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Abstract: The marine shale in southern China has under-

gone complex tectonic evolution with a high thermal evo-

lution degree. Excessive thermal evolution brings certain

risks to shale gas exploration and development. With the

advancement of experimental methods, the evolution

process of shale reservoirs can be better understood

from the micro-nanoscale. This work takes the

Ordovician-Silurian Wufeng and the first member of

Longmaxi Formation in the Sichuan Basin and Lower

Cambrian Niutitang Formation in Outer Margin of the

Sichuan Basin to study the impact of maturity upon the

genesis of shale gas and development features of the reser-

voir. A series of geochemical research methods, including

TOC, gas component and gas isotope, were adopted to

study the impact of different thermal evolution stages of

organic matter upon the genesis of shale gas. The nanos-

cale micro-imaging technique, such as FIB-SEM and FIB-

HIM, was used to analyze the development of OM-hosted

pores. As shown from the results, when Ro = 1.2–3.5%, the

marine shale gas is dominated by methane and other

hydrocarbon gases, since the mixture of cracking gas

from liquid hydrocarbons and kerogen-cracking gas cause

the carbon isotope reversal. Besides, the pyrobitumen

pores characterized by the strong connectivity and storage

capacity were primarily developed. When Ro > 3.5%, the

organic matter is at the graphitization stage. The shale gas

is mainly composed of nitrogen at this stage. The nitrogen

is originated from the atmosphere and the thermal evolu-

tion process, and the OM-hosted pores (pyrobitumen and

kerogen pores) characterized by the bad connectivity and

storage capacity are developed. Finally, the main compo-

nent of shale gas, the genesis of shale gas and the pattern

of OM-hosted pores under different thermal evolution

stages of organic matter are summarized, which provide

technical support for the exploration and development of

shale gas.
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1 Introduction

After the breakthrough of shale gas in the United States,

the application and promotion of horizontal well hydraulic

fracturing, micro-seismic monitoring, multi-well indus-

trialized exploitation and other technologies have set off

a “shale gas revolution” in the world, and shale gas is

becoming an important domain for oil and gas exploration

to be replaced [1–4]. China is rich in shale gas resources

and began the exploration and development of shale gas

after the United States and Canada [5,6]. In 2010, China

National Petroleum Corporation (CNPC) made a break-

through in the industrialization of shale gas by drilling

Wei-201 well, the first shale gas evaluation well. Subse-

quently, Weiyuan, Changning, Zhaotong, Fushun-Yong-

chuan, Jiaoshiba, Dingshan and other shale gas fields

were built successively, realizing large-scale development

[7,8]. Despite there are a series of achievements made in

shale gas exploration in China, the content of shale gas in

different plays and layers varies greatly, with high-yielding

wells, low-yielding wells and no-yielding wells appearing.

Therefore, further study is still needed on the mechanism of

shale gas enrichment. At present, the sedimentary environ-

ment [9–11], pore throat characteristics [12–14], the hetero-

geneity [15,16], the structural style of shale gas reservoir

[17–19], the effect of rock anisotropy on gas permeability

[20–22] and other issues have been extensively studied by

the previous researchers [23–25]. Upper Ordovician-Lower

Silurian shale and Lower Cambrian shale, in southern

China, have good gas-bearing potential, rendering them

the preferred targets for shale gas exploration. However,

the two series of marine shale formations have undergone

multiple stages of complex structural and thermal evolution

with a high risk of exploration and development. Therefore,

it is the prominent problem to study the impact of maturity

upon the genesis of shale gas and development features of

organic pores.

A series of studies have been conducted on the rela-

tionship between maturity and shale gas enrichment.

Liang [26] thought that after the study of the lower Cam-

brian Qiongzhusi Formation shale in the north of Yunnan

and Guizhou province in the southern Sichuan Basin, the

content of TOC, kerogen type, clay mineral and maturity

are the main controlling factors of microscopic pore

structure, the influence of maturity is the most obvious,

and the specific surface area and pore volume of shale

decrease sharply with the increase of maturity. Wang [27]

studied the Niutitang shale of the lower Cambrian in the

upper Yangtze region and supposed that the high degree

of thermal evolution resulted in the undeveloped pores of

organic matter in the Niutitang Formation shale in the

study area, and the development of micro-nanopores

with intergranular pores and intragranular pores is the

main types. Pore evolution of organic matter and hydro-

carbon generation evolution is not completely consistent

in time. During the period of mass development of shale

organic matter pores, the formation was not uplifted in

time, which led to the further enhancement of the thermal

evolution of the reservoir, the number of OM-hosted pores

decreased sharply, and shale gas lost the effective storage

space of organic matter pores after it was generated. Gao

[28] studied the Wufeng Formation–Longmaxi Formation

shale in southeast Chongqing and believed that the

organic pores were mainly “spongy” pores densely distrib-

uted in the organic matter. When the Ro was between 1.56

and 3.5%, macropores and mesopores were the main ones,

macropores decreased and mesopores and micropores

increased when Ro > 3.5%.

China’s shale gas companies have drilled a series of

shale gas wells in the lower Cambrian and upper Ordovician-

lower Silurian systems of the Sichuan basin, but the output

varies widely. Exploration practice shows that maturity is the

main controlling factor of shale gas enrichment, because of

the large scope of marine sediments, Shale has strong homo-

geneity in the same block. The Jiaoshiba block in the south-

eastern part of the Sichuan Basin has achieved large-scale

industrial development. The Jiaoye-1 well is the representa-

tive well of the Jiaoshiba block. However, the Youyang block

located at southeast Chongqing, on the outer margin of the

Sichuan Basin, does not have good commercial shale gas

flow. The Youye-1 well is the representative well of the

Youyang block, as shown in Figure 1. This article selects

two representative wells, setting up a corresponding shale

gas accumulation pattern through a series of experiments

research. Through a series of experiments on the upper Ordo-

vician Wufeng Formation, the first section of the strata of the

lower Silurian Longmaxi Formation and the lower Cambrian

Niutitang Formation, the effects of organic matter maturity

on the shale gas genesis and the development of the organic

pore, a corresponding shale gas accumulation model was

established.

2 Geological Setting

2.1 Sedimentary and stratum characteristics

Large-scale transgression occurred in the Yangtze area in

the early Cambrian, and the study area was in the sedi-

mentary environment of the deep-water continental
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shelf. The high biological productivity, anoxic and redu-

cing environment and relatively developed hydrothermal

activity were conducive to the accumulation of organic

matter in shale, forming the Niutitang Formation shale

with high-organic matter content, wide distribution range

and large thickness [29–31]. As shown in Figure 2a, the

upper strata (3,737–3,795m) of Niutitang Formation in

Youye-1 well are dominated by dark gray argillaceous

limestone, the middle strata (3,795–3,845m) are the black

organic-rich shale and the lower strata (3,845–3,861m) are

dark gray siliceous shale.

During the late Ordovician and the early Silurian,

due to the convergent collision between the Yangtze plate

and Cathaysia plate, the upper Yangtze region is in the

deep-water shelf environment surrounded by ancient

land, which led to strong sealing ability and appears

stratified phenomenon of the water body. It has deposited

the Ordovician-Silurian Wufeng and Longmaxi Formation

shale with high-organic matter content, large thickness

and wide distribution [32–34]. As shown in Figure 2b,

Wufeng Formation and the lower part of the first section

of Longmaxi Formation in Jiaoye-1 well are black organic-

rich shale, and the upper part of the first section of Long-

maxi Formation is dark gray silty shale. The underlying

strata of Wufeng Formation are gray nodular limestone of

Lin Xiang formation of the upper Ordovician, and the

overlying strata of the first section of Longmaxi Formation

are gray argillaceous siltstone of the second section of

Longmaxi Formation.

2.2 Tectonic characteristics

The research area is located in the upper Yangtze region.

According to previous studies [35–37], the early Cam-

brian of the Yangtze plate and the Cathaysia plate in

southern China was still in a state of separation. Because

of the massive transgression, almost throughout the Yangtze

plate deposited a set of Organic-rich shale. Later, as the

water body becomes shallow gradually, the lithology

evolved from fine shale and silty shale to coarse-grained

clastic rocks such as siltstone and sandstone. In Ordovi-

cian, affected by the collision between the Cathaysia plate

and Yangtze plate, the water body continued to become

shallower, and the clastic sedimentary system was trans-

formed into a carbonate sedimentary system. In the late

Ordovician and early Silurian, due to the melting of gla-

ciers, large-scale transgression occurred again, which

turned into a clastic rock sedimentary system again

and a set of organic shale was deposited in the deep-

water shelf area surrounded by the ancient land with

strong sealing.

Figure 1: The distribution diagram of the Jiaoye-1 well in the Jiaoshiba block, southeast Sichuan basin, and Youye-1 well in the Youyang

block, southeast Chongqing, outer margin of Sichuan basin.
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3 Samples and methods

3.1 Carbon and nitrogen isotopic analysis

and gas component differences

The shale gas samples were taken from the Wufeng

Formation–Longmaxi Formation of Jiaoye-1 well (Number:

1–8) and the Niutitang Formation of Youye-1 well (Number:

9–16). Eight gas samples were taken from each well, 16

samples in total. All 16 samples were analyzed with

the Matrix-MG gas analyzer for composition: the 8 gas

samples from Jiaoye-1 well were analyzed with the Trace

GCULTRA-MAT 253 IRMS gas isotope analyzer for carbon

isotope composition and the 8 gas samples from Youye-1

well were analyzed with the same for nitrogen isotope

analysis. Some data are quoted from previous stu-

dies [38–40].

3.2 TOC analysis

A total of 42 rock core samples were sampled at the Wufeng

Formation–Longmaxi Formation section of the Jiaoye-1 well

with an interval of 2m. A total of 86 rock core samples were

sampled at Niutitang Formation of the Youye-1 well with an

interval of about 0.5–3 m. The TOC was analyzed with the

OG-2000V carbon and sulfur analyzer.

3.3 FIB-SEM observation

Focused Ion Beam Scamming Electron Microscopy (FIB-

SEM) is a method to focus a beam of ions on and scanning

over the samples. The atomic bombardment on the surfaces

of the samples by the ion beam will sputter the atoms. It

provides a neotechnology for the research of the micro-

Figure 2: The comprehensive stratigraphic histogram and core photographs. (a) The lower Cambrian Niutitang Formation of Youye-1 well,

(b) the section of the upper Ordovician Wufeng Formation and the first section of the lower Silurian Longmaxi Formation of Jiaoye-1 well. See

Figure 1 for the well locations.
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nanopores. In this paper, two organic-rich shale samples

with relatively high TOC taken at 3,811m of the Niutitang

Formation in the Youye-1 well and at 2,406 m of the

Longmaxi Formation in the Jiaoye1 well were given FIB-

SEM analysis. The instrument used was an FEI-HELIOS-

NanoLab 650 manufactured by the US FEI Company.

Before observation, the rock samples received the surface

preparation with argon ion polishing and conductive layer

spraying for clearer images. As observed with the backscat-

tering function, the appearance of the organic matter was

black with the lowest brightness, the appearance of the

pyrite was white with the highest brightness, and the

appearance of the matrix minerals such as quartz and cal-

cite was light gray. The pores were black notably. And the

secondary electrons generated from the sample surface by

ion beam bombardment highlighted the periphery of the

pores while other nonpore areas were not highlighted.

3.4 FIB-HIM observation

Focused ion beam-helium ion microscopy (FIB-HIM) is a

method that integrates the imaging function of the high-

resolution helium ion microscope with the cutting func-

tion of the focused ion beam and the helium ion beam.

The resolution of FBI-HIM is as high as the sub-nanometer

scale. The imaging with helium ion beam gives the 2D

images certain 3D features, providing an easier way to

observe the 3D shape of the pores and qualitatively deter-

mine the connectivity and development of the pores on the

samples. Unlike the FIB-SEM, the appearance of the organic

matter is gray under the bombardment of helium ions, and

the matrix minerals such as quartz are black. The organic

pores still in black can be easily identified from the organic

matter. In this paper, the organic-rich shale samples were

taken at 3,813m of the Niutitang Formation in the Youye-1

well and at 2,404m of the Longmaxi Formation in the

Jiaoye-1 well were given FIB-HIM to further determine the

connectivity and development of shale pores. The instru-

ment used was a NanoFab-ORION Helium ion microscope

manufactured by Carl Zeiss, Germany.

4 Results and discussion

4.1 Features of gas components

It can be seen from the gas composition analysis that the

main component of the shale gas from the Ordovician-

Silurian Wufeng and Longmaxi Formation shale section

of the Jiaoye-1 well was CH4 with an average volume of

98.31% (Figure 3a). The main component of the shale gas

from the Niutitang Formation of the Youye-1 well was N2

with an average volume of 95.92%, and its average CH4

content was only 1.40% (Figure 3b).

4.2 Features of organic pores development

4.2.1 Classification of OM-hosted pores

The organic matter in the shale can be divided into

kerogen and pyrobitumen. Kerogen is formed from the

original sedimentary organic matter undergoing the diage-

netic stage. The pyrobitumen came from the process that

the liquid hydrocarbon, formed in kerogen hydrocarbon

generation, was filled into the mineral matrix pores, but

not discharged from the organic-rich shale and underwent

bituminization at the high-over mature stage with the sec-

ondary cracking gas generation.

The kerogen and pyrobitumen in the shale can be

distinguished under the microscope based on their pet-

rological features. The kerogen is mostly distributed in

strips with inorganic mineral assemblage, which is due

to the in situ sedimentation of organic matter during the

sedimentary process. The irregular distribution of pyro-

bitumen is formed in the above-mentioned formation

process and its patterns dependent on the patterns of

the intragranular pores and intergranular pores of the

shale. Its boundary with the minerals is clear without

inorganic mineral assemblage.

The OM-hosted pores are the secondary pore system

formed by the hydrocarbon generation during the thermal

evolution of kerogen and pyrobitumen in shale. They are

the primary reservoir spaces and seepage channels of

shale gas. The organic pores can be divided into kerogen

pores and pyrobitumen pores depending on the pore

genesis.

4.2.2 Development features of organic pores in different

thermal maturity stages

According to the previous studies [41], the average

organic maturity of the Ordovician-Silurian Wufeng and

Longmaxi Formation in Jiaoye-1 well is 2.65%, at the peak

of gas generation, and that of Niutitang Formation of

Youye-1 well is 3.54%, at the graphitization stage. Com-

pared with Wufeng-Longmaxi Formation located in the
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upper Ordovician-lower Silurian, Niutitang Formation

located in the lower Cambrian experiences more complex

structural and thermal evolution and is buried deeper in

the geological history. Hence, the maturity of organic

matters in the shale of Niutitang Formation is higher

than that of Wufeng-Longmaxi Formation [41]. Due to

different sedimentation mechanisms, the abundance of

organic matter in original sediments of Niutitang Forma-

tion is higher than that of Wufeng-Longmaxi Formation,

causing the TOC content in the shale of the former is

higher than that of the latter [41]. The FIB-SEM experi-

ments were conducted to observe the organic-rich shale

images of the two wells. Both Youye-1 well and Jiaoye-1

well have large segments of organic-rich shale. There-

fore, the FIB-SEM and FIB-HIM experiments on organic-

rich shale are of universality. The shales from the Ordo-

vician-Silurian Wufeng and Longmaxi Formation of the

Jiaoye-1 well mainly develop pyrobitumen pores (Figure 4a),

with large pore amount and size and mostly elliptical.

The pyrobitumen pores and kerogen pores, in the sample

taken from the Niutitang Formation of the Youye-1 well,

were not found under 10–100 nm resolution. There are

the 1–10 nm pores that cannot be observed under view

resolution. Their small pore diameters (Figure 4b) result

in poor reservoir capacity when compared with the

Jiaoye-1 well.

The FIB-HIM experiment can be used to further

observe the internal pore structure. The FIB-HIM was

conducted on the samples with the depth near the

samples of FIB-SEM. It is observed that there was

nesting of small pyrobitumen pores in large pores in

the sample taken from the Ordovician-Silurian Wufeng

and Longmaxi Formation of the Jiaoye-1 well. Such pore

development feature could not only increase the organic

Figure 3: Component analysis of shale gas. (a)Wufeng Formation–Longmaxi Formation section of the Jiaoye-1 well; (b) Niutitang Formation

of the Youye-1 well. See Figure 1 for the location of the well site.
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matter reservoir capacity and the specific surface area but

also provide the shale gas seepage channels to enhance

the connectivity of the organic matter (Figure 5a). Only

isolated pores were developed in the organic pores in the

sample taken from the Niutitang Formation of Youye-1

well, with a small amount and poor reservoir capacity

and poor connectivity (Figure 5b).

4.3 Influencing factors of different maturity

levels on shale gas generation and

organic pore development

4.3.1 Jiaoye-1 well

Carbon isotope composition is often used to discriminate

the generation types of natural gas [42–44]. Figure 6

shows the carbon isotope composition of the shale gas

from the Ordovician-Silurian Wufeng and Longmaxi For-

mation of the Jiaoye-1 well. The δ
13C1 value is –29.03 to

−31.00‰, with an average value of −30.09‰. The δ
13C2

value is −34.60 to −35.90‰, with an average value of

−34.98‰. There is a significant carbon isotope reversal,

i.e. δ13C1 > δ
13C2.

At present, many studies have been carried out all

around the world on the causes of the reversal of shale

gas carbon isotope. Most scholars believed that the

mixing of different hydrocarbon-generating matrix nat-

ural gas (i.e. kerogen cracking gas, liquid hydrocarbon

cracking gas) caused the reversal of shale gas carbon

isotope [45,46]. Enclosed in the good sealing, when

the organic matters evolve to the maturity stage (Ro =

0.5–1.2%), the liquid hydrocarbons formed by the

kerogen will mostly be retained in the inorganic mineral

matrix pores (i.e. intragranular pores and intergranular

pores) of the organic-rich shale. As the thermal evolution

of organic matter continues, when evolving to Ro =

1.2–3.5%, the liquid hydrocarbon will be bituminized,

forming a large number of pyrobitumen pores, as well

as the liquid hydrocarbon cracking gas. The kerogen

also continues to evolve kerogen pores and form the

kerogen cracking gas. According to Zhao [47,48], for

Ro = 1.2–1.6%, the gas generation is mainly due to

kerogen cracking, and for Ro = 1.6–3.5%, it is mainly

due to liquid hydrocarbon cracking. The liquid hydro-

carbon cracking is about 4 times of kerogen cracking.

Since isotope fractionation, 12C is richer than 13C in the

liquid hydrocarbon cracking gas and 13C is richer than
12C in the kerogen cracking gas [49–51]. When a large

Figure 4: FIB-SEM experimental images. (a) The pyrobitumen pores in the organic-rich shale taken at 2,406m of Longmaxi Formation

section of the Jiaoye-1 well, with large pore amount and size and mostly elliptical; (b) the organic pores in organic-rich shale taken at

3,811 m of Niutitang Formation of the Youye-1 well, with small pore amount and size. See Figure 1 for the well locations.
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amount of liquid hydrocarbon cracking gas is mixed into

the kerogen cracking gas, the δ13C2 value becomes lower,

resulting in the obvious carbon isotope reversal of the

shale gas.

The pyrobitumen pores are generated by the bitumi-

nization of the liquid hydrocarbon retained in the inor-

ganic mineral matrix pores. The inorganic mineral matrix

pores are well resistant to the compaction effect and pro-

tect the pyrobitumen pores embedded in it from damage.

Therefore, the pyrobitumen pores are characterized by a

large amount, large pore size, strong connectivity and

good reservoir capacity. The kerogen pores are formed

from the kerogen evolution. The kerogen is deposited

simultaneously with inorganic minerals and easily squeezed

by inorganic minerals. Under the overlying pressure, the

development of the kerogen pores is relatively poor. In

such a case, the main reservoir spaces and connecting chan-

nels in the shale are pyrobitumen pores.

4.3.2 Youye-1 well

The major component of the shale gas from the Niutitang

Formation of the Youye-1 well is nitrogen, and in con-

trast, the major component of shale gas from the

Ordovician-Silurian Wufeng and Longmaxi Formation

of the Jiaoye-1 well is methane and other hydrocarbon

gas. The results of nitrogen isotope analysis are shown

in Figure 7 with the δ
15N ranging in −3‰ ∼ +0.5‰. Dif-

ferent sources of nitrogen have different origin mechan-

isms, and their nitrogen isotopic value ranges also vary

greatly. According to the previous studies [52–54], the

relationship between nitrogen sources, origin mechan-

isms, and isotope features are summarized in Table 1.

Figure 5: FIB-HIM experimental images. (a) The pyrobitumen pore in the organic-rich shale taken at the 2,404m Longmaxi Formation of the

Jiaoye-1 well has a large number of pores and a large pore diameter. The larger diameter pores are nested in the smaller diameter pores,

which can increase the pore reservoir capacity and Connectivity; (b) the organic pores in the organic-rich shale in the 3,813m Niutitang

Formation of the Youye-1 well, with small pore size and inferior pore connectivity. See Figure 1 for the well locations.

Figure 6: Carbon isotope analysis of shale gas from the lower part of

the Longmaxi Formation, Lower Silurian series of Jiaoye-1 well. See

Figure 1 for the location of the well site.
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As shown in Figure 7, there are three δ15N data points

around 0‰, indicating that part of the nitrogen is derived

from the atmosphere, and four data points distributed

between −10 and −1‰, indicating that part of the nitrogen

is from the organic matter at the mature-high maturity

stage of thermal evolution. There are 5 data points in the

range of −2 ∼ +1‰. As mentioned in the previous para-

graph, three data points are near 0‰, indicating the pre-

sence of atmospheric nitrogen, while one data point is

between −10 and −1‰, indicating the existence of nitrogen

produced by thermal evolution of organic matter in the

mature-high maturity stage. When determining the source

of nitrogen, it is not only based on the characteristics of the

nitrogen isotope but also based on the regional geological

background. The volcanic activity has not been found in the

history of the Youyang block. Because this data point is

close to −1‰, near the range indicating the nitrogen from

the organic matter at the mature-high maturity stage of

thermal evolution, this paper finally attributed the Nitrogen

from the Niutitang Formation of the Youye-1 well to the

atmospheric source and thermal evolution at mature-high

maturity stage.

The over-mature thermal evolution of the organic

matter contributes to the development features of the

shale gas origins and organic pores. The organic matter

maturity Ro of the Niutitang Formation in the Youye-1

well is of 3.54%, falling into the graphitization stage.

With the organic matter evolving to the mature and

high maturity stage, the nitrogen due to thermal evolu-

tion is generated. Moreover, due to the tectonic compres-

sion at the Youyang block, there are several large faults

here [55]. The developed faults destroyed the sealing of

the shale and its roof and floor, causing the hydrocarbon

gas to escape along the faults, as well as the introduction

of atmospheric nitrogen. It is the cause of high nitrogen

and low hydrocarbons in the shale gas from the Niutitang

Formation of the Youye-1 well, and the two nitrogen ori-

gins of organic matter thermal evolution and atmosphere.

According to previous studies [56,57], after organic

matter (including kerogen and liquid hydrocarbons)

evolves to graphitization (Ro > 3.5%), the gas generation

potential of shale is close to exhaustion. The adsorption

capacity of organic matter to natural gas decreases, and

the properties of organic matter change. Under compac-

tion, the organic pores are reduced, resulting in the phe-

nomenon that the number of organic pores developed is

small, the pore diameter is small, and the connectivity is

poor as shown in Figures 4b and 5b.

5 Pattern summary

After the above experiments and data analysis, the

patterns of the thermal evolution of organic matters on

shale gas composition, shale gas origins and organic

Figure 7: Results of nitrogen isotope analysis of shale gas from

Niutitang Formation, lower Cambrian series of the Youye-1 well. See

Figure 1 for the location of the well site.

Table 1: Isotope variation features of different nitrogen sources of shale gas (modified from references [52–54])

Nitrogen source Origin mechanism Isotope features

Atmosphere Deaeration from the surface water entering into

the ground

δ
15N ≈ 0‰

Earth mantle Nitrogen generated by various thermal and

radiation effects inside the earth mantle

δ
15N ≈ −2‰ ∼ +1‰

Metamorphism Nitrogen formed by the high temperature

metamorphism of nitrogenous minerals

δ
15N ≈ +1‰ ∼ +3.5‰

Microbial denitrification Nitrogen generated by the interaction between

biomass and organic matters

δ
15N ≈ −17‰ ∼ −10‰

Thermal evolution Nitrogen produced at various evolution stages of

organic matters

(immature): δ15N < −10‰ (mature), (high-mature): δ15N

≈ −10‰ ∼ −1‰ (over-mature): δ15N ≈ +5‰ ∼ +20‰
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pores development can be clarified (Figure 8). The shale

organic matters from the lower Cambrian series Niutitang

Formation and the Ordovician-Silurian Wufeng and Long-

maxi Formation are all type I kerogen. At the maturity level

of organic matter Ro = 0.5–1.2%, the thermal evolution of

kerogen produces liquid hydrocarbons, which are mostly

retained in the organic-rich shale and filled in the inor-

ganic mineral matrix pores in case of stronger self-sealing

of the organic-rich shale and sealing of the shale roof and

floor and absent of fault development. The kerogen pores

are formed by the kerogen cracking into liquid hydro-

carbon (Figure 8a).

As the increase in depth, the formation temperature

also increases. With the maturity level of organic matter

reaching Ro = 1.2–3.5%, kerogen and liquid hydrocarbons

produce natural gas. For Ro = 1.2–1.6%, the kerogen

cracking is the dominant process and for Ro = 1.6–3.5%,

the liquid hydrocarbon cracking takes over. The gas gen-

eration of liquid hydrocarbon cracking is 4 times that of

kerogen cracking in volume. In this organic matter

Figure 8: Patterns of thermal evolution of organic matters on shale gas origins and organic pore development. (a) (Ro = 0.5% to 1.2%),

(b) (Ro = 1.2% to 3.5%), and (c) (Ro > 3.5%).

1626  Kun Zhang et al.



evolution stage, the shale gas enriched in shale is a blend

of kerogen cracking gas and liquid hydrocarbon cracking

gas, causing carbon isotope reversal. The liquid hydro-

carbon, filling into the pores of the inorganic mineral

matrix, is bituminized into liquid hydrocarbon cracking

gas while forming a large number of pyrobitumen pores.

The inorganic mineral matrix pores are well resistant to

the compaction effect and protect the pyrobitumen pores

embedded in it from damage, providing the pyrobitumen

pores with the features of large amount, large pore size

and good connectivity. The kerogen also cracks into natural

gas and forming the kerogen pores and easily squeezed by

inorganic minerals. As the depth increases, the kerogen

pores are squeezed and collapsed under the overlying pres-

sure (Figure 8b).

As the depth continues to increase or under the influ-

ence of magmatic activity, the formation temperature

reaches a high level. When the maturity of organic matter

reaches the stage of graphitization (Ro > 3.5%), the nature

of the organic matter changes. Then, the strata begin to

uplift, causing faults development, denudation of the

overlying strata and the overlying pressure reduced. On

the one hand, the hydrocarbon gas escaping and the

accumulation of nitrogen from atmospheric sources and

the thermal evolution of organic matter results in the

composition of high nitrogen and low hydrocarbon. On

the other hand, the brittleness of the organic matter

changes and under the overlying pressure, the organic

pores (pyrobitumen and kerogen pores) collapse, resulting

in a less amount of pores, small pore size and poor con-

nectivity (Figure 8c).

6 Conclusions

This article is based on marine organic shale in the

Jiaoye-1 well that is located in the southeast of Sichuan

basin and Youye-1 well located in the southeast Chongqing

of the outer regions of Sichuan basin. The effect of organic

maturity on marine shale gas genesis and organic pore

development was investigated using a series of experiments

such as TOC, gas composition, carbon isotope analysis,

nitrogen isotope analysis, FIB-SEM and FIB-HIM. The

following are the main conclusions from our study:

(1) When Ro = 0.5–1.2%, the kerogen generates liquid

hydrocarbon by thermal evolution. When stronger

self-sealing of the organic-rich shale and sealing of

the shale roof and floor and absent of fault develop-

ment, the liquid hydrocarbon is largely retained in

the organic-rich shale and filled into the inorganic

mineral matrix pores. Due to the kerogen crack-

ing into liquid hydrocarbon, kerogen appears in the

internal pores.

(2) When Ro = 1.2–3.5%, the marine shale gas, which has

a high content of methane, is a blend of kerogen

cracking gas and liquid hydrocarbon cracking gas,

resulting in the reversals of carbon isotope. The

organic shale mainly develops pyrobitumen pores

with the features of large amount, large pore size

and good connectivity.

(3) When Ro > 3.5%, the organic matter is in the graphi-

tization stage. Complex tectonic movements cause

large amounts of shale gas to be lost, resulting in

the composition of high nitrogen and low hydro-

carbon. Nitrogen comes from the thermal evolution

of organic matter and the atmosphere. The organic

pores (pyrobitumen and kerogen pores) collapse,

resulting in less amount of pores, small pore size

and poor connectivity.
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