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The Longmaxi and Niutitang Formations are typical shale reservoirs in southeastern Chongqing. Since the Paleozoic, southeastern
Chongqing has experienced multistage tectonic movement and diagenesis, resulting in the formation of a large number of natural
fractures. In shale reservoirs, fractures not only provide seepage channels for oil and gas migration but also play an important role in
the oil and gas reservoir space. Natural fractures provide a flow path from source rock to reservoir during oil filling and connect
hydraulic fractures, matrix pores, and boreholes during production. Therefore, identifying the main factors that control the
development of natural fractures in the Longmaxi and Niutitang Formations in southeastern Chongqing has a guiding
significance for the efficient development of shale reservoirs in this area. By considering the Longmaxi and Niutitang Formation
shales as case studies, using field outcrops, drilling cores, and other data, and conducting X-ray diffraction (XRD) analysis as
well as total organic carbon (TOC) measurements, the quantitative parameter characteristics and main factors that control the
development of natural fractures in reservoir shales were examined in detail. The results obtained showed that there are three
types of fractures in the lower Paleozoic shale in southeastern Chongqing, which are structural, diagenetic, and abnormal high-
pressure fractures. Among them, the fractures in the Longmaxi Formation shale, which are relatively abundant, predominantly
consist of low-angle and high-angle inclined fractures, while the Niutitang Formation predominantly consists of high-angle
fractures. Additionally, the investigation of fracture size and fracture density, as well as correlation analyses, showed that the
fractures of the Lower Paleozoic shale are predominantly micro fractures that play a key role in improving reservoir seepage. It
was also noted that the development of fractures is affected by several factors, including tectonic stress, mineral composition,
organic carbon content, and rock thickness. The degree of fracture development was found to be positively correlated with
brittle mineral and quartz contents, and high organic matter contents also significantly favored the formation micro fractures.
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1. Introduction

Since the 21st century, owing to a significant increase in the
demand for energy, interest in unconventional oil and gas
resources has increased significantly [1–6]. Natural fractures
including structural fracture, diagenetic fracture, and abnor-
mally high-pressure fracture are the dominant seepage chan-
nels for oil and gas filling and can connect hydraulic fractures
andmatrix holes with wellbores during the oil and gas produc-
tion process [7, 8]. Fractures are common in some shales,
which may be the local factors affecting the growth of hydrau-
lic fracture height [9]. Fractures aremainly concentrated in the
shale with low clay content, and the abundance and size of
outcrop fractures vary greatly [9]. In the subsurface, shales
may consist of complex, stratified fractured, and nonfractured
rocks [9]. Therefore, to evaluate the distribution of shale oil
and gas sweet spots, it is necessary to study the development
of natural fractures [10–12]. This is of great significance and
may help to minimize drilling and completion costs.

Sichuan-Chongqing area is the key target for shale gas
exploration and development in China [13, 14]. The south-
eastern Chongqing has experienced the superimposed trans-
formation of multistage tectonic activities, which have made
its stratigraphic relationships and structural characteristics
more complex [15, 16], and simultaneously, it consists of a
large number of natural structural fractures. Complex dia-
genesis, hydrocarbon generation, and expulsion have also
had an important impact on the opening of bedding fractures
in this area [17, 18]. These natural fractures are one of the
important factors responsible for the differences in the oil
and gas properties of shale reservoirs in southeastern Chong-
qing. Previous studies on shale oil and gas in southeastern
Chongqing have been primarily focused on regional struc-
ture, reservoir lithology, pore structure, and sedimentary
characteristics [19, 20]. The reservoir properties of the Long-
maxi Formation in this region are rich and have the greatest
potential for gas production because of total organic carbon
(TOC) enrichment, higher thermal maturity, and improved
fracture potential [20]. There are several stages of hydro-
carbon generation, migration, and accumulation in this for-
mation [19]. However, research on natural fractures is
relatively scarce, and the main factors that control their
development are still unclear; this limits the efficient develop-
ment of tight oil in the study area. In this regard, by using
field outcrops, drilling cores, and other data and conducting
X-ray diffraction (XRD) analysis as well as TOC measure-
ments, this study focuses on the main factors that control
shale fracture development in the Longmaxi and Niutitang
Formations in southeastern Chongqing, to provide a new ref-
erence for marine shale gas exploration, prediction, and opti-
mization in South China.

2. Geological Setting

Southeastern Chongqing is located in the upper Yangtze plat-
form and belongs to the East Sichuan fold belt in the south-
east of the Sichuan Basin [21, 22]. The west of this area is
bounded by the Huayingshan deep fault, which is connected
to the central Sichuan structural area. The eastern part is

bounded by the Qiyue fault and is adjacent to the fault fold
belt in Western Hubei [21]. From southeast to northwest
are the Shizhu syncline, Fangdoushan anticline, and Wan-
xian syncline [23] (Figure 1). The inner part of the fault fold
belt in which the anticline is narrow and the stratum is steep
and tight, is predominantly linear, with an inverted wing.
Usually, two wings lie asymmetrically, and thrust faults are
often developed in the core part. Additionally, the syncline
axis is wide and the stratum is gentle.

In southeastern Chongqing, there are no upper Silurian
and Devonian strata. Almost all the strata are Carboniferous.
In some areas, there are Middle Triassic Series, and in most
areas, there are Jurassic, Cretaceous, Paleogene, and Neogene
strata. Additionally, the Paleozoic strata are mainly exposed
[24, 25]. On the surface of the Jiaoshiba structure, only the
Huanglong Formation of the Carboniferous system is pre-
served, while the Devonian system is absent. Other marine
strata are relatively intact. The Niutitang Formation of the
Lower Cambrian disagrees with the Dengying Formation,
with gray green shale or black carbonaceous shale at the bot-
tom and siliceous rock intercalated with carbonaceous shale
at the upper part [25–28]. The Longmaxi Formation of the
Lower Silurian system is composed of black shale, silty shale,
and light gray and yellow siltstone, which are high-quality
shale intervals for shale gas exploration and development.

3. Data and Methods

The identification and observation of outcrop fractures
mainly included three observation points (Pengshui,
Youyang, and Xiushan) and six cores (Yuancan-9, Xiuye-6,
Youdi-2, Youye-1, Xiuqian-1, and Youcan-1). Parameters,
such as fracture strike and dip, were measured using a com-
pass, and parameters, such as fracture length and opening,
were directly measured using a meter rule. A total of 1486
pairs of fracture occurrence data points were sampled. Simul-
taneously, the TOC contents of 17 shale samples from Well
Yucan-7 were determined using a Leco CS-230 carbon at
the Sichuan Coalfield Geology Bureau, and the XRD patterns
of 41 shale samples from Well Yucan-8 were determined
using Bruker D8 Advance at the State Key Laboratory of
Oil and Gas Reservoir Geology and Exploitation (Chengdu
University of Technology, China) under temperature and
humidity conditions of 25°C and 50%, respectively.

4. Results

4.1. Fracture Types and Development Characteristics

4.1.1. Structural Fracture. This type of structure refers to
the fracture caused by regional or local tectonic stress,
which is mainly controlled by in situ stress and is closely
related to fracture tectonic deformation. The structural
fractures in the Longmaxi and Niutitang Formations in
southeastern Chongqing, which are mainly vertical or
high-angle structures, are the most developed in the field
outcrop. It was observed that the regional structural joint
surfaces are straight, penetrating deep and extending long,
perpendicularly to the surface layer, or intersecting with the
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rock surface at a large angle [29–32]. The high-angle shear
fractures on the outcrop are characterized by multistage frac-
tures cutting each other in the plane, extending long in the
longitudinal direction, and often cutting through the rock
strata. Additionally, the same group of fractures showed

good equidistance (Figure 2(a)). According to the relation-
ship between fractures and shale layers, mainly two types of
shear fractures exist in the Longmaxi and Niutitang Forma-
tions in southeastern Chongqing, the high-angle through
layer fractures, which are approximately perpendicular to
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Figure 1: Distribution map of folds and fault systems in the target layer of southeastern Chongqing.
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the bedding plane, and the low-angle slip fractures, which are
approximately parallel to the bedding plane or the tensile
fractures formed by the locally derived tensile stress under
the compressive stress environment.

It was observed that the high-angle shear fractures on the
core have straight fracture surfaces, small fracture spacings,
and high fracture development degrees, and the same group
of fractures showed similar spacings, and the fractures of dif-
ferent groups cut each other. The openings of high-angle
shear fractures, which are often filled with quartz, calcite,
pyrite, and other minerals, changed significantly, and the
other fractures showed smaller openings and higher filling
degrees (Figures 2(d) and 2(c)).

The fracture surface of the low-angle slippage fracture is
not smooth and is often filled with quartz, calcite, and other
minerals (Figure 2(e)), and on the fracture surface, there
are scratches and steps. Additionally, the developed tension
fractures in the target layer in the study area were mainly
formed under the influence of the compression background
and sometimes appeared simultaneously with the conjugate
shear fractures. Tension fractures are mainly distributed
above the neutral fold planes, and most of them are located
in the hinge area. In the Niutitang Formation shale in south-
eastern Chongqing, the degree of opening of the fractures,

which changes significantly, is large. Additionally, it was
observed that the fracture surface, which is often filled with
quartz, calcite, and other minerals and has a short fracture
extension length (Figure 2(f)), is not straight.

4.1.2. Diagenetic Fracture. This type of structure is defined as
a dilatational or tensile fracture with a decrease in the total
volume of the rock. Diagenetic fractures are a type of near-
horizontal fractures caused by pressure solution, compaction,
and pressure release [33–35]. These fractures, which are
developed in the outcrop shale of the Longmaxi Formation,
are predominantly horizontal foliation fractures and bedding
slip joints. The bedding structure of shale with foliate or
lamellar bedding is the weakest mechanical structural plane,
and its antiweathering ability is weak. Owing to weathering,
leaching, and denudation for a long time, it is easily peeled
off or it slides along the bedding plane and the existing
fracture surface, forming a large number of bedding joints
and layer slip joints (Figure 2(b)). The Lower Paleozoic
shales are usually composed of a series of thin shales
formed under strong hydrodynamic conditions. Mechanical
compaction and water loss shrinkage bring about the shale
fracture along the foliation, forming foliation fractures
(Figures 2(g) and 2(h)).

Niutitang Formation, outcrop

(a)

Longmaxi Formation, outcrop

(b)

Well YC-4, 706.5 m

(c)

Well TX-1, 1806.6 m

(d)

Well XQ-1, 513.6 m

(e)

Well XQ-1, 524.1 m

(f)

Well YC-1, 1418.0 m

(g)

Well XQ-1, 467.3 m

(h)

Well YC-7, 821.3 m

(i)

Figure 2: Shale fracture development characteristics in the target layer of southeastern Chongqing.
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4.1.3. Abnormally High-Pressure Fractures. Abnormal high-
pressure fractures are mainly drainage fractures, which are
converted from a principal stress to tensile stress under the
action of extremely high fluid pressure, resulting in fracture
clusters with bending directions and different openings.
Abnormally high shale pressures primarily result from three
aspects: (1) the abnormal gas pressure formed in the process
of organic matter evolution, which is related to organic mat-
ter content and is controlled by the thermal evolution degree
of organic matter [36, 37]; (2) the black thick-layered organic
matter-rich shale, which is under compaction due to rapid
sedimentation [38]; or (3) the closed state, within which an
abnormally high fluid pressure is generated owing to the
combination of the dehydration and hydrothermal pressuri-
zation of clay minerals. When the abnormally high fluid
pressure exceeds the rock fracture strength, fractures are
formed. Abnormally high-pressure fractures are usually dis-
tributed in areas with relatively high organic matter content,
where the maturity of the organic matter is also relatively
high. These fractures are characterized by an irregular shape,

a short extension, and their occurrence varies significantly
(Figure 2(i)).

4.2. Characterization of Fracture Parameters

4.2.1. System and Occurrence of Fracture. According to the
rose diagram of the fracture strike corresponding to the tar-
get layer in the survey area, there are mainly three stages of
structural fractures in southeastern Chongqing. These are
the near EW, NE (strike N30°E), and near SN directions
(Figure 3). The plane-cutting relationship of the fractures
on the outcrop shows that a group of structural fractures
in the near SN direction limit the two groups of fractures
to the near EW and NE directions, indicating that the
group of structural fractures close to the near SN direction
was formed first. Simultaneously, a group of structural
fractures in the near EW direction limit the expansion of
a group of structural fractures in the NE direction, indicat-
ing that the group of fractures in the near EW direction
formed earlier than the group of fractures in the NE
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Figure 3: Strike rose diagrams of black shale fractures in the target layer of southeastern Chongqing.
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direction; i.e., the fractures trending in the NE direction
were formed last. In the Youyang survey area, structural
fractures in the near EW and near SN directions showed
distinct development advantages, while in the Xiushan sur-
vey area, those in the near EW and NE directions showed
distinct development advantages (Figure 3).

According to the statistical results obtained following the
measurement of the fracture dip angles in the study area,
most of the fractures in the Longmaxi Formation shale are
predominantly inclined with low angles (15°–45°) and high
angles (45°–75°), and only a few are vertical and horizontal
(i.e., inclined at 75°–90° and 0°–15°, respectively). It was
observed that 20.90, 31.45, 33.53, and 14.12% of these frac-
tures are inclined at angles in the ranges 75°–90°, 45°–75°,
15°–45°, and 0°–15°, respectively, as shown in Figure 4(a). It
was also observed that vertical fractures, high-angle cutting
fractures, and low-angle oblique fractures are developed in
the Niutitang Formation shale, while horizontal fractures
are rare. Among these fractures, 65.52 and 49.4% (approxi-
mately half of the total) are inclined at angles in the ranges
75°–90° and >81°, respectively. Additionally, a total of 30.57
and 3.9% of these fractures are inclined at angles in the
ranges 45°–75° and 15°–45°, respectively, while horizontal
fractures (0°–15°) are absent. These results show that the

shale fractures of the Niutitang Formation are mainly high-
angle fractures, followed by oblique fractures, and low-
angle fractures, while horizontal fractures are not developed
(Figure 4(b)).

4.2.2. Fracture Density. The calculation method of fracture
density can been seen previous study in detail [39]. It was
observed that the fracture densities corresponding to the
three dominant directions of the target layer in the study area
are different. The average linear density of the fractures, i.e.,
the number of fractures in per unit area, in the near SN, NE,
and near EW directions in the Longmaxi Formation is
approximately 2.7, 5.2, and 7.5 pieces/m, respectively
(Figure 5(a)). For the Niutitang Formation, they are approxi-
mately 1.2, 3.1, and 4.8 pieces/m, respectively (Figure 5(b)).
This finding indicates that the fractures in the shale of the tar-
get layer in southeastern Chongqing are mainly NE and near
EW fractures, with the most developed and least developed
being the near EW and near SN fractures, respectively. More-
over, the Longmaxi Formation was found to be better than
the Niutitang Formation. The two sets of shale fractures in
southern Chongqing, which are more significant in terms of
shale gas enrichment and development, are greater in num-
ber than those in conventional sandstone reservoirs.
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Formation (b), of southeastern Chongqing.
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Figure 5: Shale fracture density distribution map in the target layer, i.e., Longmaxi Formation (a) and Niutitang Formation (b), of
southeastern Chongqing.
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4.2.3. Fracture Filling. The fracture surface morphologies of
approximately 160m long cores from Well Yucan-8 in the
Longmaxi Formation and Well Xiuqian-1 in the Niutitang
Formation were observed and described in detail. Overall,
it was observed that more than 87% of the fractures are
filled, approximately 5% are unfilled, and approximately
8% are closed. Most of the filling joints are fully filled,
while a few are partially filled or semifilled (Figure 6(a)).
The filling mineral is mainly calcite, and occasionally, it is
pyrite (Figure 6(b)). Vertically, taking Well Xiuqian-1 as an
example, the length of the observed core was found to be
approximately 130m, and it was observed that the fully filled
fractures are generally developed in other depth sections
except for the well section at a depth range of 440–460m.
Some of the filled fractures were mainly observed in the well
section at a depth range of 440–480m. The unfilled fractures
were found to be concentrated within a depth range of 455–
465m, and the closed fractures were observed at two well
depth ranges of 460–480 and 490–505m. Additionally, semi-
filled fractures were scattered at depths of 415, 429, 439, and
450m (Figure 7). Overall, the shale fracture filling degree cor-
responding to Well Xiuqian-1 in the Niutitang Formation,

which has adverse effects on shale gas reservoirs and seepage,
is relatively high.

5. Discussion

The shale reservoirs of the Longmaxi and Niutitang Forma-
tions in southeastern Chongqing have strong heterogeneity,
and the degree of fracture development in the different
regions of the study area is very different [40, 41]. Based on
mineral composition, TOC content, and layer thickness, the
factors that influence shale fracture development in the
Longmaxi and Niutitang Formations in southeastern Chong-
qing were comprehensively studied.

5.1. Mineral Composition.Mineral composition can affect the
degree of the fracture development; i.e., both carbonates and
quartz contribute to the increase of crack density. According
to the results of the XRD analysis of the 789–860m section of
Well Yucan-8, the brittle mineral in this section is predomi-
nantly quartz, and based on quartz content and fracture sta-
tistics data, the relationship between fracture development in
Well Yucan-8 in the Longmaxi Formation shale and quartz
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content was obtained (Figure 8). Thus, it is observed that there
is a certain degree of positive correlation between quartz con-
tent and fracture linear density; i.e., the higher the quartz
content, the greater the fracture linear density.

5.2. Organic Matter Content. The influence of TOC on frac-
ture development is mainly reflected by the distribution of
organic matter [32], the consumption of organic components
and water for kerogen hydrocarbon generation, and hydro-
carbon generation pressurization. The higher the organic
matter content, the more obvious the banding and the easier
it is for micro fractures to develop in or around the organic
matter band. According to the statistical results correspond-
ing to the relationship between organic carbon content and
the degree of shale gas development in various regions of
the world, the higher the organic carbon content, the greater
the number of micro pores in the shale matrix, and the
greater the number of micro fractures formed, the higher
the number of shale gas reservoirs [32].

Based on statistics corresponding to the fracture linear
density and TOC of Well Yucan-7 in the study area
(Figure 7), the organic matter content in the 786–836m well
section is below 1.6% and has little influence on fracture den-
sity and the fracture development. Additionally, low TOC
contents, which showed no obvious change trend, were

observed. However, within the 838–849m well section, TOC
and fracture density showed a distinct correlation. It was
observed that changes in organic matter contents in the range
1.6–2.5% have a significant effect on fracture density. Specifi-
cally, when TOC changes from 1.63 to 2.38%, the fracture lin-
ear density increases from 13 to 28 pieces/m.

This is primarily due to the high sea level that character-
ized the beginning of the shale deposition. Nutrient-rich
upwelling carried the remains of animals and plants from
the deep sea, making the biological yield high and forming
the still water deep slope basin facies with a strong reduction
environment. It was observed that the organic matter is well
preserved and is enriched. The sediments primarily consisted
of semipelagic ooze (from shallow water shelf) and biological
skeleton debris. Siliceous organisms, such as radiolarians,
were found to be buried, an observation that is closely related
to the high organic matter content. However, marine organic
matter-rich shales with high organic carbon contents and
high silicon contents are prone to fracture. Thus, a positive
correlation was observed between organic carbon content
and shale fracture development. For the Longmaxi Forma-
tion shale, at TOCvalues < 1:6%, the relationship between
the fracture development degree and organic carbon content
is not distinct. However, when TOC ranges between 1.6 and
2.5%, the relationship between the fracture development
degree and organic carbon content is distinct. Thus, the over-
all change trend is consistent, and the degree of fracture
development is good.

5.3. Formation Thickness. Generally, thin-layer rocks are
more prone to fracturing than their thicker counterparts,
and fracture spacing is positively correlated with the thick-
ness of the formation [42]. Previous studies have shown that
the smaller the stratum thickness, the higher the degree of
fracture development under the same geomechanical envi-
ronment. According to statistics corresponding to fracture
development in Well Yushen-l in the Longmaxi Formation
shale, the fracture development degree is negatively corre-
lated with formation thickness; i.e., the degree of fracture
development decreases as the formation thickness increases
(Figure 9).
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6. Conclusions

The fractures in the Longmaxi and Niutitang Formation
shales can be divided into structural, diagenetic, and abnor-
mal high-pressure fractures. Additionally, the structural
fractures can be further divided into tensile and shear frac-
tures depending on their mechanical properties. The shear
fractures can be classified as high-angle through layer frac-
tures and low-angle slip fractures based on their relationship
with the shale layers. However, diagenetic fractures can be
divided into horizontal foliation fractures, bedding plane slip
joints, and high-angle shrinkage fractures depending on
their relationship with the shale layers.

The fractures in the Longmaxi Formation shale in
southeastern Chongqing are predominantly low-angle and
high-angle inclined fractures that are partially vertical or
horizontal. In the Niutitang Formation shale, they are pre-
dominantly high-angle fractures, followed by oblique frac-
tures, and a few low-angle fractures, with horizontal
fractures absent.

Furthermore, it was also observed that the fractures in
the Longmaxi and Niutitang Formations in southeastern
Chongqing are predominantly micro fractures with small
fracture openings. The underground opening of shale reser-
voirs restored to underground confining pressure is mainly
in the range 0–350μm. Compared with shale matrix pores,
it was observed that the reservoir effect of fractures is rela-
tively small and primarily improves the seepage of ultralow-
permeability reservoirs. Additionally, high-angle macro
structural fractures are the main seepage fractures of the tar-
get layer.

The results obtained showed that the degree of fracture
development is positively correlated with the brittle mineral
and organic carbon content of the rocks. Additionally, higher
quartz contents resulted in a greater fracture linear density,
and higher organic carbon contents resulted in an increase
in the number of the micro pores and micro fractures formed
in the shale matrix. Besides, the fracture development degree
is negatively correlated with formation thickness; i.e., the
degree of fracture development decreases as the formation
thickness increases.
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