiding role of lithofacies paleogeography
theory and mapping methods in shale gas geological survey
and exploration and development, as well as the status of
key technologies and methods, have not been fully under-
stood. Geological survey, exploration and development of
shale gas in China have made remarkable achievements in a
short time, but it is still in the initial stage. It is moving from
theoretical research to practice, from investigation in key
fields to multi-field and multi-type evaluation and from local
experiments to scale investment. Originally, the research
work on shale gas geology in China has drawn on the
experience of the USA from the very beginning, while the
geological conditions of shale gas in the USA are relatively
simple and its basic research work is relatively maturity, thus
the basic geological background such as lithofacies paleo-
geography distribution and mapping methods in shale gas
geological survey and exploration and development of the
application of less attention and research.

It is considered that through basic geological research
(such as sedimentary facies, lithofacies and paleogeography)
and the determination of source rocks, especially the deter-
mination of high-quality source rocks, the potential of oil
and gas resources in petroliferous basins can be scientifically
evaluated, and the generation, migration and migration of oil
and gas can be deeply recognized. The laws of migration,
aggregation and enrichment are of great significance (Lu
et al. 2006; Hou et al. 2008; Zhang et al. 2010a, b). Among
them, the shale gas reservoir with the integration of source
and reservoir is especially true, and it is particularly
important to study its material basis and controlling factors
in depth. As mentioned earlier, predecessors have done some
research on the sedimentary model and enrichment mecha-
nism of shale gas reservoir source rocks and achieved some
results. However, the research on the relationship between
source-reservoir allocation, favorable sedimentary environ-
ment and main controlling factors of source rocks is still
insufficient, especially the application of sedimentology and
lithofacies paleogeography in shale gas has not been studied.
Fortunately, they have already participated in it: Liang et al.
(2011) studied the influence of the Niutitang Formation
depositional environment on the enrichment of organic
matter in Northern Guizhou and analyzed the Wufeng and
Longmaxi Formations through electron microscope obser-
vation and mineral content analysis. The mineralogy, litho-
facies and storage space types of the shale in this group were
discussed, and the controlling factors for the performance of
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related shale reservoirs were discussed. Many factors control
the distribution of the hydrocarbon source rock (Huang
2011), such as the paleoclimate, paleostructure, paleoenvi-
ronments, it is impartial to put forward that “anoxic condi-
tions” alone is the main control factor for effective source
rocks, and “paleoproductivity” has a good correlation with
organic-rich marine source rocks. As for the formation
environment of source rocks, the high organic matter pro-
ductivity of surface water is more important than the anoxic
environment of bottom water. As long as the organic matter
productivity is high enough, source rocks can also be formed
in an oxygen-containing non-reducing environment. Gao
et al. (2012) studied the shale of the Sargan Formation and
the shale of the Yingan Formation in the Tarim Basin and
concluded that the organic matter content and density of the
source rocks of the two groups are consistent with the rise
and fall of sea level. Corresponding relationship, all have the
characteristics of sea-level rise, organic matter abundance
increase, mud shale density decrease, and sea-level decrease,
organic matter abundance decrease and mudstone density
increase. And, it is pointed out that the sea level change is
influenced by the comprehensive control of tectonic activi-
ties and changes in the sedimentary environment. Xie et al.
(2015) further analyzed the biological composition and
organic carbon content according to the idea of depositional
environment-biological composition-source rock formation,
and then discussed the relationship between depositional
environment and source rock development and concluded
that the former absolutely controls the latter. Lin et al.
(2015) also believed that the structure and paleoclimate can
control the formation and disappearance of the accommo-
dation space, and the supply of water and sediments, the
products of the sedimentary environment, affects the devel-
opment and evolution of the basin and also affects the
physical and chemical properties of sedimentary water
bodies. These properties and biological development ulti-
mately control the development characteristics of source
rocks by influencing preservation conditions, paleoproduc-
tivity and sedimentation rate. In a word, the source rock is
the material base of shale gas exploration, and its forming
environment and its control on the sedimentological char-
acteristics and processes of the formation and preservation of
the source rock are studied. It is of great significance to the
shale gas geological survey and further exploration and
development in the future and deserves the attention of many
shale gas researchers.

In the research on the characteristics of shale gas reser-
voirs, most of the predecessors studied shale as a source
rock, but relatively few studied it as a reservoir rock. In
North America, significant progress has been made in the
study of shale gas pore characteristics by studying the
microscopic characteristics of shale reservoirs represented
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by micron-scale and nano-scale microporosity, which plays
an important role in guiding the exploration and develop-
ment of shale gas. In China, Zou et al. (2010b) discovered
nano-scale pores in mud shale for the first time through
nano-CT technology, which opened the prelude to the
research on nano-scale pores in oil and gas reservoirs. The
same is true for shale gas reservoirs. Many scholars have
studied the characteristics, types and forming conditions of
shale reservoirs and put forward the evaluation parameters
for shale reservoirs (Curtis 2002; Jiang et al. 2010; Zou et al.
2010b; Guo et al. 2011). Because of the importance of shale
gas reservoir characteristics, the study of its controlling
factors has been paid more and more attention. The study
found that there is a close relationship between sedimentary
(micro)facies and shale reservoir lithofacies, characteristics,
reservoir properties and distribution, etc. However, is this
relationship a positive correlation under any conditions? It is
still a positive correlation under certain conditions, or even a
negative correlation, and there is no clear conclusion yet.
Relevant research is being carried out gradually, and many
researchers have begun to work in this area in the past two
years. For example, Guo et al. (2015) studied the shale
reservoir rocks of the Shanxi Formation through parameters
such as logging data, logging data, core observation
description, thin section analysis, particle size analysis,
X-ray diffraction whole-rock analysis and total organic car-
bon content. And, the sedimentary microfacies controlling
the distribution of shale reservoirs in the Shanxi Formation
are described in detail by facies and sedimentary microfacies
types. Through the study of lithofacies paleogeography and
mapping technology, the spatial distribution law of favorable
sedimentary microfacies is recognized. Application of
lithofacies and paleogeography research and mapping in
shale gas geological survey and in-depth study of reservoirs.
Xu et al. (20154, b) also conducted a comprehensive analysis
and research on the reservoir characteristics of shale for-
mations in the central and Southeastern Hunan depression by
using X-ray diffraction, scanning electron microscopy and
isothermal adsorption technology under the background of
regional deposition. It is another practice of lithofacies
paleogeography in shale gas geological investigation and
in-depth study to study the distribution of favorable reser-
voirs by geographic mapping.

To sum up, the conventional oil and gas geological
survey and exploration and development practice in China
for decades, as well as the shale gas geological survey and
exploration and development practice in recent decades,
show that the distribution of source rocks in China, that is,
the sedimentary environment of the potential shale gas
distribution area and the later multi-stage structural trans-
formation, has not been systematically studied up to now.
The relationship between organic geochemical parameters
(organic carbon content, type of organic matter, thermal
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evolution degree of organic matter, etc.) and mineral
composition of source rocks and tectonic background,
sedimentary environment and paleogeographic distribution
has not been systematically or fully studied in China, and
only a few reports are available (Li et al. 2013a, b; Wang
et al. 2013; Wang (2015)). Sedimentology and lithofacies
paleogeography are the theoretical guidance for shale gas
geological survey, and lithofacies paleogeography mapping
technology is the key technology to optimize shale gas
prospect areas, favorable areas and target areas. The related
theories, methods and technologies have not been system-
atically developed. Mou et al. (2016a) discussed the role of
lithofacies paleogeography and its mapping method in shale
gas survey in relation to the study of shale gas in the
Longmaxi Formation in Southern Sichuan Basin and adja-
cent areas, it is the first time that the study of lithofacies
paleogeography can be used as a guide and a key technical
method for shale gas geological survey. In fact, in the face
of extremely complex geological conditions of shale gas in
China, the extensive and relatively lagging theoretical
research on shale gas geology and the weak research
foundation, in the geological survey of shale gas in China,
attention should be paid to the research of key technologies
and methods of basic geology and geological survey, and
the main research directions should be the research of
source rock lithofacies paleogeography, mapping method
and key technologies and methods of geological survey.
The practice of shale gas exploration and development in
China also proves that lithofacies paleogeography controls
the combination of basic elements of shale gas accumula-
tion and the distribution of shale gas resources. It is nec-
essary to strengthen the study on the controlling effect of
sedimentation on the distribution law of shale section, that
is, source rocks. It is necessary to strengthen the superpo-
sition of multi-information, multi-scale, diversified and
digitized paleogeography and shale gas geological condi-
tions parameters based on mapping and explore the meth-
ods of optimizing the prospect, favorable area and target
areas.
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Abstract

In this chapter, the definition of shale gas is reinterpreted
and proposed: Shale gas is the “residual gas” in source
rock that has not been discharged in time. Shale gas exists
in the form of adsorbed gas, free gas or dissolved gas,
which is mainly biogenic gas, thermal gas or a mixture of
these two. Lithofacies paleogeography, as a comprehen-
sive reflection of facies and paleosedimentary environ-
ment, is the main controlling and basic factors affecting
the development of organic-rich shale, and should be the
basis of shale gas geological survey, and the related
mapping technology should be the key technology in the
geological survey process.

Keywords

Shale gas definition ¢ Factors controlling shale gas
enrichment e Lithofacies paleogeography and mapping
technology ¢ Evaluation of selected block for shale gas;
Shale gas geological survey

2.1 What is Shale Gas

The unconventional natural gas usually has been explored by
unconventional technologies and is difficult to be explained
by the theory of conventional petroleum geology. This type
of gas reservoir is generally characterized by low porosity,
low permeability and continuous accumulation. Shale gas is
one of the most important types of unconventional natural
gas and is an important green energy.

The traditional definition of shale gas refers to the natural
gas existing in adsorption and free state in low porosity,
ultralow permeability, organic-rich dark shale or high-carbon
content shale (Zhang et al. 2003, 2004, 2008a, b; Jiang et al.
2010; Xu et al. 2011), it is biogenic, thermogenic or bio-
thermal continuous natural gas accumulation, with geological
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features such as short migration distance, multiple sealing
mechanisms, concealed accumulation and high gas content in
reservoir formation (Curtis 2002; Zhang et al. 2003; Xu et al.
2011). Generally, shale gas is natural gas extracted from dark
shale rich in organic matters (Zou et al. 2010, 2011).

From the aspect of petrological characteristics, Jiang
(2003) believed that shale gas reservoirs did not develop in
the traditional organic-rich mudstone/shale (clay mineral
content over 50%), but developed in the fine-grained sedi-
mentary rock composed of clay and silty fine-grained sedi-
ments. With the rapid development of unconventional oil
and gas industry, the concept of fine-grained sedimentary
rocks and related research start to get the attention from the
scholars (Jia et al. 2014). The scholars redefined that the
shale gas is natural gas development in fine-grained sedi-
mentary rocks, and believe that the hydrocarbon source
rocks generate a large quantity of natural gas through a series
of geological conditions, and discharge the gas under the
steady pressure. The gas migrated to permeable strata such
as sandstone and carbonate rock and accumulated into
structural or lithologic gas reservoirs. The natural gas
remained in fine-grained sedimentary rock strata formed
shale gas resources (Li et al. 2009a, b). In fact, considering
the perspective of oil and gas resources, the concept of
fine-grained sedimentary rocks is mentioned by many
scholars to distinguish the coarse-grained sedimentary rock
as an conventional reservoir rock. Currently, fine-grained
sedimentary rocks were referred as unconventional reservoir
rock with particle size less than 1/16 mm, including silic-
eous rock, shale, clay and coal rocks. Of course, this concept
has greatly enriched the research field of sedimentary
petrology, expanded the scope of reservoir research, and
developed traditional sedimentology and reservoir geology
(Xu et al. 2015). From this perspective, the concept of
fine-grained sedimentary rocks should be more specific to
unconventional plays as a whole.

Many scholars also believed that the shale gas developed in
the intervals which were mainly silty mudstone, argillaceous
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siltstone, siltstone, fine sandstone, coarse sandstone and even
thin fine conglomerate interbeds (Zhang et al. 2003, 2004, b).
Wu et al. (2013b) also pointed out that shale gas not only
existed in the interlayer of mudstone, high-carbon mudstone,
shale and silty rock in adsorption or free state, but also existed
in fractures, pores and other reservoir spaces as free state, or in
kerogen, clay particles and pore surface as adsorbed state.
Furthermore, a very small amount is stored in dissolved state
in kerogen, asphaltene and petroleum, in interbedded siltstone,
silty mudstone, argillaceous siltstone or even sandstone for-
mations. Wang et al. (2012a, b) defined shale gas as natural
gas occurring in organic-rich shale and its interlayers. From the
perspective of self-generation and self-storage of shale gas
reservoirs, the natural gas in non-source rock/lithology should
actually belong to other types of conventional or unconven-
tional gas reservoirs in the same accumulation system, such as
tight sandstone gas.

Generally, more attention should be paid to the
organic-rich shale itself, that is, the source rock itself, in order
to accurately understand the definition of shale gas. Based on
the geological survey and research of shale gas, the author
believes that shale gas is the “residual gas” that has not been
discharged in time in the source rock. It exists in the form of
adsorbed gas, free gas or dissolved gas, and is mainly bio-
genic gas, thermogenic gas or a mixture of both. Its meaning
emphasizes on two aspects: (1) High-quality hydrocarbon
source rocks are shale gas accumulation of the main factor.
Shale gas originates in the hydrocarbon source rocks; the
carrier rock is the organic matter rich rocks that have certain
adsorption storage space or silty shale, rather than organic
matter-lack rocks like silt (mass) rocks, carbonate rocks.
(2) Shale gas is the “residual gas” which has not been timely
discharged in the process of hydrocarbon generation from the
relatively high-quality source rock. The shale gas reservoir
has the integration features of both source and storage. The
hydrocarbon generation residual pore is the main storage
space for shale gas and determines the adsorption potential of
shale gas and adsorbed gas. Thus, shale gas is a special nat-
ural gas resource which cannot be exploited by conventional
oil and gas exploitation technology under the current eco-
nomic and technological conditions. In recent years, as vast
progress has been made in horizontal well drilling and
fracking, “residual gas” in source rocks, known as shale gas,
has begun to be exploited on an industrial basis.

2.2 Geological Characteristics of Shale Gas

Based on the definition of shale gas, shale gas reservoirs
should have the three most basic and important geological
characteristics as following:

2 Analysis of Factors Controlling Shale Gas Enrichment

(1) The primary condition and key factor for the shale gas
reservoir are that there must be sufficient in situ gas
content and sufficient organic matter in mudstone/shale
to produce a large amount of biogenic gas and ther-
mogenic gas, which requires that mudstone/shale must
be hydrocarbon source rock. Thus, shale gas normally
occurs in the source rock.

(2) Integration of source and storage. Shale gas reservoirs
have the typical characteristics of in situ accumulation,
and the natural gas that cannot be discharged in time
remains in the source rock to form gas source accu-
mulation. Moreover, in the long process of hydrocarbon
generation, the generation of natural gas is not only to
meet the adsorption by particles surface like organic
matter and clay minerals in rock, but also need to fully
occupy its matrix pore and various types of reservoir
space of reserves. When the adsorption gas and dis-
solved gas reaches saturation, the surplus of natural gas
in free state starts to migrate and accumulates the
water-soluble gas reservoirs under suitable conditions
(Nie et al. 2009a; Wang et al. 2010). Thus, although the
shale gas storage carrier rock is a low porosity and
ultralow permeability reservoir, it has a wide range of
gas saturation.

(3) The development and distribution of shale gas reser-
voirs are not controlled by structure; there is no obvious
or fixed limit trap. It was only controlled by the area of
source rock and capping rock. Compared with con-
ventional oil and gas reservoirs, shale gas accumulation
belongs to the occurrence and enrichment of natural gas
without secondary migration or with very short distance
secondary migration and does not depend on conven-
tional traps (Zhang et al. 2011).

Generally, shale gas reservoir is a continuous natural gas
reservoir formed by continuous gas supply, continuous
accumulation, and it is formed from hydrocarbon source
rock as same as gas source rock, reservoir and cap rock (Li
et al. 2014). The geological parameters such as lithology,
thickness, area, geochemical parameters, physical parame-
ters and mineral composition have direct control of the
content of shale gas and determine the accumulation (Wang
et al. 2015a; Mou et al. 2016). In fact, the gas content of
shale gas indicates the shale gas enrichment, is a direct
indicator of the residual gas in organic-rich shale, and is also
an important parameter in the calculation of shale gas
resources in China (Wang et al. 2013b; Wang et al. 2015a).
Thus, in the regional geological survey of shale gas, the
analysis of influencing factors of shale gas accumulation is
actually the analysis of influencing factors of shale gas
content.
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The commercial development of shale gas in North America
depends on the abundance and proper thermal evolution of
organic matter, the content of brittle minerals, preservation
conditions, shale thickness, surface topography and hydrol-
ogy (Martini et al. 1998; Daniel et al. 2007; Gault and Scotts
2007; Martineau 2007; Ross et al. 2008; Li et al. 2014). Key
parameters used by foreign oil companies in shale gas
favorable area screening (Martini et al. 1998; Daniel et al.
2007; Gault and Scotts 2007; Martineau 2007; Ross et al.
2008) can be divided into two categories, including geo-
logical conditions and engineering conditions. The first one
controls the generation and enrichment of shale gas,
including gas-bearing shale area and thickness, abundance of
organic matter, type and maturity, brittle mineral content and
hydrocarbon display, etc. The latter one controls the cost of
shale gas development, including burial depth, surface
topography and road transportation.

In China, scholars (Xu et al. 2011; Chen et al. 2011a, b)
believe that there are three key factors controlling the
enrichment of shale gas: shale thickness, organic matter
content and shale reservoir space (pores and fractures).
Wang et al. (2013a, b, c) systematically studied the
gas-generating material basis of coal-bearing shale gas in
Carboniferous Ceshui Formation in central Hunan from the
aspects including black organic-rich shale thickness, organic
carbon content, organic matter type and thermal evolution
degree. He believes that these three factors are the main key
factors affecting shale gas accumulation.

Zhang et al. (2008b) believe that shale gas, as a special
type of natural gas accumulation, has lower reservoir-forming
threshold (Pang et al. 2004) and consequently leads to a larger
distribution area of shale gas. Qiu et al. (2014) believe that
shale properties like thickness, burial depth, mass fraction of
organic carbon, maturity of organic matter, gas content and
preservation conditions are key factors for shale gas accu-
mulation after the in-depth study of Lower Cambrian Marine
shale in the Middle Yangtze Region. The previous research
(Curtis 2002) shows that shale gas accumulation requires the
following geological conditions: The sedimentary strata are
mainly mudstone/shale, with the thickness of single layer
larger than 10 m, high mud content (the thickness of pure
mudstone in mudstone/shale stratum is more than 10%), low
organic matter abundance (TOC > 0.3%), low maturity
threshold (Ro > 0.4%) and low porosity (less than 12%).
For commercial exploration, the shale gas is required to have
a small burial depth (no more than 3 km), development of
fractures, high adsorbed gas content (no less than 20%), etc.
Mudstone/shale that is still in the stage of gas generation has
better favorable shale gas accumulation.
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Scholars focus on different shale gas development blocks
or different shale formations and have proposed different
ideas on key factors affecting shale gas accumulation and
enrichment. These factors are mainly thickness of
mudstone/shale, organic carbon content, organic matter
types, thermal maturity, the brittle mineral content, porosity
and permeability of reservoirs, the fracture development,
paleo structure, preservation conditions and hydrocarbon
content and so on. These are the main factors of gas content
and all influencing the shale gas content. Together with
environmental factors such as depth, temperature and pres-
sure, they determine whether a block has commercial
exploration and development value (Zhang et al. 2011a, b, c;
Li et al. 2013a, b). The gas content of shale is the key to
evaluate these factors and directly reflects the characteristics
of shale gas reservoirs.

Shale gas content refers to the total amount of natural gas
existing in rock per ton under the standard temperature and
pressure (101.325 kPa, 25 °C), including free gas, adsorbed
gas, dissolved gas and so on. At present, the main focus is on
adsorbed gas and free gas (Li et al. 2011; Nie et al. 2013); its
amount directly determines the economic recoverable value
of shale gas reservoirs (Han et al. 2013a, b). Nie et al. (2012)
found that shale gas is mainly adsorbed gas, and shale gas
content indicates the enrichment degree of shale gas, which
is a direct indicator to evaluate the residual gas in shale and
an important parameter to calculate the amount of shale gas
resources in China (Wang et al. 2013b). Yang et al. (2012)
believes that shale gas evaluation is a resource factor, which
determines the regional shale gas resource potential and
reserves, and is a key indicator for shale gas resource eval-
uation and favorable block selection. Therefore, the analysis
of influencing factors of shale gas enrichment in regional
geological survey is actually the analysis of influencing
factors of shale gas content.

2.3.1 Organic Carbon Content

Shirley (2001) proposed that the organic carbon content of
shale is one of the main factors affecting the adsorbed gas
volume of shale, while the abundance, type and evolution
degree of organic matter are the main factors affecting the
gas generation. Organic matter content determines the
hydrocarbon generation capacity, pore space size and
adsorption capacity of shale and plays a decisive role in the
gas content of organic-rich shale (Li et al. 2011). Generally
speaking, the higher the abundance of organic matter and gas
generation in source rocks, the higher the enrichment of gas
reservoirs (Xu et al. 2011). The successful experience of
shale gas exploration and development in North America
shows that organic matter content is an important indicator
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to measure the gas bearing of shale (Curtis 2002; Bowker
2007). Through the study of shale gas in North America, it is
found that there is a linear relationship between the content
of organic carbon in shale and the gas production rate of
shale (Fig. 2.1). The content of organic carbon is an
important variable determining the gas production capacity
of shale. Due to the adsorption characteristics of organic
carbon, its content directly controls the adsorbed gas content
of shale. Accordingly, shale adsorbed gas increases (Jarvie
et al. 2005). Ross et al. (2007) studied Gordondale formation
of Jurassic System in Eastern Canada and found that cal-
careous or siliceous shale with higher organic carbon content
had higher storage capacity for adsorbed shale gas. On the
contrary, as organic carbon content decreases, adsorbed gas
content also decreases, reflecting the close relationship
between shale adsorption capacity and organic carbon con-
tent (Bowker 2007).

Domestic scholars also found that organic matter content
is the key factor affecting shale gas content. Organic matter
content is a key parameter restricting shale gas content and
resource potential (Wang et al. 2013b), which determines the
amount of hydrocarbon generation and affecting the intensity
of hydrocarbon generation (Bai et al. 2011). Organic matter
abundance and thermal maturity are the basic conditions for
shale gas accumulation (Li et al. 2014). Organic carbon
content is also an important indicator to measure the gas
bearing of shale (Han et al. 2013b). Studies show that, same
as shale in North America, there is a clear linear relationship
between organic carbon content and gas production rate of
shale in most basins in China (Zhang et al. 2011a, b, ¢). In
the process of actual exploration and research, it is found
that the total organic matter content is often positively cor-
related with the gas content of shale, and the higher the
organic matter content in shale, the greater the gas content
(Fig. 2.2) (Guo et al. 2013; Wang et al. 2013b; Tu et al.
2014). Organic matter in shale can adsorb shale gas
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generated by the source rock on its surface, leading to a
linear relationship between the shale gas adsorption capacity
of organic matter and the total organic carbon content in
shale (Bai et al. 2011). Han et al. (2013a) found that the
adsorbed gas content of Longmaxi Formation shale in
Southeastern Chongqing increased with the increase of
organic carbon content and proposed that this was related to
the microscopic pore in the organic matter. Xue et al. (2013)
measured the organic carbon content and field gas produc-
tion of Longmaxi Formation shale in Zhaotong block,
Sichuan Basin. And the results show that with the increase
of organic carbon content, the specific surface area of shale
increased, the adsorption capacity enhanced, the saturated
adsorption quantity increased, and leading to an increase in
gas content. In addition, Nie et al. (2012) analyzed and
calculated the gas content of Upper Ordovician-Lower Sil-
urian black shale in the Sichuan Basin and its surrounding
areas. The results obtained by tests and calculations are
highly consistent. The calculation method is mainly based on
the linearity of organic matter content and shale porosity.
Shale reservoir porosity is mainly from the organic matter
hydrocarbon generation pores, this is under the control of the
organic matter content. Thus, it can be further shown that the
development of black shale rich in organic matter can be
used as the important indexes for evaluation of shale gas. In
shale gas exploration, vertical and horizontal permeability
increases after hydraulic fracturing, and high organic carbon
content also increases in situ permeability. These factors
would greatly increase the EUR (Zhang et al. 2011a, b, c).

In general, organic carbon content is the main factor
controlling the adsorbed gas content of shale. On one hand,
higher organic carbon content leads to higher gas generation
potential and higher gas content per unit volume of shale. On
the other hand, higher organic carbon content leads to more
hydrocarbon generation pores of organic matter, and the
more specific surface available for natural gas adsorption,
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and accordingly the increases of adsorbed shale gas content
(Xu et al. 2011). As adsorbed gas is the main type of shale
gas, organic matter content influences the shale gas content
the most. Studies have shown that once the organic-rich
mudstone/shale must have sufficient organic matter, gener-
ally TOC > 2%, the shale gas accumulated as shale gas play
(Mou et al. 2016).

2.3.2 Types and Maturity of Organic Matter

Organic matter type is also one of the important indicators to
evaluate the gas generation quality of organic-rich shale,
which plays a decisive role in the gas generation potential
and nature of shale (Wang et al. 2013a, b, c). Because the
chemical composition and structural characteristics of dif-
ferent kerogens are significantly different, the gas production
rate varies greatly. Under the experimental conditions, the

gas generation of organic matter at different heating rates is
basically the same, but the Ro values corresponding to the
main gas generation period (70-80% of the total gas gen-
eration) are different for different kerogen types. Ro of type I
kerogen is 1.2-2.3%, type II kerogen is 1.1-2.6%, type III
kerogen is 0.7-2.0%, and marine petroleum cracking into
gas is 1.5-3.5% (Zhao et al. 1996).

The degree of thermal evolution of organic matter can
affect the hydrocarbon generation potential of shale (Han
et al. 2013b), and the degree of thermal evolution (or
maturity) is a key indicator to determine the hydrocarbon
generation from organic matter (Li et al. 2013a, b). Wu et al.
(2013a, b) found that the maturity of organic matter has a
certain negative correlation with micropore volume and
mesopore volume and has no correlation with macropore
volume when Ro < 2.0%. However, it has a certain positive
correlation with macropore volume when Ro > 2.0%. Both
Ro > 2.0% and high maturity organic carbon content were
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positively correlated with macropore volume, which may be
related to the increase of macropore volume caused by the
development of nanoscale microcracks in high-maturity
organic matter. It can be concluded that the maturity of
organic matter affects the reservoir space type of shale and
consequently affects the gas content of shale. The higher the
thermal maturity of gas-bearing shale is, the more gas exists
in shale, indicating that the higher the thermal maturity is,
the more gas generated. As the maturity increases, the for-
mation pressure caused by hydrocarbon gas generation can
also improve the adsorption capacity of shale gas. Therefore,
thermal maturity is an important geochemical parameter to
evaluate the potential of high shale gas production (Bai et al.
2011).

In conclusion, different types of organic matter have
different hydrocarbon generation capacities under different
thermal evolution degrees. Therefore, organic matter types
not only affect the hydrocarbon generation capacity of shale,
but also affect the gas content of shale (Zou et al. 2010).

2.3.3 Thickness of Gas-Bearing Shale

It is well known that widely distributed mudstone/shale is an
important basis for shale gas generation (Yang et al. 2009).
A certain thickness of shale is the fundamental condition for
shale gas enrichment. Shale thickness is also an important
influence factor for the shale gas resources abundance,
which directly affects the size of shale gas resources (Li
2009; Liang et al. 2011; Lu et al. 2012). Bai et al. (2011)
proposed that the commercial accumulation of shale gas
requires sufficient thickness and certain burial depth of shale.
The deposition thickness is the prerequisite to ensure suffi-
cient organic matter and reservoir space. Therefore, the
thickness of organic shale is positively related to the
enrichment degree of shale gas; organic shale is the carrier
for the generation and occurrence of shale gas and an
important condition for ensuring sufficient storage and per-
meability space (Tu et al. 2014).

In addition, the shale thickness and roof and floor con-
ditions have controlled the storage condition (Li et al. 2014).
Mudstone/shale itself has sealing capability and can be used
as shale cap rock of gas reservoir. Especially for larger
thickness of mudstone/shale, when thickness is greater than
the maximum distance of hydrocarbon expulsion during the
climax period of hydrocarbon generation, the gas will
effectively trapped in mudstone/shale (Bai et al. 2011; Hu
et al. 2014). Therefore, if the mudstone/shale itself has a
certain thickness, it can self-seal and obtain a certain amount
of shale gas (but not enough for commercial exploitation)
(Hu et al. 2014). In order to form a large-scale shale gas
reservoir, the thickness of shale must be greater than the
effective hydrocarbon expulsion thickness, normally more
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than 30 m. In addition, under the same deep burial condi-
tions, from the test analysis data, the Lower Paleozoic
marine mudstone in Sichuan Basin has very low perme-
ability and is self-sealing (Hu et al. 2014), which may also
be one of the factors for it to become a high-quality shale gas
Teservoir.

It can be seen that the effective thickness of deposition is
the prerequisite to ensure sufficient organic matter and
reservoir space. The thicker the shale is, the stronger the
sealing ability of shale has, which is benefit to gas preser-
vation and shale gas accumulation (Yang et al. 2009). For
example, continental lacustrine basin, Marine basin and
slope area are all regions where mudstone/shale developed
widely, with large thickness and wide distribution area, and
are also the preferred and favorable prospect areas for shale
gas exploration (Xu et al. 2011).

2.3.4 Mineral Composition

As the matrix permeability of shale gas reservoir is generally
nano-Darcy level and the lithology is dense, fracturing is
needed to generate fracture network to improve the seepage
capacity of shale gas. Therefore, shale gas reservoir itself
should have a certain brittleness, which is easy to produce
fractures under the fracking (Wang et al. 2013b). Brittle
mineral content controls the reformability of shale (Li et al.
2014). Therefore, mineral composition and content of shale
often affect the exploitation and fracturing effect of shale gas
reservoirs (Li et al. 2013a, b).

There is an obvious correlation between rock mineral
composition and organic matter content in black shale of
Silurian Longmaxi Formation in Southern Sichuan and its
periphery (Wang et al. 2015a), which further affects the gas
content of shale. There is a slightly negative correlation
between clay content and organic carbon content. Therefore,
Nie et al. (2011) believes that with the increase of clay
content, the adsorbed gas content of shale shows a slightly
downward trend. In addition, there are micropores in clay
minerals, illite, illite/montmorillonite and chlorite with cer-
tain specific surface areas, which can be used as adsorption
media for organic matter and one of the main adsorption
media for adsorbing gas (Xue et al. 2013). It can be seen that
the type and content of clay minerals not only affect the
organic matter content, but also affect the adsorption and
adsorption gas volume of shale. In addition, the change of
rock mineral composition affects the rock mechanical
properties and pore structure of shale. Compared with quartz
and carbonate, clay minerals have more micropores and
larger surface area and have stronger adsorption capacity for
shale gas. As seen from the three-dimensional relationship
diagram of quartz, organic matter content and adsorbed gas
content, the organic matter content of rock increases with the
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Fig. 2.3 Three-dimensional
diagram of quartz, TOC and
absorbed gas content in black
rocks (according to the internal
data)

ed gas content (%)

Absorb

increase of quartz content, and the adsorbed gas content of
shale also increases with the increase of quartz content
(Fig. 2.3, according to enterprise internal report). The con-
tent of clay minerals and quartz is positively correlated with
adsorbed gas, while quartz content is negatively correlated
with clay mineral content. When studying the relationship
between mineral composition and shale gas content, it is
necessary to find a favorable range between clay minerals,
quartz and carbonate content.

2.3.5 Reservoir Characteristics

The volume and aperture of micropores and fractures in
shale are the main storage space of free gas in shale. The
distribution and volume of the pores and fractures can sig-
nificantly affect the occurrence form of shale gas and control
the content of free gas in shale. Organic pores and inter-
granular pores of clay minerals are the two pore types with
most wide development in shale, which are of great signif-
icance for gas adsorption and storage. Microfractures are not
only the storage space of free gas, but also the main channel
of gas seepage (Yang et al. 2013). Chalmers et al. (2012)
believe that porosity is positively correlated with the total
shale gas content; thus, the total shale gas content increases
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with the increase of shale porosity. Ross et al. (2009) found
that when the porosity increased from 0.5 to 4.2%, the
content of free gas increased from 5 to 50%.

Shale is a low porosity and ultralow permeability reser-
voir, and its permeability is generally less than
0.01 x 107 pm®. However, with the development of
microfracture system, the permeability of rock is increased
significantly, and the relative accumulation of free shale gas
is larger. Barnett shale gas in North America is related to the
development of microfracture system, and its free gas con-
tent accounts for about 55-75%. This is mainly because the
natural microfractures in Barnett shale developed. Although
most of them are cemented by calcite, the fractures in the
rock can be effectively increased after fracturing, thus
increasing the permeability of the rock.

2.3.6 Burial Depth and Formation Pressure

Lin et al. (2012) tested isothermal adsorption of 21 core
samples with different TOC content of the Longmaxi shale
in the southeast of Chongqing region. The results revealed
the relationship among shale buried depth, gas content and
the TOC under the condition of the organic matter maturity.
With the same depth, the higher the shale content of TOC
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value is, the higher adsorbed gas content is. If TOC value is
constant, the shale adsorbed gas content increases gradually
with the increase of burial depth and formation pressure, and
the increase rate decreases when it reaches about 1200 m.
And the adsorbed gas content gradually stabilizes and tends
to a constant value. In order to achieve the same gas content,
the shallower the burial depth is, the higher TOC content is
required, that is, the shale burial depth and adsorbed gas
content have a mutual compensation relationship.

Formation pressure is also a factor affecting shale gas
production. The amount of gas absorbed in shale is also
affected by formation pressure. Studies show that there is a
positive correlation between formation pressure and adsorbed
gas capacity, and the higher formation pressure is, the greater
the adsorption capacity is and the higher the adsorbed gas
content is (Wang et al. 2010; Bai et al. 2011). Free gas content
also increases with the increase of pressure, and the two
basically show a linear relationship (Wang et al. 2010). Hu
et al. (2014) believes the shale gas accumulation is endoge-
nous. As hydrocarbon generation increases shale pore pres-
sure and leads abnormal high pressure in the hydrocarbon
source rocks, by action of abnormal pressure and hydrocarbon
concentration difference, hydrocarbon always migrates out-
side, if the sealing ability for shale gas is poor, shale gas
discharge greatly and pressure reduced quickly too, and form
low pressure shale formation. Otherwise, a good sealing
ability will lead a higher formation pressure and shale gas will
be maintained. Therefore, formation pressure coefficient is a
good indicator of shale gas preservation conditions. Pressure
coefficient is a comprehensive discriminant index of preser-
vation conditions, and there is a positive correlation between
pressure coefficient and shale gas production (Hu et al. 2014).
When the local pressure rises to a certain degree, the
microfractures is also a good storage space for shale gas (Bai
et al. 2011). The total gas content of organic-rich shale
increases with the increase of pressure. Adsorbed gas
increases rapidly under low pressure. When the pressure
reaches a certain level, the increased rate slows down sig-
nificantly, while free gas still increases significantly and
becomes the main body of shale gas (Li et al. 2011). If shale
reservoir pressure is abnormally high, it means that a large
amount of oil and gas has been generated in shale, and there
may be no large-scale migration or loss in geological history.
High shale reservoir pressure also means high shale gas
content and initial production (Wang et al. 2013b).

Li et al. (2011) proposed that pressure is directly related to
burial depth. For shale gas play, in stable structure areas, the
higher the burial depth is, the higher the formation pressure is.
This also coincides with the proposition of Shirley (2001), Pu
et al. (2010) and Li et al. (2011). They proposed that organic
carbon content and formation pressure are the most important
factors affecting shale adsorption capacity.
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2.3.7 Storage Conditions

Compared with conventional reservoir gas, shale gas accu-
mulation belongs to the natural gas without secondary
migration or with very short distance secondary migration. It
accumulated independently without the help of trap and
preservation conditions in the conventional sense (Zhang
et al. 2011a, b, ¢). Shale gas plays are typical in situ accu-
mulation. In the long process of hydrocarbon generation, the
natural gas generated firstly meets the adsorption needs of
organic matter and clay mineral particles on the surface of
rock, and also meets the needs of matrix pores and various
reservoir spaces. When the adsorbed gas and dissolved gas
reached saturation, the enriched natural gas migrated and
dispersed in free or dissolved phases, forming conventional
gas reservoirs when conditions are suitable (Nie et al. 2009b;
Wang et al. 2010).

Most sedimentary basins in China have experienced
superimposed reconstruction of multiphase tectonics in
geological history. For a large number of complex structural
faults, the structural framework of the original sedimentary
basin and the integrity of the original sedimentary strata of
organic-rich mudstone/shale, it is very difficult to understand
the preservation conditions of shale gas (Nie et al. 2011;
Guo et al. 2012). So, the preservation conditions, as an
important research content in geological theory, cannot be
ignored in China's shale gas exploration and development.
Compared with the North American stable tectonic back-
ground of sedimentary basin, the shale gas preservation
condition is especially content and unique proposition in
China’s shale gas geology theory study (Zeng et al. 2011; Li
et al. 2013a, b). The key to shale gas exploration in China is
to find favorable areas with relatively stable structure, con-
tinuous distribution of organic-rich shale and good preser-
vation conditions based on the restoration of prototype
basins (Zou et al. 2011). Factors influencing and character-
izing the preservation conditions of shale gas include tec-
tonic movement, development degree of faults and
microfractures, development characteristics of roof and
bottom strata, magmatic thermal events, hydrogeological
conditions, current shale pressure, etc. Preservation condi-
tions of shale gas should be considered comprehensively (Li
et al. 2009a, b; Nie et al. 2012). However, shale gas reservoir
has the characteristics of “self-generation, self-storage and
self-capping”, and due to its adsorption properties, it con-
sequently has relatively low requirements for preservation
conditions (Chen et al. 2011a, b; Wang et al. 2012a, b). Guo
and Liu (2013) analyzed the shale gas reservoir with its
characteristics of gas adsorption, physical property, contin-
uous gas accumulation and so on, and combining with the
actual shale gas breakthrough of JY1, they believe that shale
gas reservoir has relatively weak influences on preservation
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conditions compared to conventional gas reservoir from the
aspects of oil and gas migration channel including porosity,
unconformity, fault and so on. Compared with carbonate and
sandstone, mudstone/shale usually has characteristics of
stronger plasticity and lower permeability; thus, the shale has
certain ability to resist tectonic deformation. But when tec-
tonic movement is too strong initiating uplift, denudation,
fold, fracture, surface water infiltration or pressure system
damage, the sealing and preservation conditions of
mudstone/shale become poor (Hu et al. 2014). Therefore, the
study of shale gas preservation conditions became one of the
important contents for shale gas exploration and develop-
ment in China. And the research should be based on a
recognition using the basin evolution, structure characteri-
zation, cap and floor rock development, burial depth and
pressure conditions to determine the shale gas preservation
condition (Li et al. 2013a, b).

2.3.8 Comprehensive Analysis of Influencing
Factors

Organic matter, as hydrocarbon generating material, controls
the existence of shale gas reservoirs. In the process of
hydrocarbon generation of organic matter, not only natural
gas is generated, but also the organic pore is generated as the
main storage space, which controls the adsorption potential
and gas volume of shale gas. There is a certain correlation
between mineral composition and organic matter content,
which not only affects the physical properties of shale, but
also affects the gas content of shale. Shale storage space and
physical properties are mainly affected by organic carbon
content, mineral composition and thermal maturity of
organic matter and tectonic movement. It can be concluded
that shale reservoir characteristics directly affect the gas
content. The organic pores and intergranular pores are the
main storage spaces. These pores are formed by the exten-
sive transformation of clay minerals and hydrocarbon gen-
eration of organic matter when the organic-rich shale enters
the middle-diagenetic stage A (Wang et al. 2015b). There-
fore, the effective shale reservoir is controlled by organic
matter content and comprehensive evolution of organic and
inorganic diagenesis. Chen et al. (2013) proposed that the
influence of clay minerals on pore formation is far less than
TOC and brittle mineral content. And TOC content is the
most critical and significant factor influencing pore forma-
tion in mudstone/shale. Wu et al. (2015) analyzed the pores
in shale samples of Longmaxi Formation and Xujiahe For-
mation in Southeast Chongqing. The mathematical statistics
of the test results showed that pore type was not the main
controlling factor of gas content, while TOC was the most
essential factor of shale gas reservoirs. It is suggested that
the shale gas content is the result of the comprehensive
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influence of many factors, but the most direct and funda-
mental factor is the organic matter characteristics, and the
content of organic matter is the most important factor.

However, the characteristics of organic matter (like organic
carbon content, organic matter type) and the thickness of
organic-rich shale are controlled by sedimentary environment
or sedimentary facies. The characteristics of mineral compo-
sition are also controlled by sedimentary environment. The
correlation between mineral composition and organic carbon
content is caused by the joint influence of sedimentary envi-
ronment on them. Therefore, sedimentary environment is the
fundamental factor determining the shale gas enrichment. It
does not only control the thickness, distribution area, organic
matter content and other characteristics of mudstone/shale, but
also seriously affect the sedimentary rock types and rock
mineral composition. And the differences in rock types and
mineral composition determine the characteristics of reservoir
physical property development, thus affecting the accumula-
tion of shale gas (Wang et al. 2013a, b, ¢). Shale gas in
Jiaoshiba area has been made a breakthrough, and it is
believed that the development of organic-rich shale provides a
rich material basis for the generation and storage of shale gas
(Guo et al. 2014).

If organic matter has good sealing ability in the process of
hydrocarbon generation and expulsion, good shale gas play
can be formed, which is characterized by high-pressure or
abnormal high-pressure distribution area. In stable tectonic
zone, formation pressure is related to burial depth. Therefore,
under certain tectonic background, the main geological factors
affecting formation pressure are organic carbon content,
thermal maturity of organic matter and burial depth. The shale
gas play formed under certain tectonic setting and sedimen-
tation. The fine-grained sediments rich in organic matter
developed in anoxic, reduction environment; after the diage-
netic evolution of water—rock reaction and organic matter,
hydrocarbon expulsion, without strongly fracturing damage
(kept good seal), the shale gas play formed (Fig. 2.4). Shale
gas must be “residual gas” staying in rich organic matter in
mudstone/shale. The size of the shale gas play is controlled by
the thickness and distribution of fine-grained sedimentary
rocks rich in organic matter. And it is showed by the char-
acteristics of the very short migration distance and
self-generation and self-storage. And the fine-grained sedi-
mentary rocks are controlled by the sedimentary facies.
Therefore, sedimentary facies (lithofacies paleogeography)
influence the development of shale gas reservoirs.

Therefore, to conduct comprehensive shale gas evaluation
and favorable area selection, it is necessary to analyze the
sedimentary facies, diagenesis and diagenetic evolution with
detailed tectonic background understanding, to determine
the key factors affecting the enrichment of shale gas reser-
voirs and to select appropriate parameter criteria. Lithofacies
paleogeography, as a comprehensive reflection of facies and
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Fig. 2.4 Related schematic diagram of the factors affecting the shale gas enrichment

paleosedimentary environment, is the main controlling factor
and basic element affecting the development of organic-rich
shale and should be the basis and key of shale gas geological
survey. This study, from analysis of the main geological
parameters of shale gas, based on the actual data, choose to
sedimentary facies (lithofacies paleogeography) map as
basic layout, considered organic carbon content contour
map, the rich organic shale thickness contour map and vit-
rinite reflectance contour map as main control consideration.
And take the mineral components (clay minerals, brittle
minerals) and the buried depth map of the study area as
further restriction, and use the gas content data to correct the
conclusion. See Chap. 4 for detailed steps and methods.
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Abstract

It is clearly proposed that “lithofacies paleogeography can
be used as a guide for shale gas geological survey work™.
Lithofacies paleogeography is not only the theoretical
guidance of shale gas geological survey work, but also its
related mapping technology method is the key method to
“find” shale gas.

Keywords

Constituency evaluation * Working methods ¢ Shale
gas * Geological survey ¢ Lithofacies paleogeography

3.1 The Task of Shale Gas Geological Survey
In recent years, China's consumption and production of
conventional energy fuels have reached a record high level.
Oil and natural gas still dominate the energy consumption
structure. The sharp rise in domestic unconventional oil and
gas production has basically balanced domestic oil and gas
supply and demand (Jia et al. 2014). However, in the pro-
duction of unconventional oil and gas resources, relatively
cleaner shale gas resources have little contribution to the
production, which is inconsistent with China's huge potential
status of shale gas. Compared with the unconventional
resources such as tight gas and coalbed methane that have
achieved large-scale industrial production, the large-scale
production of shale gas has made relatively slow progress, so
it is necessary to seek further to realize the large-scale and
effective development of shale gas resources.

Shale gas, as retained gas in source rocks (Li et al. 2012)
and residual gas (Mou et al. 2016), is the accumulation of oil
and gas in source rocks. In China, there are huge differences
in the research basis and degree between petroliferous basins
and sedimentary areas outside of petroliferous basins or
where the degree of oil and gas exploration is very low. The
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former may have a certain working basis for basic data such
as gas-bearing shale development series (including shale
distribution and thickness), organic matter content and type,
thermal evolution degree, gas display, rock characteristics
and mineral components of gas-bearing shale.

However, for the latter, the above basic information is
relatively lacking. In view of the research status in China,
such as large differences in the basic work related to source
rock research, weak foundation, no system, no detail and late
start of research as shale gas, it is necessary to clarify its
main tasks before the large-scale geological survey of shale
gas.

Based on the author’s own actual experience in shale gas
geological survey, combined with the analysis of domestic
shale gas research status, existing problems and research
trends, it is concluded that China’s shale gas geological
survey has three basic and main tasks at present:

(1) Clarify the basic geological characteristics of source
rocks, including lithologic characteristics, sedimentary
environment, sedimentary microfacies (rock) types and
characteristics, organic matter types and contents,
mineral composition, etc. Mainly through core and field
observation and relevant sampling work, carry out the
analysis of lithologic characteristics, depositional envi-
ronment and TOC and Ro of shale of source rock and
clarify the types and content of organic matter in source
rocks. Further, analyze the types and contents of con-
ventional minerals and clay minerals in source rocks,
summarize the conventional mineral composition of
source rocks and the variation law of clay mineral
composition in the section and comprehensively study
the basic geological characteristics of source rocks.

Clarify the temporal and spatial distribution law of
source rocks, including their thickness, buried depth,
fine distribution, area, etc. Mainly through the field,
combined with seismic and drilling data, the distribu-
tion range and distribution law of source rocks are
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studied, and their thickness variation law, buried depth
and variation trend are analyzed.

(3) Optimize the prospective area and favorable area of

shale gas reservoir. After completing tasks (1) and (2),
we have the basic conditions to carry out the opti-
mization of shale gas scenic spots and even favorable
areas. On the basis of clarifying the scope of shale gas
scenic spots, we can further carry out the research on
the gas-bearing property of source rocks, reservoir
capacity and resource potential analysis and select
appropriate parameters in combination with geochemi-
cal indicators to further optimize the favorable areas or
even dessert areas of shale gas.

3.2 Methods of Shale Gas Geological Survey

At present, China's shale gas geological research is in the
stage of rapid development. Local exploration units repre-
sented by China Geological Survey are carrying out
large-scale shale gas geological surveys, moving from
theoretical learning to scientific practice, from key area
survey to multi-regional and multi-type evaluation and from
local test to large-scale investment. However, the geologi-
cal conditions of shale gas in China are extremely complex,
the theoretical research of shale gas geology is extensive,
there are many problems, and the theoretical research is
relatively backward. Combined with the basic purpose and
task analysis of shale gas geological survey, the author
believes that in addition to the guidance of basic geological
theory, the key problem is to select appropriate technical
methods.

In oil and gas exploration, although different disciplines
have played different roles in identifying or making oil and
gas breakthroughs, in the early stage of oil and gas explo-
ration, lithofacies paleogeography research is indispensable
and one of the key foundations for making breakthroughs in
oil and gas resources. It is also a method of oil and gas
exploration (Mou et al. 2010, 2011), and the same is true for
shale gas (Mou et al. 2016).

At present, the mainstream view on the formation of oil
and gas (including shale gas) is still the theory of organic
genesis (Wang et al. 2003). Therefore, the formation of oil
and gas is closely related to lithofacies paleogeographic
environment from the generation and development of
primitive organic life to the later death, burial, decomposi-
tion and migration and from the material of oil and gas
reservoir to the formation of its preservation body. For shale
gas, the study and reconstruction of lithofacies paleogeog-
raphy can help clarify the scientific problems related to its
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occurrence carrier—organic-rich shale. Faced with shale, a
restricted area of oil and gas exploration in the past, it is
difficult to evaluate the target area of shale gas exploration,
and the exploration risk and cost are high. Therefore, the
understanding of lithofacies and paleogeography of shale
gas target area has become more important, which should be
paid attention to by geological investigators. However, oil
and gas geologists and sedimentary geologists who conduct
geological investigation and research on shale gas pay more
attention to the geological characteristics of shale gas car-
riers (organic-rich shale), such as TOC, Ro, mineral com-
position. Secondly, it pays attention to the structural
preservation conditions similar to conventional oil and gas
reservoirs; however, the basic research on the fine sedi-
mentary environment for the development of organic-rich
shale, the carrier of shale gas and the research on the opti-
mization of prospective area, favorable area and target area
of shale gas as a key method is relatively few. A large
number of studies show that the sedimentary environment
not only controls the thickness, distribution area and organic
carbon content of organic-rich shale, but also determines the
sedimentary rocks type and mineral composition of the
rocks, and the difference between rocks type and mineral
composition determines the characteristics of physical
property development of source rocks reservoir and then
affects the accumulation of shale gas. Therefore, the sedi-
mentary environment is the fundamental factor determining
shale gas accumulation. Therefore, based on the study of
regional sedimentary facies, the temporal and spatial distri-
bution of favorable facies zones of source rocks can be
clarified through lithofacies paleogeography mapping, so as
to provide the basis and direction for shale gas exploration
(Mou et al. 2016). For the basic geological survey of shale
gas, the research on the sedimentology and lithofacies
paleogeography of shale gas source rocks and reservoir and
taking this as a method to delineate the scenic spots,
favorable areas and target areas should be the eternal theme
throughout the whole geological survey of shale gas and the
process of further exploration and development. In fact, the
fundamental goal of a shale gas geological survey is to find
prospective areas and favorable areas of shale gas, so as to
provide a scientific basis for shale gas exploration and
development (Mou et al. 2016). Therefore, the theory and
method of “using superposition method to evaluate the
prospective area, favorable area and target area of shale gas
based on the mapping research and mapping of lithofacies
paleogeography” should be the key technical method of
large-scale shale gas geological survey. Research and prac-
tice have proved that the research and mapping of lithofacies
paleogeography can be used as the basic method and key
technology and can guide the geological survey of shale gas.



3.2 Methods of Shale Gas Geological Survey

3.2.1 Sedimentary Basin and Shale Gas

A large number of studies show that sedimentary basins play
the most basic and important role in controlling the occur-
rence of a variety of sedimentary minerals and oil and gas
(Wang and Li 2003), and the formation of sedimentary
basins is controlled by tectonic activities and evolution.
Zhang et al. (1991) pointed out that the three Chinese
mainland plates were affected by China's three tectonic
cycles during the geological history, including the splitting,
drifting, collision and convergence of China's continental
tectonic cycle. These tectonic activities control the evolution
of petroliferous basins and lithofacies paleogeography in
China and the evolution of the types of petroliferous basins
in China from generation to generation and then control the
distribution of oil and gas. The idea of activity theory and
stage theory runs through the book lithofacies paleogeog-
raphy and oil and gas in China's petroliferous basins. Aca-
demician Tian (1997) believes that paleogeography and its
changes are mainly controlled by the degree of crustal dif-
ferentiation and plate tectonic evolution, and the types of
sedimentary basins are controlled by tectonic action (Tian
and Zhang 1997), which further controls the distribution of
paleogeography and the generation of oil and gas. In fact,
with the advent of the theory of plate tectonics, people
gradually realized that the formation of sedimentary basins is
closely related to mantle material activities and is controlled
by the tectonic system (movement); structure plays an
important role in controlling the formation, evolution and
sedimentary sequence of sedimentary basins and then affects
the distribution of oil and gas (Wang et al. 1985; Liu and Xu
1994; Mou et al. 1999, 2010, 2011; Wang and Li 2003). For
example, Mou et al. (2010, 2011) analyzed from the struc-
tural point of view and believed that today’s South China
could be divided into the Yangtze Block and Cathaysian
Block. From the Cryogenian (Nanhua period), due to the
influence of basement properties and tectonic activities, the
sedimentary evolution of South China has been differenti-
ated. There are different sedimentary environments and
sedimentary filling sequences in the Yangtze area and
Cathaysian Block. The main type of sedimentary basin in
South China belongs to the Craton Basin. Most of its periods
are epicontinental sea and limited shallow sea environment,
which constructs stable carbonate platform sedimentation
and widely distributed black shale sedimentation. The
Cathaysian Block is in an active tectonic environment with
strong volcanic activity in the early stage. The sedimentary
basin type belongs to the rift basin. There is no unified
carbonate platform deposition, and the main body is ter-
rigenous clastic deposition and filling. The different tectonic
activities determine different types of sedimentary basins,
further determine their different sedimentary environments
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and sequences and finally determine the different basic
geological conditions of oil and gas in the two regions: The
Yangtze region has rich source rocks, good reservoirs and
sealing layers, while the Cathaysian Block has bad source
rocks and reservoirs. Some scholars also believe that tectonic
activity and tectonic pattern directly control the lithofacies
paleogeographic environment and sedimentary system,
determine the distribution of sedimentary areas and prove-
nance areas, sedimentation, changes in sedimentary envi-
ronment and paleogeography and often affect the changes in
climate environment (Jing et al. 2012). In fact, the above
laws can be summarized as that the structure controls the
formation of the basin. The basin is the accumulation space
of materials. Therefore, the structure determines the sedi-
mentary filling sequence and sedimentary style of the basin
and finally determines the original basic geological condi-
tions and combinations of oil and gas, that is, “basic geo-
logical conditions of structure controlling basin, basin
controlling facies and facies controlling oil and gas” (Mou
et al. 2010). In the field of petroleum geology, many scholars
have always advocated the epistemological view that
“structure is dominant, sedimentation is the foundation, oil
generation is the key, and transportation, accumulation, and
preservation are the conditions”. Therefore, the analysis of
prototype sedimentary basin types and the study of detailed
sedimentary characteristics and evolution sequences under
their control is the basis for analyzing basic geological
conditions of oil and gas. Shale gas is no exception.

For shale gas reservoirs, although they are different from
conventional oil and gas reservoirs and do not need struc-
tural traps, shale gas may be formed as long as there is a
place where organic shale is developed (with space for
accumulation of organic shale). That is, to some extent, shale
gas may be formed in any sedimentary basin as long as there
is organic-rich shale (Wu et al. 2013). Based on the author's
understanding and definition of shale gas, organic-rich shale,
as the filling sequence and sedimentary style (or one) of
these sedimentary basins, it is also the most primitive and
basic material basis for the formation of shale gas. Therefore,
in the geological survey of shale gas, the first thing to do is
to find the places where these primitive and basic material
bases are accumulated, find favorable structural units and
judge whether it is a “complete shale basin” conducive to the
development of organic shale, to analyze the prototype
sedimentary basin type of organic shale, restore the complete
shale basin rich in organic shale as much as possible and, on
this basis, screen the structural sedimentary units conducive
to the development of shale gas reservoirs, such as the stable
Craton Basins (generally conducive to the development of
biogas) and the Foreland Basin (generally, the basin with
relatively developed conventional oil and gas is also con-
ducive to the development of shale gas reservoir of
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thermogenic gas type). Among those “fragmented” sedi-
mentary basins, such as some inter-arc basins, pre-arc basins
and back-arc basins with volcanic rocks under the back-
ground of tectonic compression, although mud shale will
also develop and be source rocks and full of “residual gas™ to
form shale gas, but due to the influence of factors such as the
area, thickness and capping layer of shale gas source rock
(they are the influencing factors of shale gas reservoir
enrichment), shale gas reservoirs with industrial develop-
ment value are often not formed.

Theoretically, from the time scale, the sedimentary basin
should be a syngenetic sedimentary basin. However, it is
undeniable that due to the control of tectonic, the deforma-
tion of sedimentary basins during and after deposition and
the superposition of different types of structures in the later
stage, there may be a great controversy on the understanding
of basin types in the original organic shale-rich sedimentary
period; from the perspective of sedimentary basin analysis,
the formation, development and extinction of a specific basin
are a quasi-continuous evolution process, and the superim-
posed basin has nothing to do with the basin formed in the
specific period and specific dynamic mechanism studied
(i.e., the prototype basin in the development and sedimen-
tation period of organic-rich shale). The prototype sedi-
mentary basin can be the basis or basement of the later basin
and even determine various elements of the later basin to
varying degrees; the late basin has no effect on the formation
and evolution of the early basin. It plays a role in the
transformation of the early basin, and the fundamental rea-
son for this transformation is the transformation of the
dynamic mechanism. The research shows that no basin has
crossed the whole Phanerozoic and no region, and the basin
type has not changed since ancient times. Therefore, the
practice of dividing all sedimentary strata in a certain area
into one basin and taking successive basins formed under
different dynamic mechanisms as different stages of a basin
is contrary to objective facts and geological principles
(Wang and Li 2003).

Gong et al. (2012) analyzed and compared the reservoir
forming conditions of shale gas reservoirs in the USA,
especially the control of structures and sedimentary basin
types under their control of shale gas reservoir forming
conditions and considered that the Foreland Basins are
favorable places for shale gas formation and accumulation.
The reason is that the lower strata of the Foreland Basin are
usually stable craton shale deposits rich in organic matter,
which provides sufficient material basis for the formation of
shale gas. The upper strata of the Foreland Basin experi-
enced multi-stage thrust folds, and the resulting tectonic
thermal events provided thermal and dynamic conditions for
the maturity of the lower source rocks and the generation of
natural fractures, making the Foreland Basin an ideal place
for shale gas accumulation. Li et al. (2013) also pointed out
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that the research about the control effect of structure on the
distribution law of gas-bearing shale should be strengthened
by analyzing the research status and problems faced by
domestic shale gas. In other words, it is also the research on
the type of prototype sedimentary basin. Shale gas reservoirs
have the basic characteristics of integration of source and
reservoir. Research shows that relatively high-quality reser-
voirs are often formed in a specific period with a small span,
and the thickness may be only a few meters. For example,
the most high-quality source rocks and shale gas develop-
ment interval of the Fuling shale gas field of the Wufeng
Formation-Longmaxi Formations at its bottom (Guo 2016),
which is the first large shale gas field in China, and its
material composition and lithofacies environment are sig-
nificantly different from the similar lithology underlying and
overlying it. What makes this obvious difference must be
that there are some mechanism working. If we can accurately
restore the types of sedimentary basins which controlled by
structural evolution, clarify the distribution law of sediment
filling process and lithofacies environment development
under its control and master the internal law between them, it
is possible to characterize the fine organic-rich shale section
of shale gas development. This process is actually the
analysis of sedimentary basins. Of course, it also has the
analysis of fine sedimentary facies under its control, which
will be discussed in detail below. In addition, in the process
of analyzing the type of prototype sedimentary basin, we
will have a very in-depth understanding and understanding
of the geological background of the development of source
rocks (such as the development degree of existing faults and
microfractures, development characteristics of caprock,
hydrogeological conditions, current pressure conditions),
which will help to solve the research problems of shale gas
preservation conditions. This is a great significance for the
research on the important scientific problem of shale gas
exploration and development, but it is not a high status in the
research of shale gas preservation conditions in China.

The ultimate goal of the shale gas geological survey is to
find shale gas reservoirs with industrial exploration and
development value. Research and practice show that shale
gas reservoirs with exploration and development value often
exist in (or develop in) complete sedimentary basins. Most
of those that have realized shale gas development or have
great shale gas potential are Foreland Basins and the Craton
Basins. Taking the USA as an example, nearly 20 shale gas
blocks found in its 48 states widely develop gas-bearing
black shale, most of which are developed in the Craton
Basins and the Foreland Basins, such as the currently
exploited shale gas reservoirs in the Foreland Basin on the
west side of Appalachian-Quachita in the Eastern USA and
the back-uplift basin group. At the same time, its potential
shale gas blocks are also mainly distributed in the Foreland
Basins and back-uplift basin on the east side of Rocky
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Mountain (USGS 2013). The tectonic evolution of the main
development stages of these two sedimentary basins types
and the paleogeographic conditions under their control, such
as an anoxic reduction environment, suitable hydrodynamic
conditions and less supply of terrigenous debris in most
layers, control the formation of high-quality source rocks
and shale gas with different genesis and maturity (Li et al.
2009). In China, taking the marine shale gas in Southern
China as an example, the research shows a very large shale
gas prospect in Sichuan Basin. The main development
horizons are the Cambrian Niutitang Formation developed in
the Craton Basin and the Late Ordovician Wufeng
Formation-Early Silurian Longmaxi Formation in the
back-uplift basin (Mou et al. 2010, 2011; Ge et al. 2014;
Liang et al., 2014; Zhou et al. 2015) (Fig. 3.1). Or most
researchers believe that the type of sedimentary basin is a
Foreland Basin in the Late Ordovician-Early Silurian period
formed on the eastern margin of the Yangtze Block due to
the convergence of the Yangtze Block and the Cathaysian
Block (Wang 1985; Liu et al. 1993; Xu et al. 1996; Yin et al.
2001, 2002; Su et al. 2007; Wang et al. 2012a, b, ¢, d; Wang
et al. 2012a, b, c, d). In the Dabashan area on the northern
edge of the Yangtze plate (the transition between the south
side and the Sichuan Basin), the fracturing yield of shale gas
in the Jurassic Zhenzhuchong section of well Yuanba 9 on
Northeast Sichuan exceeds 1 x 10* m®, Jiannan 111 well.
After fracturing, the daily natural gas production in the
Dongyuemiao section is 3000 m>. The geological survey
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and exploration and development of shale gas in organic
shale-rich strata have made a preliminary breakthrough (He
and Zhu 2012). Further analysis also shows that the maxi-
mum thickness area of organic-rich shale in the Lower
Jurassic Ziliujing Formation is distributed in the front of the
Dabashan orogenic belt and controlled by the tectonic
activity and tectonic load of the Dabashan orogenic belt,
while the tectonic activity of Longmenshan orogenic belt is
relatively weak and has little impact on its sedimentary and
sedimentation. They all have a complete orogenic belt
Foreland Basins system. At the western edge of the North
China plate, in April 2011, the gas was produced by shale
gas fracturing test of Chang 7 section of Liuping 177 well.
The depth of the vertical well is 1000-2000 m, and the test
output of shale gas is generally 1500-2000 m> [Li et al.
2015 (internal meeting data)], which is the first continental
shale gas well in China. The study shows that the western
margin of the Ordos Basin was a Foreland Basin in the Late
Triassic, and the basement has the nature of a Craton Basin.
These relatively stable tectonic backgrounds and the types of
favorable sedimentary basins under their control have laid a
favorable sedimentary environment for the development of
source rocks and are the decisive factor for the enrichment of
shale gas reservoirs.

In addition, the sedimentary pattern of the South China
Basin is very different from the Mesozoic, and the sedi-
mentary mechanism of the South China Basin is very dif-
ferent. Moreover, the sedimentary mechanism of the South
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China Basin is very different from the Mesozoic, and there
are many tectonic changes. In the Mesozoic and even the
Paleozoic, the basin experienced great tectonic deformation.
The South China Basin has experienced tectonic uplift and
Paleozoic, and the tectonic stability is very different. The
sedimentary environment, tectonic setting and preservation
conditions are extremely complex (Mou et al. 2010, 2011,
2016). The above factors have brought great difficulties to
find relatively stable and well-preserved shale zones, which
is the basic task of shale gas geological survey and the key to
exploration and development in China. From the perspective
of theory and practice, whether there is a complete shale gas
basin is very important for shale gas development. There-
fore, in the process of actual geological survey and explo-
ration, development and production, it is very necessary to
reconstruct a complete and fine prototype sedimentary basin
of shale gas development in combination with the structural
background. It is necessary to study the nature of the sedi-
mentary basin, the size, shape, scale, etc. This work affects
the work deployment of shale gas geological survey, and the
calculation of shale gas resources and reserves, and further
affects the exploration and development of shale gas. In the
process of shale gas geological survey, even in the face of
the basin that has been strongly transformed, on the one
hand, we should study its evolution history and trace the
prototype of the basin from the perspective of geological
history evolution; on the other hand, from the perspective of
“tectonic basin control”, we must study the plate tectonic
background of the basin and the dynamic mechanism
determined by it, so as to objectively and historically iden-
tify the basin type, so as to restore the complete sedimentary
basin type in the development period of organic shale-rich
shale conducive to the formation of shale gas.

3.2.2 Sedimentary Facies (Environment)
and Shale Gas

The history of shale gas research and exploration practice
in the USA for hundreds of years shows that one of the
reasons why organic-rich shale in North America can make
a major breakthrough in shale gas is that favorable sedi-
mentary facies zones are generally developed. Although the
mining area is small, it is in a favorable deep-water sedi-
mentary environment. In addition, the favorable anoxic and
stagnant sub-environment, which can be explained by the
“Black Sea” detention quiet sea model and coastal
upwelling model, has basically laid the foundation for the
rich organic shale in its mining area and the high abun-
dance of organic matter. Thicker thickness is a good
material basis for shale gas development (Montgomery
et al. 2005; Martineau 2007; Loucks and Ruppel 2007;
Zhang et al. 2008a, b; Zou et al. 2010, 2013; Guo et al.
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2012; Ma et al. 2012; Wang et al. 2012a, b, c, d; Li et al.
2013; Wu et al. 2013; Mou et al. 2016). They are the main
factors for shale gas accumulation.

It is generally believed that in the deep-water slope and
basin environment: first, organisms are relatively prosper-
ous, which provides a rich material basis for oil and gas
production and is conducive to the formation of a large
amount of organic matter; second, except for the short-term
strong hydrodynamic conditions in some areas during the
turbidity current excitation period, the hydrodynamic con-
ditions in most other sedimentary areas are generally weak,
which are relatively quiet semi-deep water to deep-water
low-energy environment, which is conducive to the devel-
opment of source rocks and the preservation and transfor-
mation of organic matter. For example, in the development
of black shale (source rocks) in Sichuan Basin and its sur-
rounding, the Datangpo Formation is obviously controlled
by the evolution of the rift basin: black rock series developed
in areas with strong rifting or depression; from the center to
the edge, the thickness of source rocks of Datangpo For-
mation gradually becomes thinner, and the content of
organic matter gradually decreases (Fig. 3.2). Therefore, in
the deep-water slope and basin environment, it is a favorable
oil and gas generation area (Feng et al. 1997), which is also a
favorable shale gas development area. It is concluded that
the development and accumulation of shale gas are mainly
controlled by the sedimentary environment.

In fact, unlike conventional oil and gas accumulation and
distribution mainly controlled by the comprehensive control
of “source, reservoir, cap, circle, transportation and protec-
tion”, shale gas is a key reservoir forming system element
such as source rock, reservoir and even caprock. In the same
organic-rich shale rock series, the lithofacies type, devel-
opment thickness, distribution area, organic matter type and
content, maturity and other geochemical parameters, poros-
ity and other physical parameters of its source rock influence
the shale gas-rich integrated reservoirs. In terms of the
industrial accumulation and exploration and development
conditions of shale gas, the first thing we need is a rich gas
source material basis, that is, high-quality source rock. The
hydrocarbon generation conditions are required to meet
certain standards, such as the large thickness of dark shale,
good type of organic matter, high content of organic carbon,
appropriate maturity and content of mineral components.
This has been discussed earlier. Combined with the
re-understanding of the definition of shale gas and the
understanding of its development and distribution charac-
teristics in this book, it is considered that the basic charac-
teristics of the development of these source rocks, that is, the
control factors affecting the rich accumulation of shale gas,
are obviously controlled by sedimentary facies belts and
their changes in plane and space (vertical and horizontal
direction), and the development of organic-rich shale is
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different in different facies belts, that is, the formation of
sedimentary relatively organic-rich shale has an internal
control role (Zheng et al. 2013; Mou et al. 2016).

Firstly, the sedimentary environment controls source
rocks’ thickness, distribution area and distribution law. It is
of great significance to study the formation environment of
source rocks and their control over shale gas development
(Ma et al. 2014). For the geological survey, exploration and
development of shale gas, source rocks is the basic material
basis. Today’s research and exploration practice show that
the main basis for the generation and occurrence of shale gas
is the thickness of source rock, and the hydrocarbon gen-
eration potential of source rock formed in shallow sea shelf
(including deep-water shelf area), slope, semi-deep sea and
other environments is greater. If the thickness of the source
rock is greater than 30 m, the gas remaining in shale is more
conducive to enrichment and accumulation due to the
influence of its own sealing layer; its shale gas development
conditions are better (Li et al. 2008; Xu et al. 2011; Wang
et al. 2013). At the same time, the main distribution law of
shale gas is also directly reflected in the distribution area and
fine temporal and spatial distribution of this set of source
rocks. This objectively reflects the main (fundamental) factor
position of sedimentation and sedimentary environment on
shale gas development, which controls the thickness, dis-
tribution area and temporal and spatial distribution law of
high-quality source rocks (Wang et al. 2015; Mou et al.
2016). The preliminary study of shale gas potential strata
such as the Niutitang Formation and Longmaxi Formation in
the whole South China shows that they are developed in a
favorable deep-water sedimentary environment similar to the

shale gas development strata in North America, and the
“congenital conditions” are better; further sedimentary
facies, microfacies and even fine lithofacies types, such as
(calcium-containing) carbonaceous (siliceous) mudstone and
silty (calcium-containing) carbonaceous mudstone in
deep-water shelf environment, have better shale gas devel-
opment conditions. In addition, factors such as underwater
hypoxia retention sub-environment and slow deposition rate
basically control the development and distribution of
high-quality source rocks of Niutitang Formation and
Longmaxi Formation in this area, so that the source rocks in
whole area have the characteristics of large thickness and
wide distribution area and are the main target strata for shale
gas geological survey and further exploration and develop-
ment (Zhang et al. 2012; Zhang 2015).

The actual exploration and development of the Longmaxi
Formation shale gas reservoir in Jiaoshiba area further show
that the source rocks section realizing industrial gas flow is
mainly concentrated in the lower part of its black rock series
(Guo 2016), which puts forward higher requirements for the
identification of fine sedimentary sequences of source rocks.
However, it is well known that the sedimentary environment
plays a decisive role in controlling the transgression and
regression sequences of source rocks during the sedimentary
period and then affects the development of their sedimentary
sequences. Therefore, it further reflects the control of sedi-
mentary facies and sedimentary environment on shale gas
development. In addition, some studies show that some
specific sedimentary environments also affect the transfor-
mation and development of source rocks after deposition.
For example, statistical analysis shows that the favorable



64

sedimentary environment makes the favorable lithofacies
types formed in the early stage of the reservoir space of
source rocks which are not easy to be transformed by later
diagenesis.

To sum up, as the carrier of shale gas, the source rock
itself has a very close relationship with the sedimentary
environment. The latter controls the formation of source
rocks and the geometric shape and spatial distribution of
source rocks. Through the final paleogeographic analysis, it
is helpful to recognize the shape of source rocks and predict
the fine spatial distribution law of source rocks, especially
the fine spatial distribution law of shale gas favorable
intervals in Jiaoshiba area.

Secondly, the enrichment of organic matter is the main
controlling factor and basic element conducive to the
development of shale gas (reservoir). It affected the amount
of hydrocarbon generation and controlled the adsorption
capacity of shale gas. It is not only the key evaluation factor
of shale gas reservoir formation, but also the main research
object of shale gas geological survey and exploration and
development (Fu et al. 2008; Li et al. 2008). Studies have
shown that the types and distribution of sediments of
high-quality source rocks, such as the types and abundance
of hydrocarbon-generating parent materials and kerogen
type of source rocks, were not only controlled by sedimen-
tary facies and sedimentary environment, but also provided
favorable conditions for biological activities, reproduction
and prosperity of hydrocarbon-generating parent materials,
including high original productivity, limited retention anoxic
reduction environment, appropriate deposition rate, rising
ocean current submarine hydrothermal activity, ice age, etc.
It is concluded that the sedimentary facies (environment)
determine the conditions for the enrichment (degree) and
preservation of organic matter in organic-rich shale, so as to
control the organic matter content and type of organic-rich
shale as a whole.

During the deposition period of the organic-rich shale
development section of the Early Silurian Longmaxi For-
mation in Southern China, the paleoclimate warmed rapidly,
resulting in the rapid melting of the Late Ordovician Hir-
nantian glaciers and the rapid rise of sea level in the initial
stage. Combined with the tectonic pattern at that time, the
area rapidly evolved into an occluded “bay-type” sedimen-
tary environment (Li et al. 2008; Zhang et al. 2012; Mou
et al. 2010, 2014; Ge et al. 2013a, b, 2014). Under the rapid
transgressive environment, not only the intake of terrigenous
clastic materials unfavorable to the development of
organic-rich shale is greatly reduced (Hickey and Henk
2007), but also the formation of the layered sedimentary
water body is exacerbated. Firstly, the rapid warming of
paleoclimate makes the surface water of sedimentary water
rich in oxygen due to direct solar radiation, the bottom water
cannot get solar radiation due to rapid transgression, and it
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continues to maintain the ancient water temperature during
the ice age for a long time, so it lacks oxygen. The former is
suitable for the growth, life and reproduction of a large
number of organisms. Together with the abundant plank-
tonic fossils dominated by graptolites in the bottom water
body, it creates high productivity conditions, provides rich
sources of organic matter for sediments and is conducive to
the enrichment of organic matter; in the latter, anoxic
reduction conditions hinder the decomposition of organic
matter and are conducive to the preservation of organic
matter (Clavert 1987; Chen et al. 1987, 2000; Curtis 2002;
Chen et al. 2011; Chen et al. 2006; Li et al. 2008; Fu et al.
2011; Cheng et al. 2013; Wang 2015; Mou et al. 2016). At
the same time, due to the deep-water shelf environment and
the low temperature of the bottom water body near the center
of the basin, the carbonate minerals in the water body are
difficult to be saturated for chemical precipitation, while the
settlement of silicon-rich organisms in the upper water body
promotes the formation of siliceous shale, which is con-
ducive to the hydraulic fracturing of shale gas. In addition,
geological practice and simulation experiments show that
when the deposition rate is slow, it is not conducive to the
preservation of organic matter; when the deposition rate is
fast, the content of organic matter per unit volume weight is
significantly diluted and reduced. Therefore, an appropriate
deposition rate is also a favorable condition for the deposi-
tion of source rocks and the enrichment of organic matter
(Chen et al. 2006; Zhang et al. 2013; Wang et al. 2015; Mou
et al. 2016). Due to the lowest loss of rock porosity, it is
conducive to the formation of good shale gas reservoirs (He
et al. 2010). Feng et al. (2008) believe that the early depo-
sition thickness of Longmaxi Formation in Southern China
is 20-200 m. Its deposition rate is about 6-60 m/Ma, which
is very conducive to the development of source rocks and the
enrichment and preservation of organic matter, which is
closely related to the favorable sedimentary environment in
the early stage of Longmaxi Formation and the conditions
such as hypoxia and high biological productivity in this
environment. In sharp contrast, the late deposition of
Longmaxi Formation, although the overall sedimentary
environment is still in a relatively stagnant environment, is
already a relatively shallow sedimentary environment
(Zhang et al. 2012). In this environment, it not only has a
rapid deposition rate, but the large addition of terrigenous
clastic sediments increases the dilution of organic matter,
reduces the abundance of organic matter in source rocks and
is not conducive to the development and accumulation of
shale gas.

Hill et al. (2007) also found through the detailed study of
Barnett shale that under the deep-water sedimentary envi-
ronment, the biomarkers of this set of shale show favorable
conditions such as hypoxia, normal salinity and strong
upwelling. Under this specific sedimentary environment
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(deep water), in addition to the anoxic conditions similar to
the sedimentary period of organic-rich shale in the Early
Longmaxi Formation in Southern China, the biological
activities in the sedimentary environment of Barnett shale
are also very active due to the active upwelling current.
Barnett shale is often symbiotic with phosphorus-rich min-
erals, which ultimately determines that this set of source
rocks has high organic matter content, good organic matter
type and good enrichment degree.

In fact, the enrichment and preservation process of
organic matter in Barnett organic-rich shale in the USA and
the early organic-rich shale in Longmaxi Formation in
Southern China, as well as the types and abundances
determined by this process, is closely related to favorable
factors such as biological original productivity, ancient water
depth, ancient climate, limited retention hypoxia, rising
ocean current and appropriate deposition rate, which affect
the development of hydrocarbon-generating parent materials
of source rocks; when these factors reach the optimal con-
figuration, it is conducive to the development of
higher-quality source rocks and the enrichment and preser-
vation of organic matter. These factors are restricted by the
sedimentary environment, which controls the development
of relevant conditions. They are the relevant parameters of
sedimentary facies. In a specific period and sedimentary
environment, one or two factors can affect or change other
factors, which has become the most critical factor affecting
the development of high-quality source rocks and the
enrichment and preservation of organic matter. Therefore,
the sedimentary environment plays a very important role in
the development of source rocks with high organic matter
abundance (Fu et al. 2008; Li et al. 2008; Liang et al. 2011;
Wang et al. 2015; Zhang et al. 2015). Sedimentary facies are
the basis and main controlling factor for the development of
source rocks and then control the type and abundance of
organic matter in source rocks.

Moreover, as the key factor of shale gas content (i.e.,
resource evaluation and favorable block optimization) (Yang
et al. 2012), the thickness, distribution area, organic carbon
content and types of organic shale are not only controlled by
the sedimentary environment, but also as the key factor of
shale gas “dessert” area, whether shale gas can be eco-
nomically developed and how the output is; reservoir char-
acteristics such as rock types, mineral composition,
brittleness, porosity (including fractures) and permeability of
source rocks are also controlled by sedimentary environment
(Kinley et al. 2008; Loucks et al. 2009; Yang et al. 2012;
Wang et al. 2014, 2015; Guo et al. 2015; Mou et al. 2016).

The sedimentary environment controls the development of
source rocks, and it affects the microlithofacies types and
mineral components of source rocks. There are many types
of lithofacies of source rock, the carrier of shale gas,
including siliceous shale, calcareous shale, (calcium-
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containing) carbonaceous (siliceous) mudstone, silty sand
(calcium-containing) carbonaceous mudstone, carbonaceous
(calcium-containing) silty mudstone, carbonaceous mud-
stone and carbonaceous argillaceous limestone, which are
formed in different sedimentary environments or in different
sub-environments or microenvironments of the same envi-
ronment, sedimentary system, paleowater depth; many
environmental factors such as paleoclimate directly affect
their development characteristics and determine their vertical
and horizontal changes and migration; it is the development
of lithofacies types, and mineral components of source rocks
in different sedimentary facies belts, sedimentary surfaces
belts and microfacies belts are different. This difference and
related environmental conditions not only determined the
development of reservoir physical properties such as porosity
and pore structure of source rocks itself, but also directly
affected the enrichment and accumulation of shale gas as an
internal controlled factors, but also affected the development
and formation of fractures in source rocks and then affected
the later development effect of shale gas as an external con-
trolled factor, which were also the key factors affecting the
brittle content of shale (Curtis 2002; Jarvie et al. 2007; Wang
etal. 2012a, b, ¢, d; Wang et al. 2013, 2014, 2015; Mou et al.
2016).

The sedimentary environment determines the character-
istics of rock facies types and mineral components of source
rocks. Lithofacies types and mineral components are also
correlated with organic matter abundance. Wang et al.
(2014, 2015) analyzed the fine lithofacies types of source
rocks in the shale gas development interval of Longmaxi
Formation in Southern Sichuan and its periphery and found
that the (calcium-containing) carbonaceous (siliceous)
mudstone and silty (calcium-containing) carbonaceous
mudstone developed in the deep-water shelf environment
have high organic carbon content, and most of them were
developed in the early stage of transgression. If the sedi-
mentary water body was deep, the carbonate mineral content
was low and the siliceous content was high; most of them
were siliceous shale, which was conducive to the enrichment
and accumulation of shale gas and the later exploration and
development. Carbonaceous (calcium-containing) silty
mudstone, carbonaceous mudstone and carbonaceous
argillaceous limestone were mainly developed in shallow
shelf environments. Although their organic carbon content
was also relatively high, the organic carbon content gradu-
ally decreases with the increase of the content of clastic
particles and carbonate minerals. The correlation between
the former and organic carbon content was more sensitive,
indicating that terrigenous clasts provide a large amount of
oxygen-rich sedimentary environment, which was not con-
ducive to the preservation of organic matter. The increase of
carbonate minerals may only dilute the abundance of organic
matter, which was consistent with the previous view. The



66

flat tidal environment with shallow water body, high oxygen
content and rapid warming is mainly a set of silty mudstone
and argillaceous siltstone, which are not conducive to the
preservation of organic matter, and the content of terrigenous
debris and carbonate minerals was very high, so it is difficult
to form a high abundance of organic carbon. Wu et al.
(2016) divided and studied the shale facies of the Wufeng
Formation-Longmaxi Formation in the Fuling gas field and
founded that there were mainly eight kinds of lithofacies:
siliceous shale facies, mixed siliceous shale facies,
clay-containing siliceous shale facies, ash/silicon-containing
mixed shale facies, clay/silicon-containing mixed shale
facies, mixed shale facies, silicon-containing clayey shale
facies and clay/ash-containing mixed shale facies. Different
types of lithofacies indicate different sedimentary environ-
ments. It is determined that the mixed siliceous shale facies
and clay-containing siliceous shale facies in the study area
are class I dominant facies, and the clay/silica-containing
mixed shale facies are class II dominant facies. The above
research results comprehensively reflected that not only the
development of organic matter in source rocks was con-
trolled by the sedimentary environment, but also the
uncompensated and anoxic deep-water environment with
low carbonate mineral content was also conducive to the
preservation of organic matter (Zhang et al. 2012; Cheng
et al. 2013), but also the development characteristics of fine
lithofacies types and mineral components of source rocks are
also controlled by the sedimentary environment. It is pre-
cisely because the related sedimentation in this environment
jointly controls the organic matter, lithofacies types and
mineral components of source rocks, resulting in the corre-
lation between lithofacies types, mineral components and
organic matter abundance.

From the control factors of the development characteris-
tics of source rocks reservoir, the organic carbon content,
mineral composition and organic matter maturity of source
rocks are the three most important factors for the develop-
ment of source rocks reservoir (Curtis 2002; Jarvie et al.
2005, 2007). It is obvious that these three important factors
are controlled by the sedimentary environment. The higher
the TOC content, the appropriate mineral component content
and the gas content of the source rocks, the easier it is to
form a favorable source rocks reservoir and the more con-
ducive it is to the development and accumulation of shale
gas. To a certain extent, it can be directly summarized that
the sedimentary environment controls the development and
distribution of the source rocks and reservoir (Bowker
2007). For example, Guo et al. (2015) took the source rocks
of the Shanxi Formation in the north of Ordos Basin as the
research object. They studied the control of different sedi-
mentary (micro) relative source rocks reservoirs of the
Shanxi Formation. Firstly, seven types of lithofacies were
identified through the study of sedimentary microfacies of
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source rocks of the Shanxi Formation. Further, through the
study of the organic matter abundance, type characteristics
and mineral composition characteristics of these lithofacies
types, it was pointed out that the organic matter abundance
of the four lithofacies types ((gray) black carbonaceous
shale, (gray) black carbonaceous shale, (gray) black car-
bonaceous (silty) sandy shale and (dark) gray carbonaceous
shale) controlled by the plant-rich swamp microfacies and
the plant poor swamp microfacies was higher; the content of
mineral components was more conducive to the develop-
ment of shale gas; there is a better correlation between these
microlithofacies types and their own mineral component
content and organic matter abundance, and there is an
obvious positive correlation between organic matter content
(TOC) of favorable lithofacies types and adsorbed gas con-
tent. This is consistent with Bowker (2007). Considering the
symbiosis of Shanxi Formation source rocks reservoir and
coal seam and the symbiosis of plant-rich swamp microfa-
cies and plant poor swamp microfacies with coal forming
peat swamp microfacies and peat flat microfacies, it is a
more favorable source rocks development environment and
indirectly reflects the important influence and control of
sedimentary environment on the development and distribu-
tion of source rock reservoir.

3.2.3 Lithofacies Paleogeography and Shale Gas

In the geological survey of shale gas, the study of regional
sedimentary facies and sedimentary environment can not
only clarify the basic geological characteristics of source
rocks, but also understand the basic geological characteris-
tics of shale gas development; on this basis, the temporal and
spatial distribution of favorable facies zones of source rocks
can be clarified through the mapping method and technology
of lithofacies paleogeography; finally, on the distribution
map of favorable sedimentary microfacies and lithofacies
paleogeography of shale gas, further comprehensive research
will be carried out to determine the prospective area,
favorable area and target area of shale gas development, so
as to provide a scientific basis for shale gas exploration.
From the perspective of the actual effect of China's shale
gas geological survey and exploration and development,
although the preliminary shale gas survey shows that the
early Paleozoic marine source rocks strata in China, espe-
cially in Southern China, have great shale gas resource
potential, through nearly a decade of research and geological
survey, only the organic shale rich in Ordovician Wufeng
Formation-Silurian Longmaxi Formation in some areas of
Sichuan Basin has realized industrial development. It is
reasonable to say that the study of these sets of source rocks
strata in Southern China also has a certain history, and it
should have a comprehensive and clear grasp of the basic
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geological conditions of oil and gas. However, the reality is
that it not only has a shale gas reservoir, but its basic
resource background also has not been clarified, there is still
a long way to go, and there are still many studies to be
strengthened. Moreover, even as a source rocks of conven-
tional oil and gas reservoirs, its specific distribution law and
other related research are still slightly insufficient.

First of all, there are a lack of comprehensive and pro-
found understanding of shale gas research. The under-
standing of history refers to the understanding from the
sedimentary pattern and characteristics of various geological
ages; it is from the pattern and characteristics of paleo-
geography and paleostructure and the law of historical
evolution. The overall understanding and research are to
understand the comprehensive and systematic geological
evolution law of “the ancient structure controls the devel-
opment of sedimentary basins during the development per-
iod of source rocks, the types of sedimentary basins controls
the sedimentary facies of source rocks, and the sedimentary
environment determines the development of various geo-
logical factors of shale gas”. Deep understanding refers to
the fine understanding and research on the petrology, geo-
chemistry and reservoir space of source rocks segments and
the qualitative leap from qualitative to quantitative.

Secondly, taking the Sichuan Basin in Southern China as
an example, in the process of sedimentary evolution of the
basin, there has been a sedimentary environment which is
very conducive to the formation of source rocks and the
development of favorable factors for the formation of shale
gas. However, the research and evaluation of shale gas in
this area, as well as the optimization of prospective areas,
favorable areas and target areas, still need to be further
explored (Mou et al. 2011, 2012, 2016). Therefore, on the
basis of reasonable theory, using appropriate working means
to carry out the basic geological survey is the key to shale
gas exploration in the Sichuan Basin with superior structural
and sedimentary conditions. That is, we should start with the
most fundamental geological situation research and start
with the geological background of hydrocarbon source rocks
development, that is, the basic paleogeographic research,
and then follow the sequence of shale gas research, shale gas
development conditions research and shale gas exploration
and development without taking shortcuts.

Predecessors have carried out at least three rounds of
systematic studies on sedimentary facies and lithofacies
paleogeography with different scales and fine degrees in
Sichuan Basin (Mou et al., 1992, 2010, 2011, 2016; Xu et al.
1993; Liu and Xu 1994; Ma and Chu 2008), preliminarily
showing the Early Cambrian Qiognzhusi period (Niutitang
Formation) during the deposition of high-quality source
rocks in the Late Ordovician Wufeng period (the Wufeng
Formation) and the Early Silurian long period (the Longmaxi
Formation); these sets of source rocks are widely distributed
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and stably distributed regionally, which are potential shale
gas development strata. The research shows that the basic
geological research and determination of source rocks,
especially the determination of high-quality source rocks,
can play a very important role and significance in scientifi-
cally evaluating the oil and gas resource potential of the
basin and deeply revealing the laws of oil and gas genera-
tion, migration, accumulation and enrichment (Lu et al.
2006; Hou et al. 2008). Among them, for the shale gas
reservoir integrating source and reservoir, the fine research
on its material basis and control factors is particularly
important. Therefore, systematic fine sedimentary microfa-
cies and large-scale lithofacies paleogeography research
should be carried out with the source rocks development
area as the center of focus and the paleogeographic sedi-
mentary environment for shale gas development as the
center or premise, so as to determine the source rock char-
acteristics and spatial distribution of shale gas development
intervals, and take lithofacies paleogeography mapping
technology as the key method and technology, based on the
favorable microfacies belt or sedimentary environment for
shale gas development. Conduct research on shale gas
evaluation parameters such as source rocks thickness,
organic matter content and mineral composition, and finally
select appropriate parameters for superposition research, so
as to find and delineate the distribution locations and zones
with good coupling, such as the favorable sedimentary
microfacies belt of source rocks, high organic matter content
and appropriate mineral composition content of source rocks
and take them as the preferred target and preferred area for
shale gas exploration and development (Mou et al. 2016).

In fact, the research and practice of China's energy
resources show that the research and mapping technology
related to lithofacies paleogeography can actively and
effectively serve the prediction and exploration of various
minerals (Feng et al. 1997, 1999, 2005; Mou et al. 2010,
2011, 2106). Nowadays, the scope of prospecting work
guided by lithofacies paleogeography research and related
mapping technology has been extended to almost all min-
eral resources, especially in the field of oil and gas. It has a
more prominent effect in guiding oil and gas geological
survey, prediction, exploration and development. It not only
serves as basic geological science research for the geolog-
ical survey of oil and gas resources. Moreover, it is often
used as a key method and technical means to serve the
prediction and exploration of oil and gas resources (Mou
et al. 2016). It should be said that this is one of the main
characteristics of lithofacies paleogeography in China, and
it is also an important reason for the prosperity of lithofa-
cies paleogeography.

Of course, the oil and gas resources mentioned above
often refer to conventional oil and gas resources. As for the
development of shale gas reservoirs, our views and
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suggestions are still the research of lithofacies paleogeog-
raphy and its related mapping methods and technologies,
when we choose what theories and related methods and
technologies to serve the geological survey or prediction,
exploration and development of shale gas, can accurately
and well complete the relevant tasks (Mou et al. 2016).
Based on the study of regional sedimentary facies and the
mapping method of lithofacies paleogeography, the temporal
and spatial distribution of favorable facies zones of source
rocks can be clarified, so as to provide the basis and direc-
tion for shale gas exploration. Therefore, taking lithofacies
paleogeography research and mapping as the basic method
and key technology can also provide guidance for the geo-
logical survey of shale gas (Mou et al. 2016).

In short, sedimentary facies control the basic geological
conditions of shale gas development and its related proper-
ties and spatial distribution (such as the thickness, distribu-
tion area, organic matter content and type, mineral
composition) for the geological survey of shale gas under
stable structural units, and the detailed and systematic study
of sedimentary facies and lithofacies paleogeography is an
important basis and premise for the optimization of favorable
areas for shale gas. It is also theoretical guidance and key
methods and technologies (Mou et al. 2016). To carry out
the geological survey of shale gas, we must first carry out
comprehensive, overall and fine research and mapping on
the paleogeographic environment of source rocks, especially
high-quality source rocks. Then, on this basis, focusing on
the sedimentary microfacies belt or sedimentary environ-
ment conducive to the development of shale gas, compre-
hensively study the conditions or parameters of shale gas
development or evaluation, select appropriate shale gas
influence parameters and carry out the coupling superposi-
tion of relevant contour maps on the fine lithofacies paleo-
geographic map, so as to carry out the optimization of shale
gas scenic spots, favorable areas and target areas. After such
a systematic step, it is possible to grasp the key and key of
shale gas geological investigation and research, so as to
provide a more scientific basis for the final exploration and
development of shale gas and realize the breakthrough of
shale gas.

As mentioned above, Xie (1947) put forward the
forward-looking view of paleogeography as a guide for
prospecting as early as several decades ago. The research
and mapping of sedimentary facies, lithofacies and paleo-
geography have also been widely proved to play a basic and
key guiding role in the success of oil and gas exploration
industry. As Mou et al. (2011, 2012) said, when conducting
a geological survey of oil and gas resources and further
exploration and development in an area, the different disci-
plines will put forward corresponding suggestions and
understanding from different angles. However, sedimentary
geology, as one of the most basic disciplines, should be the
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basis and necessary content of research and work, but also a
method. Its core is sedimentology and lithofacies paleo-
geography. The geological survey of shale gas is no
exception. For the basic geological survey of shale gas in
China, which is already in the stage of extensive develop-
ment, the research and mapping of sedimentary facies and
lithofacies paleogeography are indispensable. It can be used
as the key basic geological theory and method to provide
guidance for the geological survey of shale gas, which is the
first step of the basic work.

Theoretically, because the information of lithofacies
paleogeography reconstruction comes from geological
records, any information on the sedimentary environment in
the sedimentary period of source rocks will be directly or
indirectly branded and preserved in the geological strati-
graphic records. However, due to the limited technical
means and cognitive level of human beings, as well as the
destruction and change of geological records, some con-
genital deficiencies or even sedimentary discontinuities are
caused by later structural reasons. It brings great difficulties
for researchers to obtain, interpret and retrieve these
paleo-environmental information, resulting in great asym-
metry in quantity, authenticity and reliability between the
extremely rich and complex information in geological
records and the parts available to researchers at present
(Wang et al. 2003), which hinders the reconstruction
research of lithofacies paleogeography and the geological
investigation of shale gas resources to a certain extent.
Therefore, on the basis of paying attention to the research
and mapping of sedimentology and lithofacies paleogeog-
raphy, we should also pay attention to the research of other
disciplines or theoretical technology, such as structural
geology and the selection of geochemical analysis and
testing methods, so as to more effectively carry out and
complete the task and goal of shale gas geological survey.
However, the understanding of shale gas geological survey
with sedimentology and paleogeography as the core theory
and key technical methods cannot be deviated. Extensive
and comprehensive lithofacies paleogeography can be used
as a guide for shale gas geological survey, and relevant
lithofacies paleogeography mapping technology can be used
as a key technical method to realize the task of shale gas
geological survey, so as to provide a solid foundation and
scientific basis for further exploration and development of
shale gas reservoir (Mou et al. 2016). The means of other
disciplines (such as geochemistry) can only be an auxiliary
means. The main purpose is to evaluate the geological
conditions of shale gas development and then provide a
reference basis for the optimization of shale gas favorable
areas based on the study of lithofacies paleogeography and
mapping. This consensus and methodological understanding
should be the product of the high combination of paleo-
geography and shale gas exploration and development
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practice (Mou et al. 2016). It should be emphasized that in
the process of shale gas geological survey, sedimentology
and lithofacies paleogeography are not only a regional,
multi-information and multi-disciplinary comprehensive
basic research, but also more importantly, they are a method
of shale gas geological survey and a method of “looking for”
shale gas.

3.24 Specific Methods and Steps

1. Restoration of prototype sedimentary basin

Organic-rich shale can be developed in rift basins (also
divided into the intercontinental rift and intracontinental
rift), passive continental margin basins, ocean basins, Craton
Basins, trench-arc basin, system basins (such as intra-arc
basins), residual basins, back-arc Foreland Basins, peripheral
Foreland Basins and other qualitative basins. They represent
the types of sedimentary basins under different plate tectonic
backgrounds and dynamic mechanisms. It reflects the dif-
ferent evolution geological history from the Cratonic Basins
extension stage, decline stage, residual stage and suture
orogeny stage. However, most of today's sedimentary basins
have been transformed by different tectonic activities in the
later stage and show the type of superimposed sedimentary
basin. Importantly, theory and practice have proved that a
complete shale basin is very important for the development
of shale gas. At the same time, those complete favorable
structural units not only have high-quality source rocks
required for shale gas development, but also have good
caprock and other conditions which will be the key objects
and areas for specific shale gas geological survey in the next
step. It affects the specific deployment of shale gas geolog-
ical survey.

Therefore, the first step of a shale gas geological survey is
to restore the original properties of places rich in organic
shale.

Firstly, with the idea of “tectonic controlled the devel-
opment of basins “, it is not only necessary to study the plate
tectonic background and the dynamic mechanism of the
sedimentary basin during the development of organic shale
in combination with the analysis of the relevant tectonic
background. Secondly, we should study the evolutionary
history of the sedimentary basin in this period, judge its
evolution stage and trace the original nature of the sedi-
mentary basin in this period from the perspective of geo-
logical history. Finally, on the basis of previous research
results and practical basis, comprehensively and objectively
identify and restore the types of sedimentary basins in the
development period of organic-rich shale, judge their com-
plete types of sedimentary basins and further screen or
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optimize the types of sedimentary basins that are more
conducive to the development of high-quality source rocks
for shale gas accumulation, such as the Craton Basin and the
Foreland Basins. So as to restore their scope, the size, shape
and scale lay the foundation for the following specific shale
gas geological survey and provide a measurement reference
and scientific basis.

2. Lithofacies paleogeography research and mapping
(1) Research on point

The research on point includes the sedimentary facies,
sedimentary microfacies, rock types and characteristics,
geochemical characteristics, mineral composition character-
istics and vertical variation law of source rocks, in order to
clarify the relevant basic geological characteristics of source
rocks.

The specific approach is, through a large number of
detailed field work, first to carry out the research on the fine
lithology characteristics of source rocks from specific points,
establish the backbone section or even “iron pillar” of the
petrological characteristics of source rocks and then carry
out the fine research on the types and characteristics of
sedimentary microfacies (rock). If conditions permit, the
observation and research of cores can also be strengthened.
On this basis, through a certain degree of fine sampling,
TOC, Ro and other parameters of source rocks reflecting
shale gas development conditions are analyzed, various
indoor identification, analysis, laboratory test and compre-
hensive research work are carried out, the variation law on
the profile is summarized, and different gas-bearing source
rock segments on a single point are divided. Through geo-
chemical analysis, the types and contents of conventional
minerals and clay minerals in different gas-bearing source
rocks sections are analyzed, and their variation laws in
profile and plane are summarized. Combined with the field
and indoor comprehensive research results, the formation
environment of different gas-bearing source rocks segments
is further determined. Finally, establish a comprehensive
histogram of the development characteristics of source rocks
on the point, comprehensively clarify the various charac-
teristics of the development of different gas-bearing source
rocks segments from the point and complete the first goal of
the shale gas geological survey.

(2) Research from point to surface

The research from point to surface is mainly to conduct
vertical sedimentary sequence and horizontal comparison,
clarify the spatial distribution law of source rocks and the
vertical and horizontal changes of shale gas development
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conditions and prepare single-factor maps of shale gas
development conditions.

After comprehensively clarifying the development char-
acteristics of different gas-bearing source rocks segments at
each point, through the field profile connection and drilling
well-connection profile, comprehensively analyze the
thickness, TOC, Ro, mineral composition, occurrence and
distribution of different gas-bearing source rocks segments
from point to surface and then analyze their vertical and
horizontal variation laws. If possible, it is also necessary to
study the buried depth through seismic and detailed drilling
data to further clarify the temporal and spatial distribution
law of source rocks and their characteristic conditions, such
as area, and prepare various single-factor maps of shale gas
development conditions.

(3) Lithofacies paleogeography research and mapping

With the mapping idea of “tectonic controlled the develop-
ment of basins and sedimentary basins controlled the devel-
opment of sedimentary facies”, on the basis of the above two
studies, through the research and mapping technology of
lithofacies paleogeography, it shows the variation law of the
thickness and range of source rock development, the evolu-
tion law of favorable sedimentary (micro)facies, the variation
trend of buried depth, etc. and then comprehensively com-
piles the favorable sedimentary (micro)facies map and
lithofacies paleogeography map of shale gas development.

Through the research of the above steps, we can clarify
the temporal and spatial distribution law of source rocks, that
is, the second task of the shale gas geological survey.

3.3 Optimization of Prospective Area,
Favorable Area and Target Area

(1) Optimization of prospective area

After completing the basic research content of point 2, the
shale gas geological survey work area has the basic condi-
tions for the optimization of shale gas scenic spots. Only
according to the actual situation of different areas of shale
gas geological survey work, different evaluation factors for
shale gas development should be selected, such as rock and
mineral data of gas-bearing shale or 1-3 parameters such as
thickness and distribution range comprehensively deter-
mined according to TOC and Ro of source rock; on the basis
of lithofacies paleogeographic map, the scope of shale gas
prospect can be basically defined by stacking relevant
parameters and their isoline map with superposition method.
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(2) Optimization of favorable area

Firstly, on the basis of detailed basic geological research
such as point, line and plane and lithofacies paleogeography
mapping, further carry out the research on fine favorable
sedimentary microfacies and even fine favorable lithofacies
of shale gas development, select more favorable gas-bearing
shale intervals and prepare more elaborate lithofacies pale-
ogeography map. Secondly, different evaluation parameters
affecting shale gas development are comprehensively stud-
ied and selected based on more detailed lithofacies paleo-
geographic map and the actual situation of different zoning
of shale gas geological survey. Generally, TOC (which can
be divided into different standards such as >1.0%
and >2.0%) and Ro are the main geochemical indicators of
source rocks, combined with the research results of the
mineral composition of source rocks. In the favorable sedi-
mentary microfacies belt where the source rocks are devel-
oped, the superposition method is further used to stack the
relevant parameters and their isoline map to couple the
favorable blocks where the source rocks are developed.
Finally, combined with the data obtained from the previous
study on the gas content of source rocks and the preliminary
data of resource potential, the areas with better compre-
hensive conditions are further selected in the coupled
favorable blocks for the development of favorable source
rocks as the preferred areas for the development of shale gas.

(3) Optimization of target area

Similarly, based on the lithofacies paleogeographic map and
step (2), within the scope of the selected favorable area, the
research results and maps of the reservoir capacity of source
rocks (including the map of reservoir space type, reservoir
physical properties, reservoir fractures and their change law,
reservoir porosity, permeability and other data and index
change map), the research data and results in map of dia-
genesis, the buried depth and occurrence of source rocks and
other maps can be further superimposed and improve the
geochemical index parameters reflecting the development
degree of shale gas (e.g., increase the data of TOC contour
map to more than 3.0%). Finally, according to the specific
situation of shale gas geological survey zoning, we can
comprehensively optimize the hydrocarbon source rocks
development which are suitable for commercial develop-
ment, that is, the shale gas development target area, con-
sidering the preservation conditions such as structural faults
and other factors that need to be considered in industrial
exploration and development.

Through the step-by-step method in Figs. 3.3 and 3.4, the
third task of the shale gas geological survey, such as the
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Fig. 3.4 Schematic diagram of
the working method of shale gas
geological survey

Favorable structural units such as
back-uplift basin and foreland basin

Favorable area

—Perspective area

Gray blnck, black silty shale facies

optimization of shale gas development prospect area, favor-
able area and target area, can be completed. In conclusion, the
basic task of the shale gas geological survey can be better
completed. In this process, the author emphasizes the theo-
retical basis and guiding role of lithofacies paleogeography
research and the understanding of lithofacies paleogeography
mapping technology as a key technical method.
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Abstract

Taking the Ordovician Wufeng Formation-Silurian Long-
maxi Formation as an example of shale gas development
in the Southern Sichuan Basin and its periphery.
According to the guiding of “Lithofacies paleogeograph-
ical research and mapping compilation can be a guide for
shale gas geological survey” and methods of area
selection evaluation, lithofacies paleogeography and basic
geological conditions of shale gas of the Ordovician
Wufeng Formation-Silurian Longmaxi Formation in this
area have been carefully studied, and potential shale gas
areas have been selected.

Keywords

Ordovician Wufeng Formation—Silurian Longmaxi
Formation e Lithofacies paleogeography ¢ Shale gas
geological survey ¢ Shale gas evaluation ¢ Southern
Sichuan Basin and its periphery

4.1 Regional Geological Profile

4.1.1 Location of the Study Area

The Sichuan Basin belongs to a secondary structural unit of
the Yangtze quasi-platform. It’s a superimposed basin
developed on the basis of the Upper Yangtze Craton Basin.
It’s a Mesozoic and Cenozoic basin. The Himalayan
Movement was fully folded and finally formed into a tec-
tonic basin with a diamond-shaped boundary (Bai 2012).
The Sichuan Basin is located in the west of the Yangtze
quasi-platform, with the Micangshan uplift-Dabashan fold
belt in the north, the Emeishan-Liangshan thrust belt in the
south, the Longmenshan orogenic belt in the west, and the
Hunan-Guizhou-Hubei thrust belt in the east (Su et al. 2007,
Zeng et al. 2011) (Fig. 4.1). The study area is located in the
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Southern part of the Sichuan Basin, including Southeastern
Sichuan, Western Chongqing, Northern Guizhou and
Northeastern Yunnan. The Huaying line is mainly the area
bounded by the Emeishan-Liangshan thrust belt and the
Hunan-Guizhou-Hubei thrust belt (Fig. 4.1).

4.1.2 Regional Geological Background

1. Regional structure

In the long tectonic and sedimentary evolution history,
the Sichuan Basin and the Yangtze region have experienced
multi-period and multi-directional marginal deep fault
activities, which are characterized by multiple cycles.
According to the regional tectonic features, current tectonic
traces and previous research results (Sichuan Provincial
Bureau of Geology and Mineral Resources 1991), the basin
is divided into three structural regions bounded by two deep
and large faults, Huaying Mountain and Longquan Moun-
tain, from Northwest to Southeast. They are the depression
area (Northwest Sichuan), the uplift area (central Sichuan)
and the depression area (Southeast Sichuan); they are further
divided into six sub-level tectonic zones, from Northeast to
Southwest, and they are the high-steep fault-fold belt in
Eastern Sichuan, Low and steep fault-fold belts in Southern
Sichuan, low and gentle fault-fold belts in SouthWestern
Sichuan, gentle fault-fold belts in central Sichuan, gentle
fault-fold belts in Northern Sichuan, and low-slow fault-fold
belts in Western Sichuan. The study area mainly includes the
SouthWestern Sichuan paleo-uplift structural belt, the
Southern Sichuan low and gentle anticline structural belt, the
central Sichuan low-flat structural belt, the Western Sichuan
low uplift structural belt and the Southern part of the eastern
Sichuan high-steep fault-fold belt, and the Wuling fold belt
around the basin is properly considered. The Western part of
the Northeastern Yunnan thrust fold belt and the Northern
part of the broad and gentle fold belt in the NorthWestern
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Fig. 4.1 Location of sampling sites and the study area (modified from Huang et al. 2012c)

Guizhou (Fig. 4.1). This area is one of the areas with the best
shale gas exploration potential in the Upper Yangtze region.
At present, shale gas breakthroughs have been achieved in
the lower assemblage of Weiyuan, Changning and its adja-
cent Zhaotong, Pengshui, Qianjiang and Fuling blocks. The
potential of rock gas resources is good.

2. Sedimentary tectonic evolution

The geological pattern of the main body of Southern Sichuan
and its periphery is closely related to the tectonic evolution
of the entire Sichuan Basin and even the middle and Upper
Yangtze region. In the long tectonic and sedimentary evo-
lution history, the Sichuan Basin and the Yangtze region
have experienced multi-period and multi-directional mar-
ginal deep fault activities, which are characterized by mul-
tiple cycles.

(1) Yangtze tectonic cycle

Including the Jinning Movement and the Chengjiang Move-
ment, the Jinning Movement is the most important, which
made the Pre-Sinian geotrough folds return, and the Yangtze
quasi-platform was generally consolidated into a unified base.
The late Upper Proterozoic was the initial stage of the sedi-
mentary caprock of the Yangtze quasi-platform. On the

paleotopographic background of crystalline basement and
folded basement, in the Early Sinian, the ancient land was
located in the west of the Qianjiang River and Duyun line, and
the sediments were dominated by rifted terrigenous clastic
rocks along the Dongrongjiang River and Huaihua (Nantuo
Period) was the Great Ice Age, including large areas to the east
of Yibin and Chongqing covered by glacial moraine con-
glomerates. In the late Sinian, the initial characteristics of
relatively stable passive continental margins began to appear.
The Doushantuo period was the transgressive sedimentation
after the melting of glaciers during the Great Ice Age. The
uneven seafloor topography was characterized by relatively
occluded, anoxic and open environments. The sedimentary
black shale is mainly composed of two sets of different com-
binations of argillaceous dolomite and phosphorite, and
purple-red, yellow-gray sandy mudstone, and argillaceous
dolomite with phosphorite. During the Dengying Period in the
Late Sinian, the characteristics of the sea basins were high in
the west and low in the east, shallow in the west and deep in the
east.

(2) Caledonian sedimentary tectonic cycle
The Zhijin Movement (or Tongwan Movement) at the end of

Sinian was characterized by large-scale uplift, and the upper
part of the Dengying Formation was extensively denuded,
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especially in Southern Sichuan and Northern Guizhou. The
Lower Cambrian Niutitang Formation was overlying differ-
ent layers of the Dengying Formation. Above, there is an
uneven erosion surface. The Early Cambrian continued to
develop on the basis of inheriting the paleogeomorphic
pattern of the Late Sinian, and the sea basin was still clearly
characterized by a continental surface sea that was high in
the west and low in the east and shallow in the west and deep
in the east. Due to the deepening of the water body and the
occurrence of anoxic events in the early Cambrian, the black
carbonaceous shale and silt shale of the Niutitang Formation
were deposited, with a thickness of 50-200 m, which was
the main source layer in this area, and gradually transitioned
to it contains sandy shale, interbedded sand and mudstone,
and limestone assemblages in the late stage. In the Middle
and Late Cambrian, a semi-limited to lagoon facies deposi-
tional environment appeared in a large area, and sandy shale
and interbedded sand mudstone were deposited. The
Yunnan-Guizhou Movement at the end of the Cambrian
period led to the occurrence of NE-trending underwater
uplifts in the early Ordovician in the central and Northern
Guizhou regions south of Southeastern Sichuan, and a set of
limestone assemblages were deposited.

In the middle and late Ordovician—Silurian, due to the
Westward subduction of the ancient Pacific plate, the passive
continental margin, which was relatively stable, began to
move, and the Southern part of the Upper Yangtze Platform
was uplifted as a whole. The Wan Formation has been
denuded in a large area, and some areas have been denuded
to the Honghuayuan Formation. The Leshan-Longnvsi uplift
in Sichuan, the central Guizhou-Eastern Yunnan uplift and
the Southern Xuefeng uplift in Guizhou all uplifted rapidly
at this time, during which the Sichuan-Guizhou depression
appeared in the Southeastern Sichuan region, and the
depositional Wufeng-Longmaxi period was relatively
closed. The stagnant and anoxic intraplatform basin facies
strata are another set of high-quality source rocks.

The Guangxi Movement at the end of the Silurian period
led to the splicing of South China and the Yangtze Platform
to form a new South China Block, also known as the South
China Plate. The differential uplifting and uplifting in the
plate formed the uplifting pattern, and the uplift of the
NE-trending South China fold belt and the Western platform
area announced the end of the Caledonian tectonic cycle. At
the same time, it was the Hercynian tectonic development.
The Southern continental margin rift laid the foundation.

(3) Hercynian cycle
After the Guangxi Movement, it was not until the Late

Devonian that the Devonian-Carboniferous sediments with
small thickness were “filled and filled” in the Northern and

77

Eastern regions of Southeastern Sichuan. Since most of the
Southeastern Sichuan region has been in the paleoconti-
nental environment, and the Yunnan Movement at the end of
the Carboniferous was uplifted and denuded again, the
Devonian-Carboniferous deposits were missing.

In the Early Permian, due to the rise of global sea level,
seawater swept and submerged the entire Yangtze paleo-
continental area from south to north, depositing thicker
shallow-water carbonate rocks; influenced by the role, a
regional Dongwu movement emerged.

In the Late Permian, the water body deepened from west to
east. In the early period (Wujiaping period), the west was high
in the west and the east was low, the west was sand mudstone of
alluvial plain facies, and the east was coastal plain facies
coal-bearing sand mudstone; in the late period (Changxing
period), the water body deepens, forming littoral-neritic
sediments.

The Early and Middle Triassic basically inherited the
paleogeographic features of the end of the Late Permian. At
the beginning of the Early Triassic, the sedimentary envi-
ronment in Southeastern Sichuan was dominated by the
coastal plain, and the main sedimentary strata were shale and
siltstone; in the Triassic, the degree of sealing of the sea
basin was increased, and the sediments of dolomite and
argillaceous dolomite were the main ones. Vertically, the
water regression cycle combination of sandstone, limestone,
dolomite, and gypsum is formed.

(4) Hercynian cycle
Indosinian cycle (Foreland uplift evolution stage)

At the end of the Middle Triassic, due to the rapid closure of
the Paleo-Tethys Ocean, with the Western and Northern
margins of the Yangtze block and the Qiangtang block,
respectively, from Northwest to Southeast, while the North
China block occurred in two directions from north to south.
High-angle collision caused strong compression, deflection
and subsidence of the lithosphere in the Songpan-Ganzi area
on the west side of the Yangtze block and the Southern
Qinling area on the Northern margin to form a “peripheral
foreland basin” (Zheng et al. 2012). During the Late Indo-
sinian Movement in the Late Triassic (Nori-Reti period), due
to the comprehensive return of the Ganzi-Aba trough area,
the Longmen Mountains in the Northwest of the Sichuan
Basin were strongly depressed and entered the evolutionary
stage of the Western Sichuan-like foreland basins. The
subsidence sloping from east to west forced the foreland
uplift to migrate rapidly to the Southeast, thus causing the
Southeastern Sichuan region to enter the foreland slope belt
gently sloping to the Northwest, and then the Late Triassic
Xujiahe Formation occurred from Northwest to Southeast
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The extended sedimentary overlay, characterized by the
rapid increase in the thickness of the deposits from east to
west, formed a large-scale front of the coastal- lake-fluvial
coal-bearing  clastic  lithofacies and the Eastern
lacustrine-fluvial coal-bearing clastic facies from west to
east. The continental-continental lake basin has since ended
the marine sedimentary history of the whole region and
ended the 2300 Ma marine sedimentary history in Southern
China from the Lvliang Period to the Late Triassic.

(5) Yanshan cycle (evolutionary stage of preland uplift and
post-depression)

Since the Yanshan Movement that began in the Jurassic, due
to the Westward oblique subduction of the Pacific plate, the
tectonic activity belt has shifted from the Longmen Moun-
tains in the Northwest of the Indosinian Basin to the South-
east of the basin. Thrust and nappe, intracontinental
depression appeared on the Northwest side of the ancient land
and was strongly connected with the Southern side of the
Dabashan Ancient Land, forming the depression in Wanxian,
Nanchuan and Gulin, and the relative uplift in the west of
Lzhou and Chishui. The basin area extends to the Jiangnan
Ancient Land in the east, the Longmen Mountain Ancient
Land in the west, and the Daba Mountain Ancient Land in the
north. In the sedimentary background of the Western Sichuan
foreland basin, the depression is more of a post-uplift
depression after the foreland uplift (Luzhou-Dachuan), and
this pattern continued until the end of the Jurassic.

(6) Late Yanshan-Himalayan cycle (foreland shrinking,
decaying evolution stage)

From the end of the Jurassic to the late Early Cretaceous, due
to the oblique subduction of the Pacific plate, further lateral
compression of the Yangtze plate was formed, and the main
episode of the Yanshan movement appeared, leading to the
shrinking of the depositional range of the foreland basin. At
the end of the Early Tertiary and the middle Eocene, there
was a strong fold fault movement in Eastern Sichuan and a
strong fold fault and nappe movement in Western Sichuan
between the New and Old Tertiary collectively referred to as
the Sichuan Movement, which was the first episode of the
Himalayan Movement. The time is early in the east and late
in the west; that is, the early period is the middle and late
Eocene of the Tertiary, and the late period is between the
new and old Tertiary. The Sichuan Movement ended the
depositional history of large continental lake basins, and it
was an important period for the formation of the current
tectonic pattern of the Sichuan Basin’s compressional folds.
More folds in Southeastern Sichuan were formed at this

stage, and then the Himalayan Movement Phase II and
Himalayan Movement Phase IIT uplifted. The transformation
is further shaped.

The Sichuan Basin belongs to the Middle and Upper
Yangtze Craton Basin. The Yangtze Craton Basin completed
cratonization in the late Paleoproterozoic (about 1800-1600
Ma) and is one of the oldest continental block basins in
China. Its Western boundary is the Honghe fault-
Longmenshan fault, the Northern boundary is the Micang-
Daba fault-Chengkou-Xiangfan fault-Jiujiang-Huai'an fault,
and the Southeast is “loosely connected” with the Cath-
aysian Basin in the territory of Zhejiang, Jiangxi, Hunan and
Guangxi. Huang et al. (2011) divided the Sinian-Middle
Triassic craton evolution process of the Middle and Upper
Yangtze into four stages based on the differences in the
nature and characteristics of the basins in different periods:
Stage I, Sinian-Early Ordovician, in an extensional envi-
ronment, it has the characteristics of evolving from an early
rift basin to a rift basin, the sedimentary formation is dom-
inated by carbonate rocks, and the profile structure is com-
posed of two large cycles with gradually increasing
carbonate rocks (Sinian and Cambrian); the second stage, the
late Early Ordovician—Silurian, was in a compression stress
environment, the nature of the basin was an inherited com-
pression depression type basin within the craton, and the
craton margin was generally compressed and uplifted. It is a
basin structure bounded by uplift divisions. The sedimentary
formations are dominated by clastic rocks and mixed types,
and the profile structure has a trend of decreasing carbonate
rocks and increasing clastic rocks; in the third stage,
Devonian-Carboniferous or early Permian, under the back-
ground of the overall uplift of the Middle and Upper
Yangtze after the Caledonian Movement, the craton margin
was in an extensional environment. The nature of the basin
was dominated by craton margin rift basins, and the sedi-
mentary construction was controlled by regional structural
characteristics, mainly carbonate rock type and mixed type,
and the profile structure has an upward trend of increasing
carbonate rock. Stage IV, Permian-Middle Triassic, the
stress environment changed from the extensional environ-
ment of the Dongwu Movement to the compressional
environment of the Indosinian period. The nature and evo-
lution of the basin were obviously differentiated, and the
formation of carbonate rocks was dominant; under the
influence of tributary movement, the seawater exited the
Middle and Upper Yangtze region and was in a regional
compression environment. The nature and evolution of the
basin have undergone strong changes, and it has the prop-
erties of foreland basins and its sedimentary filling charac-
teristics, thus opening a new history of basin evolution in the
Middle and Upper Yangtze region.
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4.1.3 Stratigraphic Division and Comparison

4.1.3.1 Regional Stratigraphic Characteristics

In the Upper Yangtze region, including Southern Sichuan
and its periphery, the basement is the Upper Archean-
Mesoproterozoic crystalline basement and the Sibao-Jinning
folded basement, except for some areas where the Ordovi-
cian, Silurian and Devonian are missing. In addition to the
Carboniferous strata, the Sinian-Jurassic strata are developed
(Table 4.1). Controlled by structural conditions and sedi-
mentary systems, during the Early Cambrian Niutitang
Period, the Late Ordovician-Early Silurian Longmaxi Per-
iod, the Late Permian Longtan Period, the Late Triassic
Xujiahe Period, and the Early Jurassic Artesian Period
Abundant organic-rich shale is deposited. The Lower Pale-
ozoic organic-rich shale in Southern Sichuan is mainly
developed in the Niutitang Formation, Wufeng Formation
and Longmaxi Formation.

1. Nanhua

The Nanhua System is the filling and filling sediments on the
basis of the Neoproterozoic rift, mainly depositing the
Nantuo Formation continental moraine, which transitions to
marine moraine along the Southeast direction.

2. Sinian

A set of cap dolomite is generally developed at the bottom of
the Sinian Doushantuo Formation, which transitions to mud
shale upwards, the bottom “ice cap” dolomite is an important
comparison mark in the region, with a general thickness of 50—
80 m. The fourth member of the Doushantuo Formation is an
organic-rich lithological member, which is in pseudo-
conformity contact with the underlying Nantuo Formation.
The Dengying Formation can be divided into four members,
the first member of Dengying Formation is algae-poor dolo-
mite, the second member of Dengying Formation is algae-rich
dolomite, crust-like dolomite, algal reef dolomite, the top
dissolved pores are developed, and the storage capacity is
good; It is gray feldspar quartz sandstone, gray-brown,
purple-brown, light gray to dark gray mud shale, 10-50 m
dark gray mud shale developed in the central Sichuan area and
has certain hydrocarbon generation potential; the Deng 4
Member is algal laminar dolomite, siliceous dolomite; inte-
grated contact with the underlying Doushantuo Formation.

3. Cambrian
The lower Cambrian area in SouthWestern Sichuan is the

Maidiping Formation. The lithology is mainly phosphorus-
bearing dolomite and siliceous dolomite. It is characterized
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by the appearance of small shell fossils. A set of regional
organic-rich shale intervals are deposited in the Qiongzhusi
Formation; the lower part is gray to gray-black mud shale,
and the upper part is gray to dark gray silty mud shale;
pseudo-integrated with the underlying Maidiping Formation
Contact, some areas can be respectively contacted with the
fourth segment of the lamp, the third segment of the lamp,
and the second segment of the lamp. The Canglangpu For-
mation is a neritic clastic rock deposit that integrates with the
underlying Qiongzhusi Formation. The Longwangmiao
Formation is mainly composed of a set of carbonate rock
deposits in arid environment. The lithology is mainly com-
posed of oolitic limestone, granular dolomite intercalated
with argillaceous dolomite and gypsum-salt rock, with good
storage capacity. Group integration contacts. At the bottom
of the Niutitang Formation in Northern Guizhou, black
carbonaceous mudstone and siliceous rock are interbedded
rhythmically with phosphorus nodules; a set of black car-
bonaceous mudstone is generally developed in the lower
part, rich in pyrite, 40—120 m thick, and the distribution is
stable. It is a strip of dark gray, gray-green mud shale
intercalated with siltstone, about 30-50 m thick. Mingxinsi
Formation and Jindingshan Formation are demarcated by
gravel-bearing quartz sandstone and quartz sandstone in
Northern Guizhou area. The lithological assemblage is close,
mainly gray-green mudstone and siltstone interbedded with
limestone, and the siltstone gradually increases upwards.
The lithology of the Douposi Formation in the Cambrian
Middle and Upper Series in the Western Sichuan-Southern
Sichuan area is argillaceous quartz siltstone intercalated with
argillaceous dolomite, which is in contact with the under-
lying Longwangmiao Formation. The carbonate deposition
in the evaporative environment of the Xixiangchi Formation
is composed of micrite microcrystalline dolomite and gran-
ular dolomite intercalated with gypsum-salt rock, with
well-developed dissolved pores and good storage capacity,
which is in integrated contact with the underlying Douposi
Formation. The Cambrian Middle-Upper System in the
Northern area of Guizhou is a large set of carbonate for-
mations, and carbonate platform facies are deposited. The
lithology of the Gaotai Formation is gray sand, argillaceous
dolomite intercalated with mica-quartz sandstone and cal-
careous shale, and gypsum or gypsum-bearing sediments are
developed in local intervals. The main body of Loushanguan
Formation is gray medium-thick layer—mass dolomite,
dolomitic limestone and limestone, with local development
of sandy limestone and oolitic limestone.

4. Ordovician

The lower Ordovician is the Tongzi Formation and the
Honghuayuan Formation. The lithology is mainly light gray
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Table 4.1 Lower Paleozoic strata division of Sichuan Basin and its periphery (modified from Qian et al. 2012)
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Paleozoic Silurian
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Gray-green, gray-yellow shale, siltstone sandwiching
siltstone, biotite lenticular

Dark gray, dark gray marl, siltstone with thin bioclastic tuff,
muddy siltstone, sandy marl, tuberous marl and calcareous
mudstone

The upper part is dark gray mudstone interspersed with
chalky mud shale, and the lower part is black shale rich in
penstones

Gray, dark gray biogenic tuffs, mudstones and
ferromanganese mudstones with Hernandezite

Black silica-bearing graywacke shale, topped by common
dark gray marl

Gray and light gray verrucose marl

Light gray, gray bioclastic-bearing horseshoe tuff

Gray, dark gray bioclastic-bearing tuffs and muddy tuffs
occasionally interspersed with shales

Upper part gray and gray-green shale with siltstone shale
interbedded with tuff. Middle part yellow-green siltstone
interbedded with dark gray mud-bearing tuff. Lower
yellow-green shale, siltstone shale interbedded with biotite
tuff lenses

Gray and dark gray bioclastic tuffs interspersed with small
amounts of shale, dolomitic tuffs and sandy tuffs,
commonly containing siliceous bands (nodules)

Upper gray and gray-yellow shale, dark gray bioclastic tuff
and oolitic tuff, lower light gray and gray dolomitic tuff,
gray dolomite, muddy dolomite interspersed with shale
bioclastic tuff, sandy tuff and oolitic tuff

Dolomite with fine-grained quartz sandstone underlain by
cloudy mudstone

Dolomite, mud-bearing dolomite and chert with gypsum

Mud-bearing quartz siltstone

The lower section is dominated by tuffs, and the upper
section is dolomite interspersed with muddy claystones

Mud shale, muddy siltstone and siltstone interbedded with
chert

Mud and sandstone dominate, with more chert in the lower
part

The mudstone and silt-bearing mudstone are dominant,
interspersed with siltstone. Pseudo-integrated contact with
the Meishucun Formation

Dolomite with siliceous rocks

Mudstone is dominated by dolomite at the bottom and
sandy mudstone with colloidal phosphorite nodules at the
top

Remarks

Local
distribution

Local
organic-rich
mud shale
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to gray granular limestone, intercalated with mud shale, and
gradually transitions to dolomite in the Northern Guizhou
area. It is better to integrate and contact with the underlying
Cambrian system. The Meitan Formation is mainly com-
posed of marine clastic rocks, the upper part is gray and
gray-green shale, and the silty shale is intercalated with
limestone; the middle part is interbedded with yellow-green
siltstone and dark gray argillaceous limestone; the lower part
is yellow-green shale. It is composed of silty shale interca-
lated with bioclastic limestone lenses; in the Eastern Guiz-
hou and Western Hunan and Hubei areas, it transitions to the
purple-red nodular marl deposits of the Dawan Formation,
which integrates and contacts with the underlying Hon-
ghuayuan Formation. Shizipu Formation, Baota Formation
and Linxiang Formation are mainly gray to dark gray bio-
clastic limestone, bioclastic tortoise-cracked limestone,
mixed with purple-red bioclastic limestone, unstable in dis-
tribution, and missing uplift in the middle of Guizhou; they
are integrated and contacted with each other, and also inte-
grated contact with the underlying Meitan Formation. The
lithology of the Wufeng Formation is gray-black to black
mud shale and siliceous mud shale, with abundant grapto-
lites, stable distribution and good hydrocarbon generation
potential; it is in integration and contact with the underlying
Linxiang Formation. The lithology of Guanyingiao Forma-
tion is dark gray bioclastic limestone and bioclastic marl,
radiant coral, Hirnantianbei, and Dalmania are the “fash-
ionable” biological assemblages in this formation. Besides,
crinoids stem fragments can also be seen. The Northeastern
part of the Sichuan Basin is missing, and it is an important
marker layer for shale gas exploration; it is in contact with
the underlying Wufeng Formation.

5. Silurian

The lower part of the Silurian is the Longmaxi Formation,
which is an important interval for shale gas exploration; the
lower part is dark gray to gray-black mud shale, rich in
graptolites, 30-120 m thick, and the upper part is gray to
dark gray silty mud shale mixed with siltstone or banded and
lenticular limestone, the distribution is unstable; most areas
are in contact with the underlying Guanyingiao Formation,
and the uplift near the middle of Guizhou is gradually in
pseudo-conformity contact. The lithology of the Shiniulan
Formation is dark gray, dark gray mud shale, silty sandy
mudstone intercalated with thin bioclastic limestone,
argillaceous siltstone, sandy marl, nodular marl and cal-
careous mudstone. Banded coral reef limestones are devel-
oped in the Southern Sichuan and Northern Guizhou areas.
Fossils such as corals, sponges, nucleoids, brachiopods and
trilobites are found, which are in contact with the underlying
Longmaxi Formation. The Hanjiadian Formation is
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composed of gray-green, purple-red mud shale, silty mud
shale and calcareous siltstone, with well-developed tidal
bedding, prosperous benthic organisms such as brachiopods,
gills and trilobites, with layered remains and burrows.
Drilling holes and wave marks are abundant. It is in con-
formity with the underlying Shiniulan Formation, and in
contact with the overlying Permian pseudo-conformity, and
most areas lack the Middle and Upper Silurian deposits.

4.1.3.2 Stratigraphic Characteristics
of the Ordovician Wufeng
Formation-Silurian Longmaxi Formation

In the actual research process of shale gas development, we
usually think that the black shale of the Wufeng Formation
and the black shale of the Longmaxi Formation are the same.
There is usually a shell layer “Guanyingiao Formation”
between the Longmaxi Formation and the Guanyingiao
Formation. The Guanyingiao Formation is deposited
between two sets of black shale, which are generally crustal
marl, dolomitic limestone, claystone, etc., and its biological
assemblage has obvious environmental indications. Small
Dalmania (trilobites), Hirnantianbei fauna (brachiopods),
corals and crinoids are commonly developed. The sedi-
mentary thickness is usually only ten to tens of centimeters.
Hirnantianbei fauna is in an ecological location. It is
equivalent to benthic assemblage BA2-3, mainly BA3, and
the water depth does not exceed 60 m (Fang et al. 1993;
Rong 1984; Rong and Chen 1987). The lithofacies assem-
blages also indicate that the Guanyinqiao Formation is
shallower than the deep-water shelf at the bottom of the
Wufeng Formation and Longmaxi Formation (Chen 2018;
Li et al. 2009a; Liu et al. 2012c; Mu et al. 2014; Wang 2016;
Wang et al. 2015b, c; Su 2017). It is confirmed from the side
that although the Wufeng Formation and the Longmaxi
Formation are both black shale, their black shale formation
mechanisms are different, Yan et al. (2009a, b, 2010a),
Zhang et al. (2000), Zhou et al.(2015) and Zou et al. (2018)
five peaks- Corresponding geochemical analysis of the sur-
face profile samples of the Longmaxi Formation shows that
the sedimentary water bodies in South China experienced a
change process of anoxic-oxygen-enriched-anoxic from the
end of the Late Ordovician to the beginning of the Early
Silurian. The black pages of the Wufeng Formation and the
Longmaxi Formation although the rocks were deposited in
an anoxic water environment, their genetic mechanisms are
different.

(1) Biostratigraphy
The black shale of Wufeng Formation-Longmaxi Formation

spanned the Ordovician and Silurian ages. It spans the
Ordovician Kaidi Stage, Hirnantian Stage, Ludan Stage,
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Elonian Stage and Trechi Stage, and there are 13 corre-
sponding graptolite belts in total (Chen et al. 2006c; Fan
et al. 2012; Chen et al. 2015, 2017, 2018).

Among them, the global standard stratotype profile and
point (GSSP) of the Henantian at the top of the Ordovician
fall on the Wangjiawan profile in Yichang, Hubei-
Nankinolithus band, Dicellograptus complexus band and
Paraorthograptus pacificus band. The Paraorthograptus
pacificus belt is further divided into three sub-zones, namely
Lower Subzone, Tangyagraptus typicus and Diceragraptus
mirus. The Hirnantianian contains two graptolithic belts. The
bottom is the Normalograptus extraordinarius graptolithic
belt, which corresponds to the top strata of the Wufeng
Formation. The upper part is the Persculptograptus per-
sculptus graptolithic belt corresponds to the black shale at
the bottom of the Longmaxi Formation. The Rudanian
contains four graptolite belts, from bottom to top, the Aki-
dograptus ascensus belt, the Parakidograptus acuminatus
belt, the Cystograptus vesiculosus belt and the Corono-
graptus cyphus belt. The Elonian includes three graptolite
belts, from bottom to top, the Demirastrites triangulates belt,
the Lituigraptus convolutes belt and the Stimulograptus
sedgwickii belt. The Trechianian contains two graptolite
belts, from the bottom to the top, that are the Spirograptus
guerichi Zone and the Spirograptus turriculatus belt.
According to the current data, in the black graptolite shale of
the Longmaxi Formation in the Yangtze Platform, only the
Spirograptus guerichi belt, the bottommost graptolite belt of
the Trechian stage, has been found. In order to facilitate the
division and comparison of the Ordovician and Silurian
black shale underground formations, Academician Chen
et al. (2015) used WF and LM to refer to the corresponding
graptolitic belts and then used to divide and compare the two
sets of the Wufeng Formation and the Longmaxi Formation.
For black shale, for example, WF3 is called the “Wusan
member”, that is, the third graptolite zone of the Wufeng
Formation; LM2 is called “Longer member”, the second
graptolite zone of Longmaxi Formation.

(2) Lithostratigraphy

From the end of the Late Ordovician to the beginning of the
Early Silurian, there are three target layers in total. From
bottom to top, they are Wufeng Formation, Guanyingiao
Formation and Longmaxi Formation. The characteristics of
each group from bottom to top are briefly described as
follows.

(1) Ordovician Wufeng Formation

The Wufeng Formation, which evolved from the Wufeng
Shale named by Sun (1931), is characterized by black

graptolite shale and siliceous rocks and is widely distributed
in the Yangtze region. In Eastern Sichuan, its bottom
boundary and the Linxiang Formation or the nodular lime-
stone of Jiancaogou Formation are in conformity with con-
tact, and the top boundary is in conformity with
Guanyinqiao Formation, with a thickness of 3-30 m. It
mainly develops graptolites and a few brachiopods, and
radiolarians or siliceous sponge spicules develop in the
siliceous shale. There are gray-white and brown-yellow
bentonite layers distributed among them, with a single layer
thickness ranging from 0.1 to 40 cm (Sichuan Provincial
Bureau of Geology and Mineral Resources 1991).

(2) Ordovician Guanyingiao Formation

The Guanyingiao Formation was proposed by Sheng (1958)
in the article “Ordovician strata on the border of Sichuan and
Guizhou”. In 1974, it was classified into the Silurian system
and was renamed the Guanyingiao Formation in the 1974
Handbook of Paleontological Fossils in Southwest China
(edited by Nanjing Institute of Geology and Palaeontology)
(Sichuan Provincial Bureau of Geology and Mineral
Resources 1991). The Guanyinqiao Formation is a set of
shell facies sediments, and its lithology is mainly composed
of biological limestone, calcareous siltstone, mudstone or
calcareous dolomite. The Guanyingiao Formation is char-
acterized by the abundance of Hirnantia-Dalmanitina Fauna
(Rong and Chen 1987; Zhou et al. 1993; Zhan et al. 2010a),
and the sedimentary lithology includes biological limestone,
marl rock, sandy limestone, mudstone, etc.; the sedimentary
thickness is relatively small, most of which are in the range
of ten to several tens of centimeters, and the largest is only
more than ten meters.

(3) Silurian Longmaxi Formation

The Longmaxi Formation evolved from the Longmaxi shale
named by predecessors in Longmaxi, Zigui Xintan, Hubei
Province. The lower part of the formation is in contact with
the Guanyingiao Formation and is in contact with the
underlying Ordovician Guanyinqiao Formation. The over-
lying strata are the Silurian Luoreping Formation (formed
with neritic sand and marl near the coast, mainly distributed
in Northern and Northeastern Sichuan)/Shiniulan Formation
(mainly limestone, mainly found in SouthWestern Sichuan)
or Xiaoheba Formation (it is a neritic marl deposit, more
common in Eastern Sichuan and Western Sichuan Basin).
The Permian Liangshan Formation in the central Sichuan
area overlies the Ordovician and Cambrian strata, respec-
tively, and the Lower Silurian Wengxiang Group in the
central Guizhou area directly overlies the Lower Ordovician
Dawan Formation. According to its lithological and
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sedimentary characteristics, the Longmaxi Formation can be
divided into upper and lower members, of which the lower
member is basically the same as the Wufeng Formation. In
the early stage (Glyptograptus perscuptus was brought to
Pristiograptus Leei belt), it inherited the depositional char-
acteristics of the five peaks, mainly black carbonaceous,
siliceous shale and gray-black calcareous mudstone assem-
blages. The deposition rate was slow, and the deposition
time exceeded the Longmaxi period. In the late Longmaxi
(Demirastrites triangulates brought to the Monograptus
sedgwickii belt), it is mainly gray-green in the upper Long-
maxi Formation, yellow-green mudstone, silty mudstone and
siltstone assemblages, usually sandwiched with marl lenses,
are non-black rock series (Zhang et al. 2012). The color
gradually deepens from top to bottom, the sandy quality
decreases, and the organic matter content increases. The
shale generally contains sandy quality, and silty quartz is
locally enriched. The black organic-rich mud shale in the
lower section is thick, usually ranging from 20 to 200 m,
which is an important set of source rocks and a key interval
for shale gas exploration in this area.

4.1.4 Geological Background of Ordovician
Wufeng Formation-Silurian Longmaxi
Formation in the Study Area

From the Sinian to the Early Ordovician, the entire Middle
and Upper Yangtze region was in the background of
extensional rifting, and a stable craton basin was formed
inside the continental block (Huang et al. 2011; Huang et al.
2012c). Mu et al. (2011) pointed out that the Middle and
Upper Yangtze region has generally experienced the evo-
lution from a craton marine basin (Cambrian-Middle
Ordovician) to a craton-based post-uplift basin
(Ordovician-Early Silurian). During the Longmaxi Period of
the Early Silurian, the margins of the Middle and Upper
Yangtze Continent were in the process of compressional fold
orogeny, the Western Sichuan-Central Yunnan Ancient
Land and the Hannan Ancient Land expanded, the Central
Sichuan Uplift continued to expand, and the Central Guiz-
hou Uplift, Wuling Uplift, the Xuefeng uplift and the
Miaoling uplift are basically connected to form the
Yunnan-Guizhou-Guangxi uplift belt, forming a tectonic
pattern of multiple uplifts and one bend, which transformed
the sea area with the characteristics of broad sea in the early
and middle Ordovician into a limited sea area bounded by
the uplift. Continental shelf sedimentary system has the
evolution process of upward and shallower (Su et al. 2007,
Zeng et al. 2011; Liu et al. 2011; Huang et al. 2011),
resulting in a large area of low-energy, undercompensated,
anoxic depositional environment (Mu et al. 2011). The study
area is located in the southern part of the Sichuan Basin,
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close to the Xuefeng Mountain-Central Guizhou
paleo-uplift, and the Central Sichuan Uplift in the north,
which is part of the post-uplift basin of the Yangtze Foreland
Basin (Fig. 4.2).

The distribution and sedimentary evolution of the
Wufeng Formation-Longmaxi Formation sedimentary sys-
tem in the Sichuan Basin are mainly affected by the shifting
and uplifting of the foreland uplifts including the Central
Guizhou Palaeohigh (Guo et al. 2004). During the Late
Ordovician-Early Silurian, a strong global sea-level rise
occurred (Loydell 1998), and a large-scale transgression
occurred, resulting in the formation of a large number of
black organic-rich shale in North Africa and Arabia (Liining
et al., 2005). The Early Silurian Longmaxi period was the
most intense period of compression in Southern China (Guo
et al. 2004; Zhang et al. 2011), and at the same time affected
by global transgression (Rong 1984), the Longmaxi For-
mation formed a set of distribution ranges wide and thick
fine-grained clastic rocks dominated by black shale consti-
tute a regional source rocks series (Guo et al. 2004; Zhang
et al. 2013b). The Middle Ordovician—Silurian was in the
main active period of the Caledonian movement, and the
early ancient land and the paleo-uplift formed due to the
Caledonian movement were the supply areas for terrigenous
clastic provenance (Zeng et al. 2011), it is inferred that the
terrigenous clastic materials mainly come from the foreland
uplift belt including the Central Guizhou paleo-uplift and the
Xuefeng paleo-uplift, and the Central Sichuan paleo-uplift
may only provide dissolved materials (Guo et al. 2004), so
the Early Silurian sedimentary filling has many mixed con-
tinental shelf sedimentary properties of the source (Guo et al.
2004; Zhang et al. 2013b).

4.1.5 Research Ideas and Methods

This chapter is guided by sedimentology, petrology, oil and
gas geology and reservoir geology, on the basis of fully
absorbing domestic and foreign research results, through
detailed observation and description of outcrop profiles in
the whole area, making full use of various macroscopic and
microscopic analysis and geochemical methods for com-
prehensive research. Based on the results of various analyses
and tests, the histogram, cross-section and plane distribution
map of the organic matter content (TOC), thickness and
maturity of organic matter (Ro) and brittle mineral content in
the study area were compiled. On this basis, the lithofacies
and paleogeographic maps of the study area are compiled,
and the distribution characteristics of lithofacies, mineral
components and organic matter in the study area are clari-
fied. Combined with the analysis of the reservoir space, the
types and characteristics of diagenesis in the study area are
given. According to the classification criteria, the
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Fig. 4.2 Upper
Ordovician-Lower Silurian
graptolite zone (according to
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characteristics of diagenesis and pore evolution are deter-
mined. On the basis of the tectonic background, and finally
all the above factors are integrated, the favorable distribution
areas of shale gas in the study area are divided according to
reasonable evaluation criteria. The technical route of the
specific implementation is shown in Fig. 4.3.

The main research object in this book is the black
organic-rich shale developed in the Wufeng Formation of the
Upper Ordovician-Lower Silurian Longmaxi Formation,
which is distributed in the Wufeng Formation and the lower

member of the Longmaxi Formation. Based on the distri-
bution and development of the Ordovician Wufeng Forma-
tion and the Silurian Longmaxi Formation in Southern
Sichuan and adjacent areas, a total of 33 outcrop profiles
covering the whole area were selected for observation
(Fig. 4.4). Data from Wells Changxin 1, Yuye 1, Jiaoye 1
and some old wells and literature data are used to study the
sedimentation-diagenesis of the black rock series of the
Longmaxi Formation and their controlled on shale gas. The
samples used were collected from 33 outcrop profiles and
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Well Daoye 1 covering almost the whole area. The sampling
density was high. The observation profiles were sampled at 1
m intervals, and the 7 measured profiles were at 0.5 m
intervals. A total of 845 samples were collected. In order to
meet the requirements of various analysis, the samples
sampled in the field weigh about 1 kg. Select fresh block
samples to grind thin slices and probe pieces, respectively,
for petrological and mineralogy identification; and select
fresh samples to grind to a particle size of less than 0.2 mm
for the analysis of total organic carbon; under pollution-free
conditions, the fresh samples were crushed into 300 mesh
powder for X-ray diffraction analysis.

The identification of common flakes was done with Zeiss
Axio Scope Al; Electron backscatter diffraction and scan-
ning electron microscope analysis were done on Hitachi
S-4800 scanning electron microscope equipped with electron
backscatter diffraction system (EBSD), and the test standard
was GB/T 17359-1998 “General Principles for Quantitative
Analysis of Electron Probe and Scanning Electron Micro-
scope X-ray Spectroscopy”, the laboratory temperature is 20
°C and the humidity is 40% RH; the electron probe analysis
is using Shimadzu EMPA-1600 electron probe, with
GB/T17359-1998 is the test standard. The laboratory tem-
perature is 20 °C, and the humidity is 58% RH. The above
analysis was completed in the Key Laboratory of Sedi-
mentary Basin and Oil and Gas Resources of the Ministry of
Land and Resources (Chengdu, China).

The argon ion profile-scanning electron microscope
analysis of the samples was completed in the Experimental
Research Center of Wuxi Petroleum Geology Research

Institute, Sinopec Petroleum Exploration and Development
Research Institute and SY/T 5162-1997 (2005) “Analysis
Method of Rock Samples by Scanning Electron Micro-
scope”, the experimental instrument is XL 30 scanning
electron microscope, the experimental temperature is 25 °C,
and the humidity is 50% RH. The X-ray diffraction analysis
results of the whole-rock components and clay mineral
components of the samples were obtained by using a
D8 DISCOVER X-ray diffractometer at a laboratory tem-
perature of 22 °C and a humidity of 30% RH. The mineral
components were quantified. The detection basis of the
analysis is SY/T 5163-2010 “X-ray Diffraction Analysis
Method of Clay Minerals and Common Non-Clay Minerals
in Sedimentary Rocks”; organic matter analysis includes
determination of total organic carbon content, kerogen
microscopy analysis, vitrinite reflectance determination,
Kerogen carbon isotope analysis and rock pyrolysis analysis;
the determination of total organic carbon was obtained by
the American Leco CS-200 carbon and sulfur analyzer, and
the laboratory temperature was 22 °C; the humidity was 30%
RH.GB/T19145-2003 “Determination of Total Organic
Carbon in Sedimentary Rocks” standard; kerogen micro-
scopic analysis is carried out by biological microscope
(Axioskop 2 plus), and the determination standard is SY/T
5125-1996 “Transmitted Light-Fluorescence Kerogen
Microscopy” Component identification and type classifica-
tion method”; vitrinite reflectance according to SY/T 5124—
1995 “Determination of vitrinite emissivity in sedimentary
rocks”, using a microphotometer (MPV-SP), the indoor
temperature is 22 °C, under the condition of humidity of
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45% RH; the carbon isotope of kerogen uses Finngan
MAT-252 isotope mass spectrometer, based on SY/T5238—
2008 “Analysis Method of Carbon and Oxygen Isotopes of
Organic Matter and Carbonate”, at 22 °C, 45 completed in
the experimental environment of 45% RH; rock pyrolysis
analysis according to GB/T 18602-2001 “Rock pyrolysis
analysis” standard, under the condition of indoor tempera-
ture of 24 °C, using oil and gas display evaluation instru-
ment; physical property analysis includes mercury intrusion
analysis and core. For routine physical property analysis, the

detection conditions of mercury intrusion analysis are that
the maximum pressure is 50 MPa, and the detection equip-
ment is 9510-IV type mercury intrusion instrument. The
room temperature is 10 °C, and the humidity is under the
conditions of 22% RH and atmospheric pressure of 1037
HPa; it was completed according to the standard of SY/T
5346-2005 “Determination of Capillary Pressure Curve by
Mercury Intrusion Method”; the conventional physical
property analysis of the core was based on SY/T 5336-2006
“Core Analysis Method”, and the indoor environment was
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Fig. 4.5 Location of outcrop and wells sites of Wufeng-Longmaxi
Formation in Southern Sichuan Basin and its periphery. Sanbaiti of
Huaying, Sichuan (SBTP); Xikou of Huaying, Sichuan (XKP); Daping
of Gulin, Sichuan (GDP); Dajingping of Tianquan, Sichuan (DJP);
Jiading Mountain of Hanyuan, Sichuan (JDSP); Xiashagiang of
Mabian, Sichuan (XSQP); Xihe of E’bian, Sichuan (XHP); Luomurou
of Junlian, Sichuan (LMRP); Suoqiao of Gulin, Sichuan (GTP); Qilin
of Xingwen, Sichuan (XQP); Shuanghe of Changning, Sichuan (CSP);
Lengji of Luding, Sichuan (LQP); Moni of Xuyong, Sichuan (MNP);
Macheng of Xuyong, Sichuan (XMP); Shangtianba of Leibo, Sichuan
(STBP); Yonghe Dongkala of Fenggang, Guizhou (FDP); Zhongshu of
Renhuai, Guizhou (RZP); Hanjiadian of Tongzi, Guizhou (HJDP);
Bayu of Daozhen, Guizhou (DZP); Houtan of Xishuiliangcun,
Guizhou (XLP); Tuping of Zhengan, Guizhou (ZTP); Jige of Jinyang,
Yunnan (JGP); Sutian of Yongshan, Yunnan (STP); Yinchangba of
Yanjin, Yunnan (YYP); Huanggexi of Daguan, Yunnan (DHP);

20 °C, 40% RH and 1025 HPa atmospheric pressure, the
detection conditions are porosity measurement reference
chamber pressure is 0.07 Mpa, analysis and testing instru-
ments are ULTRAPOE-200A helium porosimeter and
ULTRA-PERMTM200 permeability analyzer; mineral
composition analysis, organic matter analysis and physical
property analysis were carried out in the Sedimentation
Laboratory of PetroChina Huabei Oilfield Exploration and
Development Research Institute (Fig. 4.5).

Dashipan of Weixin, Yunnan (WDP); Bajiaotian of Yongshan, Yunnan
(YBP); Xinjing of Yanhe, Chonggiang (XJP); Qiliao of Shizhu,
Chongging (QLP); Guanyingiao of Qijiang, Chongqing (QGP);
Huangcao of Wulong, Chongqing (HCP); Jiangkou of Wulong,
Chongqing (JKP); North Wuchuan, Chongqing (CWP); Gaogiao of
Wuchuan, Chongging (GQP); Sanquan of Dejiang, Chongqing (SQP);
Xiadian of Dejiang, Chongqging (XDP); Zhoujiaba of Yinjiang,
Chongqing (YZP); Zhougong 1 Wwell (ZG1); You 1 Wwell (Y1)
Weiji Well (WJ) Zishen 1 well (ZS1) Laolong 1 well (LL1); Woshen 1
well (WS1) Gongshen 1 well (GS1) Yangshen 2 well (YS2) Anping 1
well (AP1) Gaoke 1 well (GK1) Pan 1 well (P1) Zuo 3 well (Z3) Lin 7
well (L7) Dongshen 1 well (DS1) Lin 1 well (L1) Chi 7 well (CH1)
Daoye 1 well (DY) Jianshen 1 well (JS1) Peng Page 1 Wwell (PY1);
Longsheng 1 well (ZG1) Bao 1 well (B1) Wei 201 well (W201) Jiaoye
1 well JY1)

4.2 Sedimentary Characteristics
and Lithofacies Paleogeography

Since “shale” in shale gas is often used as a geological
formation term, a non-lithologic term (Bust et al. 2013),
shale gas formations are actually mainly composed of
fine-grained sedimentary rocks, rather than “shale” in the
traditional sense. “shale”. Swanson (1961) pointed out that
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black shale (Black Shale) is an organic-rich black mudstone
containing organic matter and silt—clay-grade debris. How-
ever, for the convenience of description, according to the
current research habits, fine-grained sedimentary rocks (mud
shale) are still briefly described as “shale”.

4.2.1 Characteristics of Petrology

and Sedimentary Facies

1. Ordovician Wufeng Formation

According to the field observation description and thin
section identification, the main rock types of the black rock
series of the Ordovician Wufeng Formation in the study
areas are carbonaceous mudstone, carbonaceous siliceous
mudstone, carbonaceous siltstone, carbonaceous siliceous
calcareous mudstone, and siliceous mudstone. Mudstone,
calcium-bearing carbonaceous silty mudstone, carbonaceous
silty mudstone, carbonaceous mudstone, carbonaceous silty
mudstone, carbonaceous silty mudstone, calcium-bearing
carbonaceous silty mudstone, calcareous argillaceous silt
sandstone, silt-bearing carbonaceous calcareous mudstone,
carbonaceous silty-bearing micrite, calcic-bearing carbona-
ceous argillaceous siltstone, carbonaceous calcareous mud-
stone, cloud-bearing silt-bearing carbonaceous mudstone,
cloud-bearing siliceous mudstone, dolomitic mudstone and
marl. Affected by sedimentary differentiation, there is a
certain distribution regularity in vertical and plane. Car-
bonaceous mudstone and siliceous mudstone are mostly
distributed in Luding-Hanyuan in Western Sichuan,
Yibin-Luzhou in Southern Sichuan and Wulong-Shizhu in
Chongqing. Correspondingly, with the increase of carbonate
and terrigenous clastic minerals, carbon-bearing silt-bearing
calcareous mudstone and calcium-bearing carbonaceous
silty mudstone are mostly distributed in the margins of

Table 4.2 Sedimentary

Central Sichuan Uplift, Western Sichuan Uplift-Central
Yunnan Uplift-Central Guizhou Uplift which are E’bia-
n-Yanjin-Weixin-Renhuai-Zheng'an-Tongzi areas.

Under the microscope, the mudstone has two types of
sedimentary structures: massive and laminar, mostly with
silty muddy structure or silty muddy structure, and its clastic
particles are floating in the mud; the amount of terrigenous
clastic particles mostly 10-50%, including quartz, feldspar,
mica, etc., the particle size is usually less than 0.05 mm;
interstitial materials include clay minerals, siliceous and
carbonate cements, and black organic matter in a dispersed
state, the content of which is usually > 50%, authigenic
minerals are mainly pyrite, quartz particles account for more
than 75% of the total debris, clean and bright, good sorting,
average rounding, particle size between 0.02 and 0.05 mm, a
small amount can reach 0.1 mm, the edges of the grains are
mostly metasomatized by carbonate minerals, and the dis-
solution is irregular in the shape of a harbor. Feldspar is
unevenly distributed, its content is less than 8%, and its
particle size is larger than that of quartz. In addition to the
visible albite polycrystal twins and microcline feldspar lat-
tice twins, feldspar is mostly covered by clay minerals or
some carbonate minerals. Replacing, irregular dissolution
edges can be seen. Both biotite and muscovite are devel-
oped, the latter are more numerous, in the shape of thin
strips, with certain compaction deformation, biotite often
corrodes into chlorite and exhibits a certain water swelling
along the cleavage crack. Pyrite is an authigenic mineral
formed in the early stage of sediment formation with low
content, usually less than 5%, but it is ubiquitous, often with
euhedral or semi-eumorphic crystals, or strawberrylike
aggregates, and its intercrystalline pores are developed.

By analyzing the microscopic characteristics of Wufeng
Formation lithology in each section and drilling, the sedi-
mentary facies of Wufeng Formation are divided into several
microfacies according to different lithologic combinations
(Table 4.2).

) el OE Target layer  Sedimentary microfacies Sedimentary Sedimentary
hthofac.les lelSl(.)l’l Qf Wufeng system subfacies facies
Formation organic-rich shale in
Southern Sichuan and adjacent Wufeng Fm | Olomitic claystone + Marl Intertidal Tidal
areas Carbonaceous silty micrite limestone + Carbonaceous zone

silty micrite limestone

Wufeng Fm Silt-bearing Carbonaceous Shallow shelf  Neritic shelf

Mudstone + Carbon-bearing siltstone

Silt-bearing Calcareous Mudstone + Carbon-bearing

Silty Mudstone

Carbargilite, Siliceous claystone Deep shelf

Calcareous carbonaceous silty mudstone + Silty
carbonaceous calcareous mudstone

Carbonaceous siliceous mudstone + Dolomitic

siliceous mudstone
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Fig. 4.6 Carbon-bearing silt-bearing micrite (A, 10 x 10(+)) and calcium-bearing silt mudstone (B, 10 x 10(+)) in each Wufeng Formation in

Jige of Jinyang

(1) Tidal flat facies

The tidal flat facies are developed in the limited or gentle
coastal zone of the nearshore zone composed of fine clastic
materials (clay, silt) and carbonate rocks, which are domi-
nated by tidal action without strong wave action, with
extremely gentle slope. The tidal flat facies of the Ordovician
Wufeng Formation are divided into dolomitic mud-
stone + marl and carbonaceous silt-bearing micrite + cal-
careous siltstone microfacies according to different
sedimentary lithologies.

(i) Dolomite mudstone + marl

It is mainly located below the average low tide level and has
been subjected to hydrodynamic effects such as tides for a
long time. It is a mixed deposition of terrigenous fine clastic
rocks and carbonate rocks. Often it developed around the
Central Sichuan Uplift, dolomitic mudstone is mainly com-
posed of mudstone with a particle size of less than 0.005
mm, mainly carbonate cementation, and the cement is
mainly dolomite, with a diamond-shaped structure, and is
filled between muddy grains; Marlstone mainly composed of
mud-powder crystal calcite, and the crystal is brighter,
mainly in other forms or semi-hedrons, and it can be seen
that local recrystallization into fine-grained calcite particles.

(i) Carbon-bearing silt-bearing micrite + calcareous siltstone

Mainly developed in the Western Sichuan-Central Yunnan
Uplift and the Northern margin of the Central Guizhou Uplift,
it is characterized by the mixed deposition of terrigenous fine
clastic rocks and carbonate rocks or calcium-bearing silty

mudstone, etc. (Fig. 4.6), carbon-bearing silt-bearing micrite
limestone is mainly composed of micrite calcite. About 75%,
quartz particle size is 0.01-0.03 mm, sub-angular-sub-
circular, first-class gray-white interference color, contains a
small amount of feldspar, the size of feldspar particles is
roughly the same as that of quartz particles, and the feldspar is
mainly polycrystalline twin crystals The plagioclase feldspar
and the microplagioclase with lattice twin crystals are mostly
replaced by clay minerals or calcite at the edge of the feldspar,
and the organic carbon content is mostly between 0.5 and 1.
The calcareous siltstone rocks are mainly composed of
calcite-cemented clastic particles, and the overall cementation
is basal; a large number of silt clasts and a small amount of
mica clasts are distributed in it, mainly quartz silt, which are
well-sorted and rounded poor, sub-angular-sub-round, the
siliceous part is cryptocrystalline-granular, and part is
accompanied by mud; forming a siliceous muddy mass con-
tains a small amount of feldspar, with plagioclase and poly-
crystalline twin crystals. There are argillized potassium
feldspar, etc., and trace mica fragments are needle-like and
leaf-like, with local directional arrangement; calcareous
cementation, distributed in irregular contiguous sheets,
mostly metasomatic quartz, feldspar and other debris; with
dissolution fill the cracks with calcareous filling, see a small
amount of asphaltene filling the primary and dissolution pores
unevenly, and the organic carbon content is < 0.5 or none.

(2) Shelf facies

The shelf facies range from sea level to the slope break of the
continental slope with a water depth of about 200 m. It is
widely distributed in the study area. It is characterized by
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abundant sunlight and prosperous organisms. The sediments
are mainly terrigenous fine clastic materials and biochemical
sedimentary materials, rich in biological remains; generally
dark mud shale mixed with silt fine sandstone, with a small
amount of marl in part, and often mixed with iron colloid
deposits; the sedimentary structure has oblique bedding and
erosion, bioclasts, etc. Traces of vigorous movement of
seawater, and periodic and variable sedimentary layers.
According to the sedimentary filling sequence and sedi-
mentary structure characteristics, which can be divided into
shallow shelf and deep-water shelf. This study takes the
storm wave base as the boundary.

(i) Shallow shelf facies

The shallow shelf facies in the study area refer to the
shallow-water area below the low tide surface that borders the
tidal flat on the continental side and above the storm wave base
and locally developed storm deposits. During the depositional
period of the Wufeng Formation, the shallow shelf facies were
mainly composed of dark gray-gray-black silt-bearing
carbon-bearing calcareous mudstone, carbon-bearing silty
sandy mudstone, cloud-bearing silt-bearing carbonaceous
mudstone, and carbon-bearing siltstone.

a. Cloud-bearing silt carbonaceous mudstone + carbon-
bearing siltstone

The cloud-bearing silt-bearing carbonaceous mud-
stone + carbon- bearing siltstone is located in the shallow
shelf area close to the tidal flat side and is intermittently
affected by waves and wave backflow, and the hydrodynamic
force is relatively strong. The cloud-bearing silt-bearing
carbonaceous mudstone has a silt-bearing argillaceous
structure, mainly composed of clay minerals and quartz

particles. The clay minerals are mostly microscopic scale-like
directional distribution; about 0.01-0.05 mm, good sorting,
rounded and sub-angular-sub-circular; with a small amount
of feldspar, mostly plagioclase, see polyplate twin crystal
structure, some feldspar surfaces are metasomatized into clay
minerals; mostly calcareous cementation, mainly dolomite,
diamond-shaped, a small amount of calcite particles, calcite
particles are mostly distributed in clay minerals or between
the particles, the organic carbon content is high, more than
2%. The carbonaceous siltstone rock has a silt structure, and
the clastic components are mainly composed of quartz and
feldspar. The quartz particle size is about 0.01-0.05 mm, and
the largest particle is about 0.2 mm. It is well-sorted and is
sub-angular-sub-circular. There is a small amount of feldspar,
and the feldspar is mostly plagioclase; the mica content is
less, mostly needle-like, and the arrangement is directional,
and the pyrite particles are black quadrangular or
semi-self-shaped distributed among the particles; the cements
are mainly calcite and dolomite. The calcite cements are
mostly calcite microcrystalline particles, most of which are
less than 0.01 mm in size, and some calcite particles replace
quartz particles. Part of the dolomite has a good degree of
self-shape, most of which are rhombic, and the particle size is
mostly less than 0.05 mm; the organic carbon content is high,
mostly 0.5-2%, and it is filled between clay minerals.

b. Carbon-bearing silt-bearing calcareous mudstone + car-
bon-bearing silty sandy mudstone

Carbon-bearing silt-bearing calcareous mudstone + car-
bon-bearing silty sandy mudstone are mainly distributed in
the Southeastern margin of the Sichuan Basin and the north
side of the Central Guizhou Uplift (Fig. 4.7). The carbona-
ceous silt-bearing calcareous mudstone has a silt-bearing and
argillaceous structure as a whole, mainly composed of clay

Fig. 4.7 Carbon-bearing silty sandy mudstone in the Wufeng Formation of Xiadian, Dejiang
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minerals. The microscopic scale-like clay minerals are
arranged in a directional arrangement to form a directional
structure, and the carbonaceous powder aggregates are ren-
dered black along the layers strip-shaped; clastic particles are
mainly composed of quartz and feldspar, the size of quartz
particles is about 0.01-0.05 mm, with silt structure, it is in
other shape, sub-angular-sub-circular; contains a small
amount of feldspar, with agglomerated double crystalline
plagioclase and argillized potassium feldspar, etc., are
sub-angular-sub-circular, and trace mica fragments are
arranged in needle-like and leaf-like directions; calcareous
cementation, the calcium content is mainly calcite, and a
small amount of dolomite, the particle size is from micro-
crystalline to fine crystal, some are continuous or intermit-
tent stripes, some are agglomerates, some are single crystal
scattered, mostly metasomatic feldspar and other debris, the
organic carbon content is 0.5-2%, mostly filled in microc-
racks or between particles. The carbonaceous silty sandy
mudstone has a silty muddy structure as a whole, mainly
composed of clay minerals with a particle size of < 0.005
mm and silt-grade debris. The texture is rendered as black
strips along the layer, and the content is between 0.5 and 2%;
the clastic particles are mainly composed of quartz and
feldspar, and the quartz particle size is about 0.01-0.05 mm,
with a silt structure, and the content is about 15%. It’s in
other shape, sub-angular-sub-circular; the feldspar content
accounts for about 4%, its particle size is roughly the same
as that of quartz particles, with a silt structure, including
plagioclase with polylamellar twin crystals and argillized
potassium feldspar, etc., which are sub-angular-sub-circular;
The cement is cemented with calcium mainly, the calcium
component is mainly dolomite, and the dolomite is filled
between clay minerals or quartz particles in the form of
euhedral microfine crystals.

(i) Deep-water shelf facies

The deep-water shelf facies is located in the deep-water area
outside the shallow shelf (below the storm wave base),
where the wave action is reduced and still water deposition
is dominant. The depositional period of the Wufeng For-
mation is divided into three microfacies according to the
different lithological and sedimentary assemblages, namely
calcic-carbonaceous silty mudstone + silt-bearing carbona-
ceous calcareous mudstone shed, carbonaceous mud-
stone + siliceous mudstone shed and carbon-siliceous
mudstone + cloud-bearing siliceous mudstone shed.

a. Calcium-bearing carbonaceous silty mudstone + silt-
bearing carbonaceous calcareous mudstone

Calcium-bearing carbonaceous silt mudstone + silt-bearing
carbonaceous calcareous mudstone are located in the sea area
with low body energy, the hydrodynamic conditions are rel-
atively weak and are basically not affected by ocean currents
and storms. Their depositional characteristics are shown in
Fig. 4.8. The calcium-bearing carbonaceous silty mudstone
has a silt-muddy structure as a whole, the clastic particles are
mainly composed of quartz and feldspar, the quartz particle
size is about 0.01-0.05 mm, and the content is about 26%,
sub-angular—sub-circular; contains a small amount of feldspar,
including plagioclase with polylamellar twin crystals and
argillized potassium feldspar, etc., which are sub-angular-
sub-circular, and trace mica fragments are needle-shaped and
leaf-shaped oriented arrangement; calcareous cements are
calcite and dolomite, the particle size is from microcrystalline
to fine grain, some are continuous or intermittent stripes, some
are lumps, some are single crystal scattered, mostly metaso-
matic feldspar and other debris; microscopic scale-like clay

Fig. 4.8 Silt-bearing carbonaceous calcareous mudstone (left) and calcareous carbonaceous silty mudstone (right) in the Wufeng Formation of

Luomu, Junlian
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Fig. 4.9 Carbonaceous and siliceous mudstone of Wufeng Formation in Huangcao Wulong

minerals are arranged in a directional arrangement to form a
directional structure, and the carbonaceous powder aggregates
are rendered in black stripes along the layer, and their organic
carbonaceous content is greater than 2%. The silt-bearing
carbonaceous calcareous mudstone rock has a silt-bearing
argillaceous structure as a whole, mainly composed of clay
minerals. The microscopic scale-like clay minerals are arran-
ged in a directional arrangement to form a directional struc-
ture, and the powdery carbonaceous aggregates are black
stripes. Filled in microcracks, the content is more than 2%; the
clastic particles are mainly composed of quartz and feldspar,
the size of quartz particles is about 0.01-0.05 mm, with a silt
structure, in other shapes, sub-angular-sub-circular contains a
small amount feldspar, including plagioclase with polycrys-
talline twin crystals and argillized potassium feldspar, etc.,
which are sub-angular-sub-circular, and trace mica fragments
are arranged in needle-like and leaf-like orientations. Calcium
cementation, calcite, is mainly composed of calcite, a small
amount of dolomite, particle size microcrystalline-fine-
grained, more metasomatic feldspar and other particles.

Carbonaceous mudstone + siliceous mudstone are
developed in sea areas with weak hydrodynamic conditions
and are basically unaffected by currents and storms, and
nodular and infested pyrites are more developed. Its depo-
sition characteristics are shown in Fig. 4.9.

The carbonaceous mudstone is mainly composed of
microscopic scale-like hydromica clay minerals and organic
matter. The organic carbon content is greater than 2%.
A small amount of silt debris and trace mica debris are
distributed in it, mainly quartz silt, which is cryptocrystalline
granular, and part of it’s accompanied by mud to form
siliceous muddy agglomerates and contains a small amount
of feldspar; there are plagioclase with polylamellar twin
crystals and argillized potassium feldspar, etc., which are
sub-angular-sub-circular, and trace mica fragments are
arranged in needle-like and leaf-like orientation; a small
amount of carbonate cementation is calcite and dolomite,
and the particle size is from microcrystalline to fine crystal,
mainly in the scattered distribution of single crystal, and
mostly metasomatic feldspar and other debris. Fractures are
relatively developed, have certain directionality, and are
mostly filled with siliceous and organic matter. The siliceous
mudstone has an argillaceous structure as a whole and
contains a small amount of quartz and feldspar, and the
quartz has a silt structure. The mica fragments are arranged
in needle-like and leaf-like directions; siliceous radiolarians
are developed in the rocks which are elliptical-circular, with
a content of about 20%, and some siliceous radiolarians are
dissolved and filled with organic matter; the calcareous
cement is mainly calcite. It is composed of dolomite, mainly
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Fig. 4.10 Dolomitic siliceous mudstone (A, 10 x 10(—)) and carbonaceous siliceous mudstone (B, 10 x 10 (-)) in the Wufeng Formation of

Dajingping, Tianquan

calcite, and the calcite is filled between the edge of the grain
and its pores in a microcrystalline-fine crystal form; the
microscopic scale-like clay minerals are arranged in a
directional arrangement to form a directional structure.

c. Carbonaceous siliceous mudstone + cloudy siliceous
mudstone

Carbonaceous siliceous mudstone + cloud-bearing siliceous
mudstone are mainly developed in the areas of Luding and
Tianquan in the Western Sichuan Basin. The distinctive
feature is that siliceous sponge spicules are developed in the
carbonaceous siliceous mudstone, and the siliceous sponge
spicules are concentric; it’s distributed in layers, and some
bone spicules are filled with organic carbon after dissolution;
the organic carbon content is more than 2%. In addition to
the siliceous sponge spicules developed inside the siliceous
mudstone, the carbonate cement is mainly dolomite, and the
rhombic crystals of dolomite are well-developed. Its sedi-
mentary characteristics are shown in Fig. 4.10.

2. Ordovician Guanyingiao Formation
(1) Tidal flat facies

The tidal flat facies of the Guanyingiao Formation are
mainly distributed in the periphery of the Central Guizhou
Uplift, and the lithology is dominated by silty limestone,
silty argillaceous limestone and bioclastic mudstone. It is
mainly composed of carbonate deposits mixed with

terrigenous detrital particles. The silt content in the near-
shore area near the Central Guizhou Uplift is relatively high,
and the silt content gradually decreases in the offshore
direction, while the argillaceous content increases, showing
silty argillaceous limestone. The thickness is thin, and the
sedimentary structure is basically not developed. In the
production of brachiopods, a small amount of trilobites and
crinoids, bryozoans, gastropods, bivalves and calcium algae
were also seen (Li et al. 2005b; Li et al. 2008¢) (Fig. 4.11).

(2) Shoal facies

The shoal facies here mainly refer to the intertidal zone
within the tidal flat facies in the sediments of the Guanyin-
giao Formation. Due to frequent changes in water level and
relatively high energy in local areas, they gradually devel-
oped into shoal deposits. The Guanyinqgiao Formation in
here and other places is dominated by granular limestone,
including sprite sandstone, bioclastic limestone and oolitic
limestone. The bioclasts are mostly brachiopods, crinoids
and other organisms. Dongkala section in Fenggang is the
place with the thickest deposition of the Guanyingiao For-
mation, and a sandy beach dominated by bright crystal sandy
limestone develops. In the Renhuai area, taking the central
section as an example, the lower part of the area is composed
of calcareous mudstone with limestone nodules (Zhan et al.
2010a), which is the main output part of the Henantebe
fauna; the upper part is the habitat with less mud content.
Clastic limestone, sandy clastic limestone, mainly produces
coral, a small amount of trilobites and non-Hirnantiane shells
brachiopods and bryozoans (Fig. 4.12).
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Fig. 4.11 Sedimentary filling sequence of tidal flat facies of Guanyingiao Formation (Fenghuang profile, Youyang county, Chongging City, left;
Xiadian profile, Dejiang county, Guizhou Province, right)

Fig. 4.12 Typical characteristics
of shoal facies of Guanyingiao
Formation a the sandy limestone
of Guanyingiao Formation,
Dongkala in Fenggang; b coral
organisms in the biogenic
limestone of the Guanyingiao
Formation in the central part of
Renhuai; ¢ the sandy limestone of
Yonghe, Fenggang; d macro of
the boundary of the
Waufeng-Guanyingiao-Longmaxi
Formation, Yonghe, Fenggang;

e macro of the Guanyingiao
Formation in the central
Guanyingiao in Renhuai; f coral
organisms seen on the limestone
surface of the Guanyingiao
Formation in the central
Guanyingiao in Renhuai
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Fig. 4.13 Characteristics of
shallow shelf facies of the
Ordovician Guanyingiao
Formation in Southern Sichuan
and its periphery a Biological
mudstone of Guanyingiao
Formation, Wulong Huangcao
profile; b Hirnantian brachiopod
developed in biogenical mudstone
of Guanyingiao Formation,
Wulong Huangcao profile;

¢ Hirnantian brachiopod
developed in biogenic marl of
Guanyinqgiao Formation, Xishui
liangcun profile; d Hirnantian
brachiopod developed in the
biomarl-bearing marl of
Guanyinqgiao Formation,
Changning Shuanghe profile

T
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(3) Shallow shelf facies

The sedimentary lithology of shallow shelf facies during the
depositional period of Guanyingiao Formation is mainly
dark gray bioclastic marl and biogenic limy mudstone.
Yellow and yellowish-brown, these sedimentary facies are
distributed in most areas of the Sichuan Basin and is dom-
inated by brachiopods (especially Hirnantianbei, Fig. 4.13),
trilobites, crinoids, gastropods and hornworts.

3. Silurian Longmaxi Formation
(1) Lithofacies types

Through the field name and microscopic analysis of the black
organic-rich shale of the Longmaxi Formation, combined
with the whole-rock mineral analysis of X-ray diffraction,
seven main lithofacies types are distinguished in the lower
member of the Longmaxi Formation in the study area.

(i) (Calcium-containing) carbonaceous (siliceous) shale

Carbonaceous shale is the most developed (Fig. 4.14a), and
the mineral components are mainly clay minerals and quartz;
the former is more than 35%, and the latter is more than
40%. It is relatively uniform black under single polarized
light, and silt-grade quartz and other detrital particles are
distributed in star-like shape, with a content of less than 5%;

4
Hirnantia Fauna

ey
8

the content of organic carbon is relatively high; pyrite grain
aggregates are often developed, and the content is mostly 1—
5%. 5%, which individual samples can reach more than
10%. Carbonaceous siliceous shale is mostly distributed at
the bottom of the Longmaxi Formation, and the siliceous
content is high, more than 70%, and the highest is more than
85%. The siliceous particles are mainly radiolarians, and the
siliceous particles are unevenly distributed in the black mud
among them; the body cavity is mostly filled with organic
matter (Fig. 4.14b); some areas contain a small amount of
calcium, mainly distributed in Dajingping in Tianquan and
Jiaodingshan in Hanyuan in Western Sichuan, and the con-
tent of organic carbon is also high. Such rock microfacies are
mainly developed in the relatively deep-water area of the
study area and are distributed in the Yibin-Changning-
Luzhou area and the Western Sichuan area. The bottom is
dominated by carbonaceous siliceous mudstone, and silt and
calcareous components can be seen upwards, resulting in a
rapid decrease in organic carbon content.

(i) Carbonaceous shale containing silt (containing calcium)

The silty-bearing carbonaceous shale (Fig. 4.14c) is rela-
tively developed in the study area. The mineral components
are mainly quartz + feldspar, more than 60%, and clay
minerals are mostly 30—60%. The clastic content is less than
15%, mostly 10% to 15%, mainly quartz, with the charac-
teristics of overall dispersion and local enrichment. The
content of carbonate minerals is less than 10%, mainly
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Fig. 4.14 Lithofacies characteristics of black rocks of Longmaxi
Formation in Southern Sichuan Basin and its periphery a carbonaceous
shale, Qijiang Guanyinqgiao, single polarized light; b carbonaceous
siliceous shale (siliceous radiolarian indicated by the arrow), Tianquan
Dajingping, single polarized light; ¢ silt-bearing carbonaceous shale,
Xishui Liangcun, single polarized light; d carbon-bearing and

calcite, and the content of carbonate minerals in local areas
can reach more than 25%, only be founded in Xuyong area,
Sichuan; pyrite is founded in most samples, and its content is
less than 5%. The distinctive feature of this kind of rock
microfacies is that it generally contains clastic silt, and its
content has a significant effect on the organic carbon content.
A small amount of calcium components can be seen in local
areas, mainly distributed on the side near the uplift area of
Qianzhong and Xuefeng Mountain.

(iii) Carbon (calcium-containing) silty shale
The carbon- and calcium-bearing silty shale is the most

developed, and the mineral components are mainly quartz +
feldspar, the content of which is mostly 40-70%, and the

calcium-bearing silt shale, Gulin Tiesuobridge, single polarized light;
e carbonaceous siliceous carbonate shale, Renhuai Zhongshu, single
polarized light; f carbon-bearing shale, Huaying Sanbaiti, single
polarization; g carbonaceous argillaceous limestone, Daguan Huang-
gexi, single polarization; h silt shale, Yanhe Xinjing, single polariza-
tion; i. calcareous siltstone, Dejiang Xiadian, Orthogonal Polarization

content of clay minerals is mainly between 30 and 50%; cal-
cite is mainly composed of 10-20%; the content of detrital
quartz is relatively high, which is mostly distributed in the
dark basement, and has the characteristics of local enrichment
and banded distribution. The latter is microscopic with the
dark mud. Laminated (Fig. 4.14d), the content of clasts is
mostly 25-40%, and pyrite is distributed in some areas; as a
whole, the content of organic carbon decreases with the
increase of clastic content. The distinctive features of this type
of rock microfacies are the high content of silt with high
compositional maturity and low structural maturity, as well as
horizontal bedding and a small amount of wavy bedding.
Carbonaceous (silt/silty) carbonate shale is developed in local
areas (Fig. 4.14e), and its carbonate mineral content is rela-
tively high, mostly between 25 and 40%, including calcite and
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dolomite, The content of the two is not much different, mainly
in the form of cement coexisting with organic matter and
argillaceous matter, which is only observed in the Dajingping
section of Tianquan in Western Sichuan.

(iv) Carbon-bearing shale

The microfacies of this kind of rock are mainly argillaceous,
with a content of > 85%, brown and gray-black under single
polarized light (Fig. 4.14f). The mineral components are
mainly quartz, feldspar and clay minerals, in which the
content of clay minerals is more than 35%; the content of
clastic particles and carbonate minerals is less than 10%, and
they are unevenly distributed in the dark mud, and a small
amount of pyrite are also seen. Mineral grains low organic
carbon content. It is mainly distributed in the Northern part
of the study area and the Eastern side of the Central Sichuan
Uplift, indicating that the supply of terrigenous debris is less,
and the sedimentary water body is relatively limited.

(v) Carbonaceous argillaceous limestone

Carbonaceous argillaceous limestone (Fig. 4.14g) is less
distributed in the study, only distributed in Daguan Huang-
gexi profile, Jinyang Jige profile and other areas, and these
types are also shown in individual samples from Dajingping
profile in Tianquan. Its calcite content is very high, mainly
ranging from 40 to 75%, mainly in micrite structure, mostly
recrystallized, and contains a small amount of dolomite with
a good degree of eumorphism, about 10%; it rarely contains
clastic particles, a small amount of brachiopod bioclasts
were seen in individual samples; the brown and gray-black
mud was irregular mass, mainly ranging from 15 to 30%; the
organic matter coexisted with terrigenous detrital mud, and
the content was low. The carbonaceous argillaceous lime-
stone specimens are black and grayish black, and the pres-
ence of organic matter indicates that they were formed in
quieter water bodies and are mostly symbiotic with massive
calcareous mudstones.

(vi) “Silt/calcareous shale
The silty shale is generally composed of ordinary mud shale
intercalated with siltstone and silty mudstone, with a micro-

laminated structure (Fig. 4.14h). The clastic particles are
mainly quartz silt with trace needles, plate-like, leaf-like mica,

Table 4.3 Sedimentary facies of

’ et Depositional Sedimentary
Lower Longmaxl Forrpatlon in system facies
Southern Sichuan Basin and its
periphery Barrier coast Tidal
system
Continental Neritic shelf

shelf system
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which are mainly calcareous cementation, continuous or
intermittent stripes, agglomerates or scattered single crystals,
and mostly metasomatic feldspar and other debris. A small
amount of iron minerals were founded, which in the form of
particles or microtetragonal single crystals are sporadically
distributed, and powder-like aggregates are unevenly ren-
dered on the surface of hydromica, showing yellow—brown or
brown-black intermittent fine stripes distribution. Clay con-
tent is high, mainly 15-40%, with illite as the main, contains a
small amount of organic matter and is symbiotic with mud in
thin strips. The carbonate mineral content of calcareous shale
is relatively high, mainly 35-50%, mainly calcite, and con-
tains a certain amount of dolomite, microcrystalline fine
crystal. The silty mudstone has microlaminar features, indi-
cating that its sedimentary water fluctuates frequently, and the
calcareous mudstone is mixed as a whole gray, gray-black.

(vii) (Calcium/calcareous) argillaceous siltstone, siltstone

The siltstone is mainly distributed in the intertidal zone which
is close to the provenance uplift and has strong hydrody-
namic force. It is composed of clastic grains and calcareous
cements or argillaceous matrix (Fig. 4.141). The clastic grains
are composed of quartz. Mainly, clean and bright, the particle
size is 0.01-0.05 mm, the sorting is good, the rounding is
poor, the sub-angular-sub-round shape, and the base-porous
cementation. A small amount of feldspar and mica, and the
particle size of feldspar is relatively small compared to quartz.
Large, weakly clayed or partially replaced by carbonate
minerals, with many irregular dissolution edges; both biotite
and muscovite are developed, the latter are more numerous,
in the shape of thin strips, with certain compaction defor-
mation, biotite is often altered to chlorite. It exhibits a certain
water swelling along the cleavage crack. The calcareous
cement is the product of early diagenesis, while the calcare-
ous metasomatism is the product of late diagenesis, which is
the product of late diagenesis. It has the characteristics of
high compositional maturity and low structural maturity.
Such rock microfacies are mainly distributed on the edge of
the uplift in central Guizhou and central Sichuan and which
are mostly wavy bedding and small sand-grained bedding,
which are tidal flat deposits.

On the basis of previous data and research results, com-
bined with field data and laboratory analysis results,
according to the analysis of lithofacies development char-

acteristics, sedimentary structure, profile sequence,
Sedimentary Distribution areas
subfacies

Intertidal zone,
subtidal zone

Shallow shelf,
deep shelf

Northern edge of the Qianzhong Uplift, Southern
edge of the Sichuan-Central Uplift

South Sichuan, Southeast Sichuan
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Fig. 4.15 Lithofacies of tidal flat facies of Lower Longmaxi
Formation in Southern Sichuan Basin and its periphery. a calcareous
siltstone, cross-polarized light, Dejiang Xiadian; b carbon-bearing silt
shale, single polarized light, Dejiang Xiadian; ¢ calcareous siltstone,

biological assemblage, etc., the black rock series of the
Silurian Longmaxi Formation in Southern Sichuan and
adjacent areas developed the layers (mainly the lower
Longmaxi Formation) can be divided into two sedimentary
facies (Table 4.3).

(2) Tidal flat facies

In the study area, the tidal flat facies of the Longmaxi For-
mation are mainly distributed on the edge of the uplift, and the
area bounded by the Central Guizhou Uplift and the Xue-
fengshan Uplift (i.e., the area where the Wuchuan-Dejiang-
Shigian spreads from north to south). Mainly silt shale, silty
shale and calcareous/dolomitic siltstone (Fig. 4.15a—d), with
high content of detrital quartz and mostly carbonate cement,
dark color. The argillaceous content is low, and the hand
specimens are mainly yellow-green and gray. The Jinyang
Jige profile is dominated by calcareous shale and micrite
(Fig. 4.15e, f), and the carbonate mineral content is relatively
high. High and relatively low detrital content, indicating that
this area has a different provenance supply from the former.
Horizontal bedding, vein bedding, wavy bedding, lenticular
bedding, and small-scale flowing sand-grained bedding are
developed (Fig. 4.16), small cross-bedding development can
be seen in the local interval.

Vertically, compared with the Ordovician Wufeng For-
mation, the Longmaxi Formation is characterized by a

single polarized light, Wuchuan Gaogiao; d calcareous powder
Sandstone, single polarization, Yinjiang Zhoujiaba; e calcareous shale,
single polarization, Jinyang Jige; f micritic limestone, single polariza-
tion, Jinyang Jige

relatively shallow-water body. For example, the Longmaxi
Formation in Gaoqiao, Wuchuan and Dejiang Xiadian in
Chongqing are also believed to have developed a set of
relatively shallow tidal flat calcareous siltstone deposits. The
Gaoqiao area in Wuchuan is mainly characterized by a
combination of yellow-green, red-brown, and gray-green
thin-layered silty mudstone and calcareous siltstone, with
limestone interlayers, and yellow-green thin-layered mud
shale deposits in the lower part. The content of siltstone
increased significantly (Fig. 4.16). The lower part of the
Dejiang Xiadian area in the South of Wuchuan is mainly a
set of red-brown, gray-black, gray-green.

Mud shale, silty mud shale and siltstone assemblages
upwards are siltstone, argillaceous siltstone and argillaceous
limestone assemblages; silty shale and siltstone develop
corrugated bedding and lenticular layers in which the small
limestone lens body was founded. The limestone lens body
has an increasing trend upwards. The upper marl sees
argillaceous strips, in the form of veins.

(3) Shelf facies
(i) Shallow shelf subfacies
The shallow shelf subfacies of the Longmaxi Formation in

Southern Sichuan and its periphery are relatively developed,
and the overall characteristics are as follows: (a) It is mainly
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Fig. 4.16 Sedimentary characteristics of tidal flat facies of Longmaxi Formation in Wuchuan Gaoqiao, Chonggqing

distributed in the post-uplift basins limited by the
Kangdian-Central Guizhou Uplift and the Central Sichuan
Uplift. Outside the tidal flat facies, there is a vast sea area that is
generally distributed in an east—west direction; (b) The rock
types are more complex, with carbonaceous/carbonaceous
shale, siliceous calcium-bearing carbonaceous shale,
(calcium/calcareous) silty carbonaceous shale is dominant
(Fig. 4.17), followed by (carbon-containing) argillaceous
siltstone and carbonaceous argillaceous limestone. Due to the
relatively shallow-water body, the water body is turbulent and
is often intermittently affected by storms, due to the influence
of tidal currents and ocean currents, the sediments were
transformed. According to the characteristics of the sedi-
mentary water bodies, the study area mainly developed sandy
muddy (Figs. 4.18 and 4.19) and stucco shallow shelf
deposits; (c) The colors of sediments are mainly dark gray,

gray, black, gray-black, etc.; (d) The structures of sediments
such as horizontal bedding, sand-grained bedding, sandy
agglomerates and calcareous nodules are developed. There are
many different shapes. The individual size of graptolites
becomes longer, and the types and numbers decrease. Sec-
ondly, a small number of brachiopods, corals and other bio-
cides can be seen.

The Silurian Longmaxi Formation profile in the Northern
Wuchuan is located near the north side of Gaoqiao (Fig. 4.18).
Mainly sandy shale, the sedimentary environment in the
Gaogiao area of Wuchuan is deeper, horizontal bedding is
seen, and graptolites are developed; upward clastic silt and
carbonate minerals gradually increase, and calcareous
argillaceous siltstone is mainly developed, indicating that the
body of water gradually becomes shallower. The Yanhe
Xinjing profile near the Xuefeng Uplift, the Silurian



4 Examples—Taking the Ordovician Wufeng Formation-Silurian Longmaxi Formation ...

Fig. 4.17 Lithofacies characteristics of shallow shelf facies of Lower
Longmaxi Formation in Southern Sichuan Basin and its periphery
a Marl, single polarization, Daguan Huanggexi; b carbon-bearing
calcareous shale, single polarization, Yanjin Yinchangba; ¢ cal-
cium-bearing silty shale, single polarization, Yongshan Sutian;

Longmaxi Formation is about 240 m thick, and the bottom is
about 100 m thick calcium-bearing silty carbonaceous shale
(Fig. 4.17f), calcium-bearing carbonaceous silty sandy shale,
with a relatively high clastic content, mainly about 35-40%,
and containing a certain amount of calcium; horizontal bed-
ding is developed, and a large number of orthographites are
seen. It gradually changes to argillaceous siltstone upward,
and the clastic particles are dominated by quartz and contain a
large amount of powder-fine short columnar mica fragments;
higher debris content indicates that it is strongly influenced by
the Xuefeng Uplift. Located in the Tongzi Hanjiadian profile
on the north side of the Central Guizhou Uplift, the lower
member of the Longmaxi Formation develops black
silt-bearing-calcium-bearing carbonaceous shale,
cloud-bearing carbonaceous siliceous shale, which is enri-
ched in pyrite and organic matter. And a large number of
graptolites were developed. In the later stage of the Longmaxi
Formation, with the intensified tectonic compression, the
range of the Central Guizhou Uplift continued to expand to
the north, and the depth of the water body decreased. Shale,
argillaceous siltstone and marl, and carbonate rocks gradually
increase upward, and the top is bounded by the Shiniulan
Formation by the appearance of gray-green and thin-layered
nodular limestone. Further the south, it is closer to the Ren-
huai central profile of the Central Guizhou Uplift area
(Fig. 4.19), where the Longmaxi Formation sedimentary
stratum is relatively thin, with a total thickness of about 26 m,

d cloud-bearing silty carbonaceous shale, single polarized light, E’bian
Xihe; e carbonaceous silty sandy shale, single polarized light, Gulin
Tiesuobridge; f calcium-bearing silty carbonaceous shale, Single
polarized light, Yanhe Xinjing

and the bottom black rock series is only about 10 m thick
about, the carbonate (calcite and dolomite) silty carbonaceous
shale and the carbon-bearing calcium-bearing silty shale have
different contents relative to Tongzi Hanjiadian clastic parti-
cles and carbonate minerals. Increased, and gradually chan-
ged upward to argillaceous siltstone, quartz siltstone with a
small amount of bioclastic limestone. In the long and narrow
area of Western Sichuan, which is bounded by the ancient
land of Kangdian Uplift, Central Guizhou Uplift and Central
Sichuan Uplift, taking the Sutian profile of Yongshan as an
example, the sedimentary thickness of the Longmaxi For-
mation is relatively increased, with a total thickness of about
230 m. The thickness is up to 85 m, and it is mainly composed
of calcium-bearing silt-bearing carbonaceous shale. The clast
content is relatively small, mainly ranging from 10 to 25%.
The pyrite and organic matter are developed, and a large
amount of travertine and curvilinear are enriched, indicating
that the sedimentary water body is deep.

In the Huaying area, which is located in the Northeast of
the study area, the west side is close to the Central Sichuan
Uplift and extends to the Northeast-East direction. The
overall dark shale of the Longmaxi Formation in Xikou and
Sanbaiti profiles are not very developed, while the
yellow-green shale is not well-developed. The shale is rel-
atively thick, and the organic matter content is low. Among
them, the sedimentary thickness of the Longmaxi Formation
in the Sanbaiti profile is larger, with a total thickness of 350
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Fig. 4.18 Sedimentary characteristics of shallow shelf facies of Longmaxi Formation in Northern Wuchuan county, Chongqing

m. The black rock series is only distributed at the bottom,
with a thickness of about 35 m. The black rock series is
mainly composed of carbon-bearing shale, which may be
gradually expanded by the Uplift of the Central Sichuan, and
the sedimentary water body is shallow. From the develop-
ment lithology, it can be seen that the above areas are all
characterized by sandy-muddy shallow-water continental
shelf deposits. The Weixin-Daguan-Zhaojue areas, which
are close to the Kangdian Uplift and the Central Guizhou

Uplift, have a high content of carbonate minerals in the
Silurian Longmaxi Formation, such as the Daguan Huang-
gexi profile and the Yanjin Yinchangba profile. The Long-
maxi Formation is about 110 m thick, and the black rock
series is about 13 m thick, mainly carbonaceous argillaceous
limestone (Fig. 4.17a), above which are about 23 m of black
shale and gray-black marl interbedded. The latter Longmaxi
Formation is about 160 m thick, and the black shale devel-
opment interval is about 35% thick, mainly composed of
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Fig. 4.19 Sedimentary characteristics of shallow shelf facies of Longmaxi Formation in Renhuai Zhongshu profile, Sichuan Province

carbon-bearing calcium/calcareous shale (Fig. 4.17b), and
the carbonate minerals gradually increase upwards.
Mud-bearing/silt-bearing marl or argillaceous limestone is
mainly developed (Fig. 4.17b). It can be seen that this area is
characterized by stucco shallow shelf sedimentary and can
be matched with the tidal flat deposits on its outer side—the
carbonate-rich mineral characteristics of the Longmaxi
Formation in each profile of Jinyang Jige, indicating that it
may be affected by the same influence of provenance supply
and other depositional factors other than geomorphology.

(i) Deep-water shelf subfacies

The deep-water shelf subfacies are mainly black carbona-
ceous siliceous shale and carbonaceous shale (Fig. 4.20),
including silty carbonaceous shale and siliceous shale. In the
entire deep-water shelf facies depositional area, a large
number of horizontal bedding or discontinuous horizontal
bedding develops (Figs. 4.21 and 4.22); graptolite species
are abundant and numerous (Figs. 4.21 and 4.22), a very
small amount of coral, brachiopod and other bioclasts can be
seen in some areas. Pyrite grains are distributed in car-
bonaceous shale in the form of dispersion and strip. In a
word, the deep-water shelf subfacies in the study area were
calm, with little or no disturbance of benthic animals, and

the deposition rate was relatively small, which belonged to
relatively undercompensated deep-water sedimentary.
Deep-water shelf subfacies are located in the center of the
basin or relatively deep water in the basin and are bounded by
the shallow shelf facies. Similar to the shallow shelf facies
and tidal flat facies, they are affected by the sedimentary
water body and provenance area which have distinct litho-
logical differences. In the deep-water shelf facies, black shale
is relatively developed which located in the Shizhu-Wulong
areas on the Northeast edge of the study area, the Silurian
Longmaxi Formation are rich in silty/silty carbonaceous
shale and silty-bearing shale. Sandy calcium-bearing car-
bonaceous shale (Fig. 4.20a, b) is dominant, such as the
Wulong Huangcao profile (Fig. 4.21). The Longmaxi For-
mation is about 200 m thick, the black rock series is about 67
m thick, and clastic particles which the content is relatively
low and gradually increases from the bottom to the top. The
thickness of the single layer is relatively uniform, mainly
ranging from 5 to 15 cm. The pyrite and organic matter are
relatively developed, the graphite is very rich, and a small
amount of horizontal bedding was founded which indicates
that the sedimentary water body is relatively deep and stable.
The Qijiang-Xishui areas on the west side of the
Shizhu-Pengshui areas began to be bounded by a relatively
obvious north—south uplift, and its silt content increased
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Fig. 4.20 Lithofacies of deep-water shelf facies of Lower Longmaxi
Formation in Southern Sichuan Basin and its periphery a silt-bearing
carbonaceous shale, single polarized light, Shizhu Qiliao; b silt carbona-
ceous shale, single polarized light, Wulong Huangcao; ¢ carbonaceous

relatively, mainly silt-bearing carbonaceous shale, and the
Daozhen Bayu profile. Take the profile as an example, after
the Hirnantian period, with the occurrence of global trans-
gressive events due to the melting of glaciers, a set of thick
black silt-bearing (calcium-bearing) carbonaceous shale was
deposited in the lower member of the Longmaxi Formation.
The lithological color of the upper Longmaxi Formation
becomes lighter, the corresponding calcareous components
and clastic particles also gradually increase, and the sedi-
mentary gray-blue-gray calcareous shale with marl interlay-
ers, with the increase of carbonate rocks at the top, gray
calcareous mudstone and biological limestone interbedded
with the Shiniulan Formation. The Qijiang Guanyingiao
profile is located near the center of the basin. The sedimen-
tary thickness of the Longmaxi Formation is large, up to 340
m, and the black rock series can reach 100 m. It is mainly
composed of silt-bearing carbonaceous shale. Pyrite grains
are developed; graptolite is very rich, and organic matter
content is high. Upwards gradually transitions to silt-bearing
carbonaceous shale intercalated with a thin layer of carbonate
rock. From bottom to top, carbonate minerals increase sig-
nificantly, and the top is the argillaceous limestone and
micrite limestone are predominant, but the content of detrital
particles has not increased significantly, which indicates that
the Qijiang area is still far away from the terrigenous area in
the later stage of the Longmaxi Formation deposition, but the
sedimentary water body becomes shallow.

shale, single polarized light, Qijiang Guanyingiao; d carbonaceous
siliceous shale, single polarization, Xingwen Qilin; e carbonaceous
siliceous shale, single polarization, Tianquan Dajingping; f silt-bearing
carbonaceous shale, single polarization, Hanyuan Jiaodingshan

In the limited area bounded by the Central Sichuan Uplift,
the Central Guizhou Uplift and the Kangdian Ancient Land,
the water body is relatively deep. Because it is located in the
basin, there are few surface data. Near the Xingwen Qilin
profile on the south side, the Longmaxi Formation is gen-
erally black to gray-black, with a thin deposition thickness of
about 35 m, which shows the characteristics of starvation
deposition; The black shale in the lower section is relatively
thick, accounting for more than 70% of the total thickness,
and is composed of siliceous carbonaceous shale
(Fig. 4.20d) Mainly, it shows that the Xingwen Qilin profile,
as the area at the center of deposition, indicates a typical
deep-water, stagnant depositional environment. In the
Luding-Hanyuan area located in the Western Sichuan area,
the black shale of the Longmaxi Formation is thicker, and
the bottom is dominated by siliceous carbonaceous shale,
and siliceous radiolarians are developed (Fig. 4.21). The
boundary between the uplift and the ancient land of Kang-
dian is represented by deep-water continental shelf deposits,
such as the Dajingping profile in Tianquan (Fig. 4.22), the
Longmaxi Formation is about 220 m thick, and the mineral
components are mainly siliceous, with an average content
of > 45%; there are not only a certain amount of quartz
grains, but also a large number of siliceous radiolarians and
some siliceous cements, which indicates that this area is
bounded by the nearby Central Sichuan Uplift and the
ancient land of Kangdian, showing as the deeper
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Fig. 4.21 Sedimentary
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Wulong Huangcao profile,
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Fig. 4.22 Sedimentary characteristics of deep-water shelf facies of Longmaxi Formation in Tianquan Dajingping profile, Sichuan Province
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sedimentary water body has the sedimentary characteristics
of near provenance, and which is supplied by nutrients from
the Northwest side of the sea, showing complex compo-
nents. Among them, the development of siliceous radiolar-
ians may be related to upwelling, and it is likely to be
inherited. Liu et al. (2010b) pointed out that during the
depositional period of the Wufeng Formation, this area had
good connectivity with the open sea and was deposited in
the deep-water area of semi-restricted shallow seas. In gen-
eral, from west to east, the content of detrital particles in
deep-water shelf sediments gradually decreased, which may
be due to the eastward direction of the study area; the
Northeast is connected to the vast open sea, and the supply
of terrigenous clasts is less related. For example, the
Youyang Heishui profile in the Southeast of Pengshui
County (Liang et al. 2012a), black shale with a thickness of
about 40 m which developed at the bottom, and powder can
be founded. Sandy shale and argillaceous siltstone of tur-
bidite origin are interbedded, developed slump deformation
structure and channel model structure, which are rich in
graptolite and pyrite and are sediments in a deep-water
reducing environment. It indicates the sedimentary charac-
teristics of deep-water shelf facies.

4.2.2 Vertical Depositional Sequence of Typical
Profiles

At the end of the Middle Ordovician, the nature of the
Sichuan Basin changed from a craton basin to a post-uplift
basin which developed on the craton and surrounded by
various uplifts (Mu et al., 2010, 2011). The salt limestone
facies changed into black shale facies of Wufeng Formation.
The black shale of Wufeng Formation mainly develops
graptolites, and its types are mainly double graptolites. At the
end of the depositional stage of Wufeng Formation
(mid-Henante period), continental glacial activity erupted,
and the formation of glaciers caused a significant drop in sea
level. On the black shale, the Guanyingiao Formation with a
thickness of only tens of centimeters to a few meters and a
maximum of about ten meters began to be deposited. The
area is developed with high-energy oolitic limestones, and in
these limestones and mudstones, cool-water crustaceans, the
Hirnantianbei fauna, are generally developed and often
accompanied by trilobites dominated by Dalmanitina. By the
end of the glacial period at the end of the Hirnantian period,
with the large-scale melting of glaciers and the gradual
warming of the climate, the relative sea level rose rapidly,
and large-scale transgression occurred. In the early Silurian
Ludan period, black carbonaceous shale at the bottom of the
Longmaxi Formation began to be deposited. This set of black
rock series has a wide distribution range and a large thick-
ness, and the organisms are mainly graptolites. In addition to

4 Examples—Taking the Ordovician Wufeng Formation-Silurian Longmaxi Formation ...

the main body of the Wufeng Formation, the graptolithic
types include the double graptolithic family, and the
two-shaped graptolithic family and the single graptolithic
family are also more common. Late Rudan—In the early
Elonian period, tectonic compression from the Southeast
Cathaysian block became the dominant factor in paleogeo-
graphic evolution, followed by global sea-level decline. The
upper part of the Longmaxi Formation begins to deposit
gray-green, gray-yellow sandy shale and siltstone. The color
of the sedimentary lithology becomes lighter than that of the
lower part, the terrigenous clastic components increase, and
the grain size becomes relatively coarse. The Longmaxi
Formation is upward from bottom to top. Shallow sedimen-
tary sequence, in the late Elonian period, with the continuous
intensification of compressional tectonic action, the Xuefeng
Uplift and the land in the central and Southern Hubei area
were uplifted and expanded, and the marginal facies (clastic
coast, delta) also continued to advance, which is a prograde
type. The development of clastic sand bodies laid the foun-
dation. Eastern Sichuan, Southeastern Chongqing, and
Western Hunan mainly deposit medium-thick layered
gray-green siltstone and shale in the Xiaoheba Formation,
with local intercalation of bioclastic limestone. The biogenic
limestone is rich in corals, brachiopods, crinoids and other
organisms. The Western Sichuan-Central Yunnan-Central
Guizhou Uplift did not continue to expand, but it showed
tectonic subsidence, and its periphery also became a gentler
shallow-water coastal area. This phenomenon obviously
inhibited the supply of terrigenous detrital materials. In
addition, the global warm and humid climate at that time and
other factors led to the recovery of the carbonate depositional
environment. Limestone, marl, the upper section is bioclastic
limestone, biogenic limestone and dolomite, and the whole is
a carbonate rock platform deposit.

Taking the Hanjiadian profile of Tongzi in Southeastern
Sichuan as an example, in the early Late Ordovician, the
nodular micrite limestone of Jiancaogou Formation was
deposited, and various types of brachiopods, trilobites and
other organisms developed in the limestone, which was a
shallow-water gentle slope depositional environment. How-
ever, with the occurrence of Caledonian tectonic movement
and relative sea-level rise, the entire Upper Yangtze block,
except for the central Sichuan, Central Guizhou and Xuefeng
Uplifts, shifted from carbonate rock gentle slope environ-
ment to limited deep-water shelf facies and deposited black
carbonaceous mudstones inWufeng Formation. The dark
gray marl of the Guanyinqiao Formation was deposited at
the end of the Late Ordovician (Hirnantian), which is a
shallow shelf depositional environment. In the early stage of
the Longmaxi Formation, black carbonaceous mud shale,
cloudy carbonaceous silt mudstone, which is rich in pyrite
and organic matter were deposited in the lower part of the
Longmaxi Formation. It’s a deep-water shelf environment
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Fig. 4.23 Sedimentary filling sequence of Wufeng-Longmaxi Formation in Hanjiadian, Tongzi

with low energy and strong reduction. In the later stage of
deposition, with the intensification of tectonic compression,
the range of the Uplift continued to expand and began to
expand to the Upper Yangtze region, and the depth of the
surrounding water body decreased. Upwards, the carbonate
rocks gradually increase, and the top is bounded by the
Shiniulan Formation by the appearance of gray-green
thin-layered nodular limestone (Fig. 4.23).

The Jiancaogou Formation in the Daozhen Bayu profile is
composed of thick gray marl and calcareous mudstone,
while the Wufeng Formation is mainly composed of car-
bonaceous silt mudstone, and the sedimentary structure is
dominated by horizontal bedding. The water body of the
Formation became deeper, and it was a deep-water shelf
facies deposition. After the depositional period of the
Wufeng Formation, the silt-bearing micrite limestone of the
Guanyingiao Formation began to be deposited. The lime-
stone developed individual complete Hirnantian bra-
chiopods. After the Guanyingiao period, with the glaciers
the occurrence of ablation global transgression events, black
carbonaceous mudstone and carbonaceous silt mudstone
were deposited in the lower member of the Longmaxi For-
mation in Daozhen Bayu, with a large number of graptolithic
organisms development, which is a deep-water shelf envi-
ronment, and the lithological color of the upper member of
the Longmaxi Formation becomes shallow shelf; it is a
shallow shelf facies deposition, and the corresponding cal-
careous components also gradually increase, starting to
deposit gray-blue-gray calcareous mudstone, and gradually
there are marl interlayers. Mudstone and biolimestone

interbeds the Shiniulan Formation

(Fig. 4.24).

are bounded by

4.2.3 Relative Depositional Comparison

In order to analyze the regional distribution characteristics of
Wufeng Formation-Longmaxi Formation more clearly, there
are seven profiles, Leibo Bajiaotan-Junlian
Luomurou-Xuyong Macheng-Lin 1 well-Dingshan 1
well-Wulong Huangcao-Pengye 1 well from west to east and
were selected in order for regional comparison (Fig. 4.25).
The lack of carbonaceous mudstone, silty mudstone and
calcareous mudstone is deposited in the Wufeng Formation
of Leibo Bajiaotan profile on the west side, with a thickness
of about 36 m, which developed in deep-water sedimentary
environment. To the east, the thickness of the Wufeng
Formation in the Luomurou area of Junlian was reduced to
12 m, and the lithology changed to black carbonaceous
calcareous siltstone, which increased in silt content com-
pared to the Bajiaotan profile. The thickness of the Wufeng
Formation in Macheng, Xuyong continues to decrease to
9.24 m. The lithology of the Wufeng Formation in these
areas is calcium-bearing carbonaceous siltstone. The lithol-
ogy of the Wufeng Formation in Well Lin 1 and Well
Dingshan 1 is black carbonaceous mudstone, silty mudstone,
and argillaceous siltstone, with a large difference in sedi-
mentary thickness, 16 m and 4 m, respectively: eastward to
Wulong and Pengshui in Southeastern Chonggqing. The
Wufeng Formation in the Huangcao profile has a black
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Fig. 4.25 Comparison of east-west sedimentary and shale gas characteristics of Wufeng-Longmaxi Formation

carbonaceous siliceous mudstone with a thickness of 9.7 m.
The Wufeng Formation in Well Pengye 1 is carbonaceous
shale with a thickness of 8 m. From west to east, the sedi-
mentary thickness of the Wufeng Formation gradually
decreases, and the thickness of the Wufeng Formation near
Well Dingshan 1 (Qijiang) decreases to the thinnest.
During the deposition of the Longmaxi Formation, the
black lithological section of the lower Longmaxi Formation
in the Leibo Bajiaotan profile on the west side mainly black
carbonaceous shaled, silty shale and mudstone is developed,
with a favorable thickness of about 64 m, extending east-
ward to the Luomurou area. The thickness of the black
calcareous carbonaceous mudstone section of the Longmaxi
Formation is reduced to 40 m, and the carbonate content is
higher than that of Bajiaotan. The black shale section of the
Longmaxi Formation in Macheng, Xuyong continues to thin
to 6.36 m, and the lower section of the Longmaxi Formation
in this area mainly deposits black carbonaceous mudstone.
Calcareous mudstone, dolomitic mudstone, mudstone and
silty mudstone, mudstone, carbonaceous mudstone, and
argillaceous siltstone are developed in the lower member of

Longmaxi Formation in Well Lin 1 and Well Dingshan 1,
respectively, with a deposition thickness of 63 m and 100 m,
respectively. To the east, the lower part of the Longmaxi
Formation in the Huangcao area of Wulong, Southeast
Chongqing, black carbonaceous mudstone and siliceous
mudstone with a thickness of 56 m are deposited. The lower
black shale section of the Longmaxi Formation in Well
Pengye 1 is siliceous shale and silty mudstone with a
thickness of 82 m. From west to east, the thickness of the
black shale section of the Longmaxi Formation gradually
decreases, and the thickness decreases to the thinnest in the
Macheng area of Xuyong. To the east, the sedimentary
thickness of Well Lin 1, Well Dingshan 1 and Well Pengye 1
begins to thicken again.

In the north—south direction, five profiles of stone pillars
in Southeastern Sichuan are selected for comparison,
including Shizhu Qiliao, Wulong Huangcao, Yanhe Xinjing,
Zheng'an Tuping and Fenggang Dongkala (Fig. 4.26). The
Wufeng Formation deposits carbonaceous shale and silic-
eous shale with a thickness of 6 m; the black shale in the
lower Longmaxi Formation is a deep-water shelf facies
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Fig. 4.26 Comparison of the characteristics of the Wufeng-Longmaxi Formation NS-trending sediments and shale gas

deposit. To the south, the Huangcao area, black carbona-
ceous silty mudstone with a thickness of 9.7 m is deposited
in the Wufeng Formation, and black carbonaceous mudstone
and siliceous mudstone with a thickness of 56 m are
deposited in the lower part of the Maxi Formation. The
Wufeng Formation in Yanhe Xinjing profile is only 4.5 m
thick carbonaceous silt mudstone, the lower Longmaxi
Formation is mainly 32 m thick carbonaceous shale, and
Wufeng Formation is mud shale and carbonaceous shale in
the Zhengan Tuping profile. The Longmaxi Formation has
no carbonaceous or carbonaceous mud shale since the lower
member and has obvious shallow-water characteristics. The
Dongkala profile of Fenggang on the Southernmost side is
also the black carbonaceous mud shale with relatively thin
sedimentary thickness in the Wufeng Formation, but the
Longmaxi Formation has no black carbonaceous or car-
bonaceous shale sections since the beginning of deposition
and is a gray calcareous siltstone deposit.

4.2.4 Lithofacies Paleogeography of Favorable
Intervals for Shale Gas

1. Lithofacies paleogeography of the Ordovician Wufeng
Formation and its roof and floor depositional period

Due to the Caledonian movement at the end of the Middle
Ordovician, plate tectonic compression in South China con-
tinued to intensify (Zhou et al. 1993; Liu et al. 1993; Liu and
Xu 1994; Xu et al. 1996, 2004; Shu et al. 2008; Shu 2012;
Yan et al. 2010a; Charvet et al. 2010; Faure et al. 2009). The
Central Sichuan Uplift and the Southern Sichuan-Central
Yunnan-Central Guizhou Uplift continue to expand. In other
areas, due to the continuous enclosure of each uplift, the
relative sea-level rises, and the bordered carbonate platform
is submerged (Zhou et al. 1993; Li et al. 1997; Huang et al.
2011; Yu et al. 2011b; Ge 2012), a carbonate gentle slope
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Fig. 4.27 Lithofacies paleogeographic map of the Linxiang Formation in Southern Sichuan and its periphery during the depositional period

characterized by tortoise-cracked limestone-nodular lime-
stone in the Baota Formation and Linxiang Formation were
deposited (Fig. 4.27), the carbonate gentle slope occupies
most of the area around the Sichuan Basin, roughly
located in Southeast of the line of Tianquan-Yingjing-E’bian-
Qianwei-Weiyuan-Zizhong—Huaying. In the north of the line
of  Xichang-Jinyang-Daguan-Renhuai-Suiyang-Fenggang-
Yinjiang, the Central Sichuan Uplift roughly surrounds
the line of Baoxing-Lushan-Ya'an-Wusheng-Guangan-
Nanchong; the tidal flat facies deposits between it and
the line of Tianquan-Yingjing-Ebian-Qianwei-Weiyuan-
Zizhong-Huaying. Sandy shale and argillaceous limestone
are the main properties, and the sedimentary structure is
dominated by vein-like bedding and small sand-grained
bedding. The uplift range in the Southern part of Central
Guizhou is roughly along the line of Butuo-Yiliang-
Jinsha-Zunyi-Shiqian, and the tidal flat facies deposits
between it and the line of Xichang-Jinyang-Daguan-Renhuai-
Suiyang-Fenggang-Yinjiang. The lithology is mainly calcium-
bearing silty mudstone and argillaceous limestone.

In the late Ordovician, with the continuous collision and
extrusion of the Yangtze and Cathaysia landmasses (Zhou
et al. 1993), the areas of the Central Guizhou Uplift, Xue-
feng Uplift and Central Sichuan Uplift continued to increase.
The Yangtze Continent has changed from the original craton

basin to a post-uplift basin which is developed above the
craton and bounded by various marginal uplifts. The sedi-
mentary lithology has also changed from pure carbonate
rocks to black carbonaceous and siliceous shale in the
Wufeng Formation. The Wufeng Formation in the E’bian
and Qianwei areas around the Central Sichuan Uplift is
mainly composed of dolomitic shale and marl, while the
Zhaojue, Weixin and Renhuai areas deposits in the Northeast
of the Western Sichuan-Central Yunnan-Central Guizhou
Uplift are mainly composed of calcareous siltstone and
calcareous siltstone. The carbon-bearing silt-bearing micrite
limestone and the supply of terrigenous clasts near the uplift
margin are also relatively abundant, mainly composed of
mixed tidal flat deposits.

The shallow shelf facies are located outside the tidal flat
facies, and the lithology is dominated by carbon-bearing
silt-bearing calcareous mudstone, carbon-bearing silt-
bearing mudstone, carbon-bearing siltstone, cloud-bearing
silt-bearing carbonaceous mudstone, which located in
E’bian-Mabian-Ganluo in Western Sichuan. These areas
mainly develop cloud-bearing silt-bearing carbonaceous
mudstone and carbon-bearing siltstone, and the pyrite lens
develops in the carbon-bearing siltstone. The Southern
Yanjin-Weixin and Southeastern Wuchuan-Dejiang area
mainly develops carbonaceous mudstone compared with the
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Fig. 4.28 Lithofacies paleogeographic map of the organic-rich mud shale member of the Wufeng Formation in Southern Sichuan and its

periphery during the depositional period

west, the silt-bearing calcareous mudstone and the
carbon-bearing silty sandy mudstone are gradually more
calcareous, but they are still shallow shelf deposits.
Deep-water shelf facies mainly develop in the Northeast
of the line of Yanhe-Zheng'an-Tongzi-Weixin-Yanjin-
Leibo-Muchuan, which are divided into two types of
microfacies according to different sedimentary lithologies.
The Southeastern side of Pengshui mainly deposits
calcic-carbonaceous silt mudstone and silt-bearing carbona-
ceous calcareous mudstone. Compared with shallow shelf
facies, the sedimentary facies have more carbonaceous
components, generally more than 2%, and carbonate com-
ponents such as calcite or dolomite also occupy a large
proportion in the rock. The main rock types in the Northwest
of the line of Changning-Hejiang-Qijiang-Nanchuan-
Pengshui are mainly carbonaceous mudstone and siliceous
mudstone depositions. The rocks in these sedimentary facies
contain almost no carbonate components or only a small
amount, mainly composed of siliceous minerals. In addition
to graptolite organisms, siliceous radiolarians are also quite
developed in this set of rocks. There are also small-scale
deep-water shelf facies in the Tianquan-Hanyuan areas in the

Western Sichuan (Fig. 4.28) Basin. The sedimentary lithol-
ogy is dominated by dolomitic siliceous mudstone and car-
bonaceous siliceous mudstone. The main feature of this
microfacies is the lower part of the Wufeng Formation. The
deposited black mudstone not only contains abundant silic-
eous minerals (mostly siliceous sponge spicules), but also
contains more dolomite minerals, and the rhombic crystal
form of dolomite is completed. As far as the Wufeng For-
mation is concerned, black shale spreads throughout the
entire strata. Generally speaking, the organic carbon content
in the deep-water shelf facies is generally greater than 2%,
which is the most favorable distribution area of black shale.
It followed by the shallow shelf facies area, and the organic
carbon content in this facies area is mostly between 0.5 and
2%, which is a sub-favorable area.

In the mid-Hirnantian period, continental glaciers erupted
around the world, causing a significant drop in sea level. The
black graptolite shale facies deposited in the Wufeng For-
mation was gradually replaced by the shallow shell facies of
the Guanyinqgiao Formation. The Guanyinqiao Formation,
which is several tens of centimeters to several meters, with a
maximum of about ten meters, during the depositional
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Fig. 4.29 Lithofacies paleogeographic map of the Guanyingiao Formation in Southern Sichuan and its periphery during the depositional period

period of the Guanyingiao Formation, the area of the Wes-
tern Sichuan-Central Yunnan-Central Guizhou Uplift in the
Southern part of the Central Sichuan Uplift are also
increased accordingly, and the edge of the uplift is still tidal
flat facies. The cross-sectional data of Xihe and
Hanyuan-Jiaodingshan profiles show that the tidal flat facies
calcareous siltstone and limestone are mainly developed
around the Central Sichuan Uplift, and their range is roughly
located in between the line of Baoxing-Ya'an-Laolong 1
well-Zizhong-Guang'an-Nanchong and the line of
Dajingping-Hanyuan-Ganluo-Qianwei-Rongxian-Weiyuan-
Neijiang-Dazu-Tongliang-Hechuan-Huaying. There are
large-scale deposits of shallow shelf facies on the outside.
Detrital marl and biogenic calcareous mudstone are pre-
dominant, and the Hirnantianbei fauna generally develops
in this set of rocks. The brachiopod assemblage on the
bottom of the sea (Chen et al. 2000), often accompanied by
trilobites dominated by Dalmanitina, indicating a
shallow-water continental shelf environment with a water
depth of 20-60 m, and the facies belt extends Southward to
the line of Jinyang-Daguan-Weixin-Tiesuoqiao-Hanjiadian-
Zheng'an-Yanhe Xinjing; The periphery of the Western
Sichuan-Central Yunnan-Central Guizhou Uplift in the

south is a ring-shaped clastic tidal flat facies, sedimentary
calcareous mudstone and silty mudstone, with small
sand-grained bedding and vein bedding are dominant; And
high-energy beach facies deposits are founded in the tidal
flats on the Southeast side of the tidal flat, such as Fenggang
Dongkala profile, Yanhe Xinjing profile, Yinjiang Zhouji-
aba profile, etc. The Dongkala area develops bright crystal
oolites limestone (Fig. 4.29), and the Xinjing and Zhoujiaba
areas are dominated by the sedimentary biogenic limestone.

2. Lithofacies paleogeography during the deposition of the
Silurian Longmaxi Formation

With the end of the ice age at the end of the Hirnantian
period, the glaciers melted on a large scale, the climate
gradually warmed up, large-scale transgression occurred,
and the relative sea level gradually rose. In addition, the
strong compressional uplift and crustal deflection became
deeper since the late Ordovician. The neritic environment
after intracontinental uplift after the tectonic transformation
in the middle and late Ordovician created a unique devel-
opment environment for black carbonaceous shale in the
early (Lower) Longmaxi Formation, except for the
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Guanyingiao Formation shell facies sandwiched between it
and the Wufeng Formation Marl. Dolomitic limestone,
claystone and other shallow facies (the sedimentary water
body is relatively shallower) were deposits. It can be said
that the black carbon-bearing and carbonaceous mud shale
of shelf deposition since the Ordovician Wufeng Formation
has been developed in succession. This set of black rock
series has a wide distribution range and is thicker than
Wufeng Formation. The organisms are mainly graptolites. In
addition to the main body of the Wufeng Formation, the
graptolite types include the double graptolite family, the
two-shaped graptolite family and the single graptolite fam-
ily. It is more common, and its differentiation and abundance
are increasing, which may be related to the melting of gla-
ciers and the changes in the living environment caused by
the first sea-level rise in the Silurian period. Judging from
the development of the entire study area, the lithology of this
profile is the most favorable interval for the development of
shale gas, but this set of black carbonaceous mud shale is not
developed in the study area. The shelf facies are a favorable
development area for black carbonaceous mud shale gas,
while the tidal flat facies developed in this period are an
unfavorable environment for shale gas development, but its
distribution range is relatively limited. The characteristics of
the ancient maps of this period are as follows.

The periphery of the uplift is a narrow tidal flat zone of
detritus intercalated with carbonate rocks, which quickly
enters the shallow shelf. It indicates that the terrain slope is
relatively large and the distribution range is relatively limited
(Fig. 4.30). Generally, it’s dominated by mudstone, siltstone
and fine sandstone. Bioclastic limestone and marl are
developed in the sandstone and mudstone in some areas. The
Northern margin is represented by the Mabian Xiashacai
profile, where a set of gray, gray-green sandy shale and light
purple-red dolomitic siltstone intercalated with thin layers of
purple-red calcareous silt mudstone is deposited. Small-scale
cross-bedding can be seen in local sections of the stratum,
and a large number of light purple-red siltstone and dolo-
mitic siltstone lenses can be seen in the gray-green sandy
shale and purple-red silty mudstone layers. Its distribution
range is roughly along the line of Tianquan-Mabian-
Hechuan-Guangyuan along the outer edge of the Central
Sichuan Uplift; it’s distributed in a ring shape, and it’s in the

Fig. 4.30 Sedimentary model of
the Silurian Longmaxi Formation
in Southern Sichuan and its

periphery
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shape of a dustpan in some parts of Mabian. The tidal flat
facies deposits in the Southern margin show two character-
istics: First, mixed tidal flat deposits developed in Butuo
profile and other profiles in the SouthWestern margin, and
mudstone, sandstone and marl deposits developed, which
may reflect the large uplift area in the Southern margin, and
the uplift area is characterized by rich source supply types.
Second, on the Southeast side of the study area, combined
with field and indoor thin section research, it was found that
there was a set of siltstone deposits in Gaogiao and Xiadian
areas of Wuchuan, and local layers were calcareous siltstone.

The shallow shelf is mainly developed in the
Ganluo-Meigu-E’bian areas in Western Sichuan and the
Zheng'an-Yanhe areas in Southeastern Sichuan (Fig. 4.31).
While in the Zheng’an Tuping and Yanhe Xinjing areas, it is
mainly a set of silty carbonaceous mud shale, calcareous
silty carbonaceous mud shale. Along the Jinyangjige-Weixin
and other places in the Southwest corner of Sichuan Basin,
there are tidal flat facies. These lithofacies depositional areas
may be affected by the Kangdian Ancient Land and the
Central Guizhou Uplift, and the marl developed in this area
and the argillaceous limestone interlayer developed in the
tidal flat facies are presumed to have the same provenance.
The shale gas development conditions are general, and it’s
an area with poor shale gas development conditions in the
shallow shelf facies depositional environment.

The deep-water shelf environment occupies most of the
study area. The east side is roughly located in the north and
west of the line of Huaying-Tongliang-Zhong-Rongxian-
Leibo-Yanjin-Junlian-Weixin-Tongzi-Daozhen, and the
west is Tianquan-Hanyuan. The source is a small-scale
deep-water continental shelf environment with central
deposition. There are mainly four lithofacies assemblages in
the area: a. calcareous mudstone + carbonaceous argilla-
ceous limestone; b. calcium-bearing silty carbonaceous
mudstone + siltstone with calcium-bearing Carbonaceous
mudstone; c¢. Carbonaceous mudstone + silty mudstone; d.
Calcium-siliceous carbonaceous shale + calcium-bearing
siliceous carbonaceous shale. In the “Tianquan-Hanyuan”
deep-water shelf deposition center, calcium-bearing siliceous
carbonaceous mud shale + calcium-bearing siliceous car-
bonaceous mud shale are mainly developed, with the Tian-
quan Dajingping profile as a typical representative. Its

Zhengantuping _—
Deanxiadian

huangyingxiang

Central Guizhou Uplift
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Fig. 4.31 Lithofacies paleogeographic map of the upper Longmaxi Formation in Southern Sichuan and its periphery

influence range is mainly in Tianquan-Hanyuan areas,
Northwest-Southeast which is a set of black siliceous car-
bonaceous mud shale develops in the deep-water shelf sed-
imentary center of “Yibin-Zigong-Longchang-Luzhou-
Nanxi” in a narrow strip in this direction which can extend
Xingwen, Gongxian and other places to the south, north to
Fushun, Luxian and Yongchuan areas. The “Wulong-
Pengshui” deep-water shelf deposition center mainly
develops black carbonaceous mud shale, and local intervals
are calcium-bearing silty sandy carbonaceous mud shale.
At the beginning of the late Ludan period, the tectonic
compression from the Southeast Cathaysian block became
the dominant factor in the evolution of paleogeography,
followed by global sea-level decline. With the continuous
conduction of the extrusion, the whole area showed an
overall uplift and regression. The upper part of the Long-
maxi Formation began to deposit gray-green, gray-yellow
sandy shale and siltstone, and the upper part of the Long-
maxi Formation near the Northern part of the Central
Guizhou Uplift is mostly gray-green sandy shale, siltstone
and argillaceous limestone. The color of sedimentary
lithology becomes lighter than that of the lower member, and
the terrigenous debris increases and the grain size becomes

coarser. The Longmaxi Formation is a sedimentary sequence
that becomes shallower from bottom to top. At the late stage
of Longmaxi Formation, with the continuous intensification
of compressional tectonic action, the Xuefeng Uplift and the
land uplift and expansion in central and Southern Hubei, and
the marginal facies (clastic coast, delta) also continued to
advance, laying the foundation for the development of pro-
gressive clastic sand bodies. In short, the entire Longmaxi
Formation, except for the tidal flat facies still developed
around the Ancient continents and Uplifts, which was
basically in a shallow shelf environment during the litho-
logic depositional period of the middle and upper members,
occupying most of the study area (Fig. 4.32).

4.3 Organic Geochemical Characteristics

4.3.1 Types of Organic Matter

The type of organic matter is one of the most important factors
determining the source rock quality, but it does not affect the
amount of gas produced by source rock, but only affects the
adsorption rate and diffusion rate of natural gas. The total
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Fig. 4.32 Lithofacies paleogeographic map of the Guanyingiao Formation in Southern Sichuan and its periphery during the depositional period

amount and thermal maturity of organic matter are the
important variables controlling the gas-producing capacity of
source rock (Bai 2012). The type of organic matter is classi-
fied by the input organisms and the physicochemical and
biochemical environment of deposition and initial burial.
Organic geochemistry and organic petrology can be used to
evaluate organic matter types. For high and overmature
source rocks, most of the conventional evaluation parameters
that can be applied have failed, but the organic petrological
characteristics of kerogen composition and carbon isotope
(8"3C) of kerogen in organic geochemistry are still reliable.

1. Kerogen composition
(1) Ordovician Wufeng Formation

The outcrop sample’s result shows that kerogen macerals of
the Ordovician Wufeng Formation are mainly composed of
sapropelic amorphous and inertinite. The relative abundance
of sapropelic amorphous is 30-80%, with an average of
67.5%. The relative abundance of inertinite ranges from 1 to
72%, with an average of 23.8%. A few samples contained

vitrinite, with occasional traces of algal bodies. Kerogen’s
color is brown-dark brown. Statistics showed that the kero-
gen type index was 10-64, and type II; was the main type of
kerogen, followed by type II, (Table 4.4). The carbon iso-
tope values of black shale kerogen in Wufeng Formation
range from —31.0 to —27.4% indicating that the organic
matter is dominated by type I and type II; kerogen, and the
sapropelic formation content varies greatly. The content of
asphalt is high, and it mostly filled in the cracks and
micropores of mud and shale. Organic matter is gray-dark
brown and predominantly brown, with irregular clumpy
aggregates (Fig. 4.33).

(2) Silurian Longmaxi Formation

The black shale of the lower part of Longmaxi Formation in
the study area has reached the overmature stage of maturity,
and the organic matter has lost its fluorescence and becomes
completely opaque, so the maceral analysis can only be
carried out by reflectance observation. The kerogen macerals
of the black shale in the lower part of Longmaxi Formation
are mainly sapropelic amorphous, inertinite and vitrinite
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Table 4.4 Microscopic components and types of carbonaceous mudstone caseous roots of the Wufeng Formation in Southern Sichuan and its

periphery
Layer = Original Lithology Sapropelite % Humic Vitrinite | Inertinite | Sapropel Type Type
number Amorphous | phycoplast | Total amorphous % % group color | index
‘0
Osy  DHP-S3 Mud-bearing 80 80 20 Tan 60.00 111
limestone
Os;y  DIP-B4 Carbonaceous 69 69 31 Tan 38.00 12
siliceous shale
Os;y  DIP-B6 Siliceous shale 60 60 40 Tan 20.00 112
Oz DJP-B9 Carbonaceous 63 63 37 Tan 26.00 112
siliceous shale
Oy DIP-B12 Carbonaceous 55 55 45 Tan 10.00 112
siliceous shale
Osy | DJP-B14  Carbonaceous shale 60 60 40 Tan 20.00 12
Os;y  DIJP-B16 Carbonaceous 62 62 38 Tan 24.00 112
siliceous shale
O;w  DIP-B30 | Calcium-bearing 65 65 35 Tan 30.00 12
carbonaceous shale
Oy  HCP-B1 Silica-bearing 58 58 42 Tan 16.00 12
carbonaceous shale
Os;y  HCP-B3 Carbonaceous shale 60 60 40 Tan 20.00 112
Oz HIDP-B2  Carbonaceous shale 40 40 25 35 Tan —13.75 11
Osy | HIDP-B4  Carbonaceous shale 30 30 15 55 Tan -36.25 1III
Oz | JDSP-B10 | Dolomitic shale 68 68 32 Tan 36.00 111
Ozw  JDSP-B13 | Dolomitic shale 65 65 35 Tan 30.00 12
Osw JGP-B6 Carbonaceous 76 76 29 Brown 47.00 111
mudstone
Oz JKP-B2 Carbonaceous shale 58 58 42 Tan 16.00 112
O3y  XHP-B1 Argillaceous siltstone | 71 71 29 Dark Brown  42.00 111
Os;y  XHP-B3 Carbonaceous 78 78 22 Dark Brown | 56.00 111
mudstone
Oz  LQP-B1 Carbonaceous shale 82 82 18 Tan 64.00 111
Oz QGP-S2 Carbonaceous shale 56 56 44 Tan 12.00 12
Ozw QGP-S3 Carbonaceous shale 60 60 40 Tan 20.00 112
Osw RZP-S1 Carbonaceous 78 78 22 Brown 56.00 111
calcareous mudstone
Osw | RZP-S2 Carbonaceous 72 72 28 Brown 44.00 I
calcareous mudstone
Osy | RZP-S3 Carbonaceous 68 68 6 26 Brown 37.50 12
mudstone
Oz RZP-S4 Carbonaceous 65 65 5 30 Tan 31.25 112
mudstone
Osw  RZP-S5 Carbonaceous 66 66 12 22 Tan 35.00 112
mudstone
Oz | RZP-S6 Carbonaceous 62 62 10 28 Tan 26.50 12
mudstone
Oz STBP-B5  Carbonaceous mud 75 75 25 Brown 50 111
shale
Osw  XSP-S3 Black shale 62 62 28 Tan 34 12
Oz | XQP-S4 Carbonaceous 82 82 18 Tan 64 111
mudstone
Osw YYP-S2 Carbonaceous 73 73 27 Tan 46 181

calcareous mudstone

Note See Fig. 4.5 for section code
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Fig. 4.33 Microscopic characteristics of Kerogen of Wufeng Forma-
tion in Southern Sichuan and its periphery a gray-brown organic matter
(Wulong Jiangkou); b brown-black organic matter (E’bian Xihe);

(Table 4.5). The sapropelic content varies greatly, and the
organic matter is gray-dark brown and black-brown, show-
ing an irregular mass aggregation (Fig. 4.34). The content of
sapropelic amorphous in the black shale from outcrop
samples is 38—89%, with an average of 70%. The content of
inertinite ranges from 11 to 45%, with an average of 28.2%.
Unstructured vitrinite was found in some samples with an
average of 8.7%. The kerogen-type index ranges from 10 to
78, with an average of 40.4. Type II; is the dominant
kerogen type, followed by type II,. The sapropelic content in
well Daoye 1 ranges from 94 to 99%, with an average of
96.9%, and inertinite and vitrinite contents are both < 5%.
The kerogen-type index ranges from 89 to 98%, with an
average of 94%, and is typical of type I kerogen (Table 4.6).

Generally, in the Western region and southwestern region
of Sichuan, the sapropelic amorphous content is 66-89%,
with an average of 76.2%, inertinite content is 11-34%, with
an average of 23.8%, excluding vitrinite. The content of
sapropelic amorphous in Southeast Chongqing and Northern
Guizhou is 28=70%, and inertinite content is 17-39%, with

¢ Brown-black organic matter (Xuyong Macheng); d brown-black
organic matter (Nanchuan Sanquan)

an average of 30.4%. A small amount of vitrinite was
detected in Eastern Sichuan, showing type II kerogen. The
content of vitrinite in some samples from Guanyingiao
profile in Chonggqing is as high as 45%, type III kerogen,
which may be affected by the local enrichment of vitrinite.
Therefore, the types of kerogen in different regions are dif-
ferent, which may be caused by the influence of palaeo-
geographic environment. However, there is little difference
in the types of kerogen among different sedimentary facies.
In outcrop profile, the sapropelic formation in South Sichuan
near the center of the basin has the highest content of 82%,
which may be related to the deep sedimentary water.

2. Carbon isotopes of kerogen

The criteria for carbon isotope classification of kerogen
organic matter are as follows: 6'°C < —29% for type
I, —29 to —26% for type II;, 5'*C =26 to —25% for type IL,,
03C > —25% for type III (Wang et al. 2012a). Carbon
isotope values of black shale kerogen of the lower part of
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Table 4.5 Kerogen meceral and type of black rocks in Lower Longmaxi Formation of Southern Sichuan Basin and its periphery

Layer  Original Lithology Sapropelite %
number Amorphous = phycoplast

Sl HCP-B11  Carbonaceous shale 61 0 61

Sil HJDP-B7 | Carbonaceous shale @ 62 0 62

Sl QGP-S4 Carbonaceous shale 38 0 38

Sl QLP-B21 | Carbonaceous shale 66 0 66

Sil XMP-S8 Carbonaceous shale 65 0 65

Sl XMP-S12  Carbonaceous shale | 72 0 72

S SBTP-B11 Carbonaceous shale = 62 0 62

Sl SQP-B8 Carbonaceous shale | 71 0 71

Sil SQP-B9 Siliceous 68 0 68
carbonaceous shale

Sl XDP-B4 Carbonaceous shale | 68 0 68

Sil XJP-B22 Carbonaceous shale 73 0 73

S XJP-B13 Carbonaceous shale | 67 0 67

Sl DHP-S4 Calciferous 89 0 89
carbonaceous shale

Sil DJP-B29 Carbonaceous shale | 69 0 69

Sil DJP-B38 Silty shale 73 0 73

Sil JDSP-B14 | Silty shale 66 0 66

Sql JGP-B1 Calcium-bearing 78 0 78
mud shale

Sil XHP-B5 Carbonaceous mud ' 80 0 80
shale

S LMRP-S4  Carbonaceous shale | 72 0 72

Sl RZP-B7 Carbonaceous shale 55 0 55

Sl STBP-B5 | Carbonaceous mud | 75 0 75
shale

Sil XSP-S3 Black shale 62 0 62

Sl XQP-S4 Carbonaceous shale = 82 0 82

Sl YYP-S2 Carbonaceous 73 0 73

calcareous shales

Note See Fig. 4.5 for section code

Longmaxi Formation range from — 31.3 to — 24.3% in
Southern Sichuan and its periphery, with an average of
—29.4%. Samples with —29% account for 66% (Table 4.7),
indicating that the organic matter in the black rock series of
Longmaxi Formation is mainly type I kerogen, followed by
type II; kerogen, which are all favorable types for shale gas
generation, and very few samples are type III kerogen.
According to the feature of the kerogen components of
drilling samples (Table 4.6), the kerogen type is further
verified as type I and is very constant in the study area. This
feature shows that the organic matter type is mainly sapropel
in the study area. This is accordant with the marine sedi-
mentary environment (Bai 2012a).

In addition, the black shale of the lower part of Longmaxi
Formation in Southern Sichuan and its periphery was

Total
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Humic Vitrinite | Inertinite | Sapropel Type Type
amorphous % % group color | index
‘0
0 39 Tan 22 1,
0 38 Brown 24 11,
0 45 17 Brown -12 I
0 34 Brown 32 1,
0 31 Tan 31 1,
0 26 Tan 44.5 1,
0 12 26 Brown 27 m2
0 29 Tan 42 11,
0 0 32 Tan 36 1,
0 0 32 Brown 36 1,
0 0 27 Brown 46 11,
0 0 33 Tan 34 1,
0 0 11 Tan 78 1T,
0 0 31 Tan 38 11,
0 0 27 Tan 46 11,
0 0 34 Tan 32 1,
0 0 22 Brown 56 11,
0 0 20 Dark Brown 60 1T,
0 0 28 Brown 44 11,
0 12 33 Brownish 13 1,
Yellow

0 0 25 Brown 50 11,

28 Tan 34 1,

18 Tan 64 11,

27 Tan 46 11,

deposited in a deep-water shelf-reducing environment. The
organic matter is mainly algae and plankton (graptolite), and
with bacteria metabolites in the process of microbial
degradation. The organic matter is rich in lipids and proteins,
and the sapropelic components with high potential hydro-
carbon generation can be formed by further alkylation. In
conclusion, the black shale of the lower part of Longmaxi
Formation in Southern Sichuan and its periphery is domi-
nated by Type I kerogen, which is also consistent with
previous research results (Wang et al. 2000; Chen et al.
2013b; Guo et al. 2013). Vertically, the organic carbon
content in the lower part of Longmaxi Formation gradually
decreases from bottom-up, and usually kerogen type changes
from type I to type II;, which further confirms that the
sedimentary water is gradually shallower.
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Fig. 4.34 Kerogen microscopic characteristics of black rocks in Longmaxi Formation of Southern Sichuan Basin and its periphery

4.3.2 Organic Matter Abundance of Black Rock
Series

1. Ordovician Wufeng Formation

The organic content of black shale in the Wufeng Forma-
tion is comparatively high in general, with the content
ranging from 1.25 to 6.73%. Compared with Longmaxi
Formation, although the thickness of the Wufeng Formation
is relatively small, its organic carbon content is relatively
high, generally higher than 1%, except in the adjacent area
of ancient uplifts. In the shale gas wells, the thickness of
black shale of Wufeng Formation in Well Daoye 1 is about
12 m, and TOC is generally greater than 3%, with an
average of 3.38%. There are seven samples of 1.8 m thick
Wufeng Formation being analyzed from Guanyingiao sec-
tion in Qijiang, and the organic carbon content of seven
samples is all greater than 5%, with an average of 6.65%
(Fig. 4.35).

Regionally, the organic carbon content of the black shale
in the Wufeng Formation is stable. According to the contour
map of TOC > 0.5% and TOC > 1%, three high TOC
regions occurred according to the organic carbon content of
the Wufeng Formation (Figs. 4.36, 4.37, 4.38). In Western
Sichuan, the organic carbon content mostly ranges from 2 to
3% with Luding-Hanyuan as the center. In Southeastern
Sichuan, the organic carbon content generally ranges from 3
to 4% with Xingwen-Xuyong as the center, and the highest
TOC is more than 5%. In addition, the Eastern Sichuan area
centered on Qijiang has an organic carbon content of 3-5%,
and the highest Guanyingiao section has an organic carbon
content of more than 6%. From the contour map of
TOC > 0.5%, > 1%, > 2%, it can be seen that during the
deposition of the Wufeng Formation, there were also three
depositional centers with TOC greater than 2%. In the
Western Sichuan area, the deposition thickness is mostly
between 6 and 12 m. According to the drilling data of
Southeast of Sichuan Province, the sedimentary thickness is
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Table 4.6 Meceral and type of kerogen of black rocks in Lower Longmaxi Formation of DY1 well

Layer Lithology Original Sapropelite % Humic Vitrinite | Inertinite | Type | Type
number Debris | Amorphous | phycoplast | Total amorphous % % index
body ¢

Sql Carbonaceous DYI-S63 54 44 1 99 0 1 0 98 I
shale with silt

Sqil Carbonaceous DYI-S66 71 27 0 98 0 2 0 97 I
shale with silt

Sql Carbonaceous DYI-S77 35 62 0 97 0 2 1 95 I
shale with silt

Sl Carbonaceous DYI-S8&2 62 36 0 98 0 1 1 96 1
shale with silt

Sl Carbonaceous DYI-S86 32 64 0 96 0 3 1 93 I
shale with silt

Sl Carbonaceous DYI-S91 32 65 0 97 0 1 2 94 I
shale with silt

Sl Carbonaceous DYI-S95 20 74 0 94 0 2 4 89 I
shale with silt

Sl Carbonaceous DYI-S99-1 36 59 0 95 0 3 2 91 I
shale with silt

Sqil Carbonaceous DYI-S103 45 54 0 99 0 0 1 98 I
shale with silt

Sqil Carbonaceous DYI-S106 9 87 0 96 0 0 4 92 I

shale with silt

Note See Fig. 4.5 for section code

mostly between 12 and 18 m, and this area also belongs to
the thickest deposition area of the Wufeng Formation in the
whole region. In addition, the TOC thickness of more than
2% in Southeastern Chongging is mostly 6-9 m (Figs. 4.39
and 4.40).

2. Silurian Longmaxi Formation

The total organic content (TOC) of the black shale in the
lower part of Longmaxi Formation of Southern Sichuan
basin and its periphery is between 0.01 and 8.06%, mainly in
the range of 0.5-4.0%. In the vertical column, it gradually
decreases upward (Fig. 4.41). The variation of organic car-
bon content can be used as the most intuitive indicator of the
boundary between organic-rich shale and non-favorable
shale in Longmaxi Formation. The TOC content in South
Sichuan is high and uneven; the highest is 8.1%, and the
lowest is 0.26%. Horizontally, the average TOC value ran-
ges from 0.02 to 5.37% and is above 1.0% in most of the
study area. The average TOC value in South Sichuan and
Southwest Sichuan is above 4.0%, and the average TOC
value in the marginal area is 2.0-4.0%. TOC value of the
surrounding area of the ancient uplift is less than 1%, which
is non-favorable for shale gas. In the tidal flat sedimentary
area near the uplift, black shale did not develop, TOC is low
(Fig. 4.42). The area bounded by the Central Guizhou Uplift

and Central Sichuan Uplift had the highest organic carbon
content larger than 4% and gradually decreased outwards.

According to the actual situation of exploration and
development, the content of organic carbon in
Shizhu-Pengshui area in Northeast Chongqing is also high.
Similar to TOC distribution features, the thickness of black
shale with 0.5% TOC gradually increases from the uplift
area to the center of the basin, in which the sedimentary
thickness of the Shuifu-Jiangjin area is the largest, with an
average thickness of > 100 m (Fig. 4.43).

And distribution pattern of black shale with TOC > 1% is
similar. The TOC value in the basin center is higher and the
thickness is larger, while the organic carbon content in the
uplifting area is reduced and the thickness is smaller
(Figs. 4.44 and 4.45). In the south of Wuchuan and east of
Suiyang, organic-rich shales did not develop, which is
mainly influenced by the Central Guizhou Uplift and the
Xuefeng uplift, which provide a large amount of terrigenous
clastic and are not conducive to the preservation of
organic-rich shales. Close to the center of the basin, the
average thickness of black shale with TOC > 1% is more
than 100 m, and the hydrocarbon generation potential is very
good. The thickness of organic-rich shale in Western
Sichuan is relatively thin, and the thickness is more than 60
m, which is the secondary profitable hydrocarbon generation
area.
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Table 4.7 Characteristics of kerogen carbon isotope of black rocks in Longmaxi Formation of Southern Sichuan Basin and its periphery

Order
Number

1

10

11

12
13
14
15

16

17

18
19
20
21
22

23

24

25

26
27
28

29

Original
number
DJP-B30
DJP-B32
DJP-B4
DJP-B16
DJP-B26
DJP-B27
HCP-B1
HCP-B11
HJDP-B2
HJDP-B4

HJDP-B7

HIDP-BS
JGP-B1
JGP-B5
JGP-B6

JKP-B2

JKP-B4

XHP-B1
XHP-B3
XHP-B5
XHP-B7
LQP-B1

QGP-S!

QGP-S6

QGP-S7

QLP-B4
QLP-B21
XMP-S1

XMP-S2

Sample Name

Calcium-bearing
carbonaceous shale

Calcium-bearing
carbonaceous shale

Carbonaceous siliceous
shale

Carbonaceous siliceous
shale

Carbonaceous shale
Carbonaceous shale
Carbonaceous shale
Carbonaceous shale
Carbonaceous shale
Carbonaceous shale

Carbonaceous shale

Carbonaceous shale
Calcareous mud shale

Argillaceous limestone

Calcareous carbonaceous

mudstone

Calcium-bearing
carbonaceous shale

Silt-bearing
carbonaceous shale

Carbonaceous shale
Carbonaceous shale

Carbonaceous shale

Carbonaceous mud shale

Carbonaceous shale

Carbonaceous mud shale

Carbonaceous shale

Siltstone mudstone

Carbonaceous shale
Carbonaceous shale

Carbonaceous calceous
shale

Carbonaceous calceous
shale

013C %

(PDB)

-30.2

—=30.7

—30.2

—30.8

—30.2

—-30.1

—-30.8

-30.8

-30.4

—30.6

-30.3

—30.2
—28.1
—30.6
—28.4

-29.8

=279

—28.0
-27.5
-27.0
-27.1
—28.4

-31.0

—28.4

—28.5

=294
—28.3
-29.7

-29.9

Order

Number

36

37

38

39

40

41

42

43

44

45

46

47
48
49
50

51

52

53
54
55
56
57

58

59

60

61
62
63

64

Original
number
XMP-S9
XMP-S10
XMP-S11
XMP-S12
XMP-S13
XMP-S14
XMP-S15
XMP-S16
XMP-S17
XMP-S18

XMP-S19

XMP-520
XMP-S21
XMP-S22
XMP-523

XMP-524

SBTP-B11

SBTP-B5
SQP-B2
SQP-B3
SQP-B8
SQP-B9

STBP-B3

STBP-B4

STBP-B5

STP-BO-1
STP-B6
XDP-B2

XDP-B4

Sample Name

Carbonaceous
calcareous mudstone

Carbonaceous
calcareous mudstone

Carbonaceous
calcareous mudstone

Carbonaceous
calcareous mudstone

Carbonaceous
calcareous mudstone

Carbonaceous
calcareous mudstone

Carbonaceous
calcareous mudstone

Carbonaceous
calcareous mudstone

Carbonaceous
calcareous mudstone

Carbonaceous
calcareous mudstone

Carbonaceous
Calcareous mudstone

Carbonaceous mudstone
Carbonaceous mudstone
Carbonaceous mudstone

Carbonaceous mudstone

Carbonaceous mudstone

Carbonaceous mudstone

Carbonaceous shale
Carbonaceous shale
Carbonaceous shale
Carbonaceous mudstone

Silica-bearing
carbonaceous shale

Calcium-bearing mud
shale

Calcium-bearing mud
shale

Calcium-bearing mud
shale

Carbonaceous mudstone
Carbonaceous mudstone

Carbonaceous shale

Carbonaceous shale

013C %

(PDB)

-304

-30.9

-31.3

-31.1

-30.9

-30.9

-30.7

-30.8

-29.9

-29.5

—29.6

—29.2
-29.0
—28.9
—28.7

—28.9

—=30.0

-30.1
—30.0
-29.7
—28.8
—28.4

-274

—28.3

-28.4

-28.4
-294
—28.1

-27.2

(continued)
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Table 4.7 (continued)

Order Original Sample Name 013C %
Number number (PDB)
30 XMP-S3 Carbonaceous shale -30.5
31 XMP-S4 Carbonaceous shale -30.4
32 XMP-S5 Carbonaceous shale -30.5
33 XMP-S6 Carbonaceous shale -30.6
34 XMP-S7 Carbonaceous calcareous -30.6
shale
35 XMP-S8 Carbonaceous calcareous -30.5

shale

Note See Fig. 4.5 for section code

4.3.3 Maturity of Organic Matter in Black Rock
Series

The maturity of kerogen can be described not only to predict
the hydrocarbon generation potential of source rocks, but
also to find possible fractured shale gas reservoirs in highly
metamorphic areas, as an indicator of organic gas research in
shale reservoir systems. The thermal maturity of kerogen
also affects the natural gas content in the shale that can be
adsorbed on the surface of organic matter. Generally, higher
Ro indicates greater gas generation (greater gas generation),
more fracture development, and larger shale gas production.

Current shale exploration in the USA indicates that shale
maturity is generally over 1.3% in shale plays (Martineau
2007; Pollastro et al. 2007) and could up to 4.0% in
Southern West Virginia of the Appalachian basin. Shale gas
is produced only in high-maturity areas (Milici et al. 2006).
Herein, the high maturity is favorable for shale gas pro-
duction. The organic-rich shale in the study area in China
has generally experienced complex multistage thermal his-
tory changes, and the maturity is generally high, basically in
the high-overmature stage. Thus, the question arises whether
the high maturity is still conducive to shale gas accumulation
and enrichment. At present, in order to avoid the risk of
extremely high maturity, the upper limit of maturity favor-
able value is set at 4% by scholars and industry.

Marine shales in the Sichuan basin basically experienced
a long time of shallow burial in the early stage, a long-time
uplift in the early-middle stage, deep burial again in the
middle stage and rapid uplift in the late stage. It has
undergone long-term structural and thermal evolution and is
characterized by complex evolutionary history, high thermal
maturity and early hydrocarbon generation time (Nie et al.
2012a). For shale, organic vitrinite reflectance (Ro) is an
indicator of thermal maturity, reflecting the maximum
paleogeodetic conditions of diagenesis and hydrocarbon
generation conditions of shale and is the most suitable
parameter to reflect diagenesis (Tang et al. 2012). Globally,
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Order Original Sample Name 013C %
Number number (PDB)
65 XJP-B22 Carbonaceous shale -29.4
66 XJP-B13 Carbonaceous shale -29.3
67 XQP-S5 Carbonaceous mudstone -29.6
68 XSQP-B3 Carbonaceous mud shale —28.8
69 XSQP-B4 Carbonaceous mud shale -29.2
70 XSQP-B11 Shale —28.5

vitrinite reflectance (Ro) is an important index to measure
the thermal maturity of organic matter, but vitrinite is hard to
find in Longmaxi Formation in the Southern Sichuan basin.
It is derived from higher plants, but type I and type II,
kerogen are mainly plankton or algal matter. Thus, using this
parameter cannot directly evaluate the thermal maturity of
Longmaxi Formation. Nowadays, bitumen reflectance
(Rb) is adopted to evaluate the maturity of organic matter,
which could be converted into equivalent vitrinite reflec-
tance (Ro).

According to the research by previous scholars like
Zhang et al., when Ro > 4.0%, kerogen is fully aromatized
(graphitized) and no more natural gas could be generated.
Chen et al. conducted a high-temperature simulation exper-
iment on source rock, when Ro > 3.5%, the amount of gas
generation decreases greatly, when the simulated tempera-
ture exceeds 600 °C, Ro reached 4.0%, dark materials
appear, indicating the end of gas generation. Therefore, the
termination line of hydrocarbon generation Ro = 4.0% is
adopted, and the criteria for maturation stage classification of
black shale is shown in Table 4.8.

1. The Ordovician Wufeng Formation

The organic-rich shale in the Wufeng Formation underwent
multistage thermal history and reached the high-mature to
the overmature stage. Regionally, maturity evolution grad-
ually increases from south to north (Fig. 4.46; Table 4.9). In
the south, close to the Central Guizhou Uplift belt, the
thickness of the Wufeng Formation is relatively thin, and the
maturity of mud shale is low. In the adjacent area of the
Northern Central Sichuan Uplift, Ro is generally low due to
the upper layer thickness being thin by weathering and
denudation. The Wufeng and its overlying strata in
Nanchuan-Daozhen area have larger thickness and higher
maturity of organic-rich mud shale, with Ro values ranging
between 1.48 and 2.39%, mostly more than 2.0%. South-
ward to Zhengan-Wuchuan-Yanhe area, Ro values range
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