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ABSTRACT: Natural fractures are critical factors that should be considered in
shale reservoir evaluation, storage condition analysis, horizontal well design, and
fracturing stimulation, which also play a non-negligible role in the occurrence state
of shale gas in the reservoir. This paper discussed the influence of fracture
development on gas-bearing properties based on the analysis results of core
observation, scanning electron microscopy, mineral composition, and gas-bearing
properties after the development characteristics of fractures and their longitudinal
variation law were clarified. In this way, the development characteristics of organic-
rich marine shale fractures in the Longmaxi Formation in the 203 well area of the
Luzhou member of the Sichuan Basin and their effects on the gas-bearing
properties can be analyzed. The results show that the Longmaxi Formation shale
develops shear fractures, extensional fractures of tectonic origin, bedding fractures,
dissolution fractures, and abnormally high-pressure fractures of nonstructural
origin. Specifically, interlayer fractures, intercrystalline fractures, organic matter contraction fractures, and fractures between clay
layers are microfractures. Fracture development is characterized by short longitudinal extension, small opening, high degrees of
composite filling, and large density changes, with calcite and pyrite as the filling materials. The fracture density has a “three-stage”
variation pattern longitudinally, and the bottom is dominated by thin siliceous shale development, together with a small amount of
shale mixed with calcareous and calcareous materials. Moreover, the fracture is dominated by “splitting” and “shearing” failure,
crossing stratification with the fracture density. The highest fracture density was found in the 2 sub-layer, featuring the joint
development of horizontal and vertical fractures, which form the mesh fracture system through mutual cutting and restriction. The
lithofacies in the 4 sub-layer are dominated by clay siliceous shale with a small amount of mixed shale of calcareous and siliceous
materials. The formation of fractures always expands along the lamellation direction, which has concentrated development members
of top and bottom fractures, with the development of horizontal fractures dominated and vertical fractures less developed.
Furthermore, a synergistic effect can be found among the total organic carbon (TOC) content, fracture density, and gas-bearing
property of the shale in Longmaxi Formation. It is worth noting that a high TOC content and siliceous content are conducive to the
formation of microfractures, while the development of fracture contributes to the total gas-bearing property, especially to the
increase in free gas content. To be concrete, the free gas content in the fracture development member accounts for more than 55% of
the total gas content, thanks to a channel provided by fractures for the desorption of shale gas.

1. INTRODUCTION
Horizontal wells and hydraulic fracturing technology have
enabled the commercial development of shale gas. With
production increased year by year, shale gas becomes the most
important composition of unconventional oil and gas explora-
tion. Meanwhile, its exploration and development march into
the “deeper, older, and wider”domain.1−3 The Wufeng−
Longmaxi Formation shale in the southern Sichuan Basin has
become a major stratum for shale gas exploration and
development because of its high total organic carbon (TOC)
content, highly brittle mineral content, high maturity, large

effective thickness, and contiguous distribution.4,5 Shale is
widely perceived as combining “source, reservoir, and coverage”
due to its features of “low porosity and low-to-extra-low
permeability”.6,7 In addition, the free state occurring in pores,
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adsorbed on the surfaces of organic matters andmineral particles
in the adsorbed state, and a small amount of dissolved state are
the occurrence states of hydrocarbon gas in shale.8−10

Natural fractures play pivotal roles in the shale storage space,
preservation conditions, and the morphology and expansion
form of artificial fracture networks during fracturing and
development, according to actual results of shale gas exploration
in the Appalachian Basin of the United States and the Sichuan
Basin of China.11−13 Hence, the development of natural
fractures should be considered in geological exploration of
shale gas, drilling direction design of horizontal wells, and
hydraulic fracturing methods.14 For reservoirs, unfilled fractures
can also provide channels for the migration of shale gas to
increase the effectiveness of shale reservoirs apart from being
effective reservoir spaces.8,15−17 Regarding the preservation
conditions, the self-closed property of shale might be destroyed
by the excessively developed fractures, leading to vertical
dissipation of shale gas. Fractures are tectonic weak surfaces that
naturally occur,18−20 which are expanded first in the hydraulic
fracturing treatment of reservoirs, affecting the formation of
artificial fracture networks.16,21,22 Also, more natural fractures
are expected to drill in the drilling process of horizontal wells
during drill design. This is because of more complex fracture
network systems that are easily formed in the fracturing process,

contributing to the improved effect of reservoir fracturing
treatment.23 Natural fractures become one of the critical factors
controlling the migration, accumulation, and high yield of
hydrocarbon gas in shale to some extent,24 and the study on the
spatial distribution of the natural fracture system is a prerequisite
for the exploration of shale gas reservoirs.25,26 Many scholars
have focused on the research concerning the characteristics of
natural fractures, plane distribution, elf-closed property, and the
effect of the fracturing process on the complexity of the artificial
fracture network with the on-going development of shale
gas.27−29

The 203 well area in the Luzhou block is located at a complex
tectonic environment in the Yongchuan broom-like tectonic belt
of the southern Sichuan Basin. The Wufeng−Longmaxi
Formation shale is buried mostly below 3500 m.30 Specifically,
the sedimentary environment of shale of theWufeng−Longmaxi
Formation (O3w-S1l), TOC content, thermal evolution degree,
plane distribution, and paleo-tectonic stress field were analyzed
in the preliminary study, proving that there are abundant shale
gas resources in the Wufeng−Longmaxi Formation of the
Luzhou block, presenting a great exploration prospect.31 The
formed shale deposition has a complex tectonic environment as
it was affected bymultistage tectonic movements such as the late
Indosinian movement, the late Yanshan movement, and the

Figure 1.Geological overview and comprehensive histogram of L203 well area: (a) geographical location of the Sichuan Basin; (b) structural division
of the Sichuan Basin; (c) characteristics of surface folds in Luzhou area; (d) stratigraphic comprehensive histogram; (e) typical crossing well profile.
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Himalayan movement. The development results of existing
shale gas wells show that there are obvious differences in the
productivity of single wells in the Luzhou block. The test
productivity of Well L203 in the syncline area is 1.379 million
cubic meters per day, which is the highest in the study area, and
the test productivity of Well L207 is 306,300 cubic meters per
day, while Well Yang 203H2, which is also located in the
syncline area, has a single well productivity of 150,000 cubic
meters per day, and Ti 201-H1 has a tested productivity of only
50,000 cubic meters per day. Total gas content and different
occurrence states of shale in the fracture developed and
underdeveloped members are remarkably different due to the
effect of development of microfractures. Fracture characteristics
and their effects on gas-bearing properties were rarely studied
due to the lack of outcrops and early drilling data. In recent years,
the continuous development of deep shale gas and the increase
of drilling cores and logging data have provided favorable
conditions for studying their relationship. Focusing on the
Wufeng−Longmaxi Formation in Wells L205 and L208, this
paper analyzed the development characteristics of shale fractures
in the Wufeng−Longmaxi Formation, longitudinal changes, and
the correspondence to changes in mineral components based on
core and field-emission scanning electron microscopy (FE-
SEM) observations together with logging data. Moreover, the
relationship among fracture development degrees, changes in
mineral components, and gas-bearing properties of shale was
also discussed in an attempt to provide a theoretical basis and
reference for the exploration and development of deep shale gas
in the Luzhou block and other areas.

2. GEOLOGICAL SETTING
Sichuan Basin located in the northwestern region of the Upper
Yangtze Craton is a large-scale superimposed basin developed
from sedimentation on the craton and also one of the most
important gas-producing basins in China.10,30 Surrounded by
Qiyue Mountain, Daba Mountain, Longmen Mountain, and
Dalou Mountain, its tectonic pattern is characterized by uplift in
the middle, depression in the south, and intensive folds in the
east and west (Figure 1a,b).5,8,32 The 203 well area of the
Luzhou block is located in Luzhou city, Sichuan Province, and
structurally located in the south of the Yongchuan broom-like
tectonic belt, which is the junction areas of the paleo-uplift-
middle-slope gentle belt in central Sichuan, the paleo-middle-
slope low-fold belt in southwestern Sichuan, and the ancient
depression-middle-uplift low-steep belt in southern Sichuan,
China.33 It is composed of some areas of Yundingchang
structure, Gufoshan structure, Tiziya structure, tide structure,
Longdongping structure, and Xindianzi structure. Moreover, the
structure of the study area is characterized by torsion with the
structural axis presenting in the NE−EN direction, featuring
convergence in the north and scattering in the south (Figure
1c).34 The anticline in the study area is narrow and long with
wide and gentle syncline. Various anticlines are presented as
being high in the north and low in the south. The sandstone of
the Xujiahe Formation is the oldest stratum exposed at the
anticlinal core (Figure 1e), and the sandstone of Shaximiao
Formation is the outcropped stratum in the syncline.

Early subsidence accompanied by short-term uplift and late
sustained uplift can be observed in the Luzhou area,35 presenting
complete stratigraphic development. The formation of organic-
rich shale in the Wufeng−Longmaxi Formation is directly
related to the global transgression event in the Late Ordovician-
Early Silurian.36 A geographical pattern of “one depression in-

between two uplifts” was formed under the influences of the
Jiangnan-Xuefeng uplift and the Middle Guizhou paleo-uplift.
As a result, the circulation of sedimentary water bodies was
blocked, leading to the formation of reduced sedimentary water
bodies that were occluded.37 The Longmaxi Formation
inherited the sedimentary environment in the late Ordovician
period during the early Silurian period. The sedimentary
substrate was characterized by being low in the northwest and
high in the southeast. Meanwhile, the deepened sedimentary
water body in the Luzhou area is to develop the blacked organic-
rich shale in the deep shelf environment. The organic matter
content of the shale in the upper Longmaxi Formation was
decreased with the increased argillaceous and sandy content as
the global sea level dropped, the sedimentary water became
shallow, and terrigenous debris continuously input.38 The
Longmaxi Formation can be split into Long 1 Member (S1l1),
Long 2 Member (S1l2), and Long 3 Member (S1l3) from bottom
to top, which develop black shale, dark gray siltstone mixed with
silty mudstone, and dark gray siltstone, respectively (Figure
1d).38 Of which, the S1l1 is composed of two sub-members.
Bottom 1 sub-member has high siliceous organic-rich shale that
is the main development stratum at this stage. The shale at the
Longmaxi Formation forms argillaceous limestone upward and
is conformable contact in the shale of Ordovician Wufeng
Formation downward. The thickness of shale is between 480
and 650m, while the thickness of high-quality shale is more than
55 m. Type I organic kerogen dominated, which is in the high-
over-mature dry gas production stage. The porosity and
permeability of the shale matrix are between 0.84∼3.87% and
0.034∼0.15 mD, respectively, while the fractures porosity and
fractures permeability of shale are between 1.59∼7.22% and
2.58∼138 mD, respectively.

3. SAMPLES AND METHODS
The development characteristics of fractures and their relation-
ship with gas-bearing properties weremainly discussed bymeans
of geological analysis and experimental testing in this study.
Geological analysis mainly includes core fracture observation,
statistics, logging data analysis, experimental methods mainly
through scanning electron microscopy microscopic fracture
observation, and whole rock “X” diffraction.

3.1. Geological Measure and Data Analyses. Due to the
lack of corresponding field outcrops in the study area, the
geological analysis is performed mainly through the observation
of 158 m shale cores from the Wufeng−Longmaxi Formation of
nine wells in the study area. The observation contents include
the fracture type, width, dip angle, length, filling degree, filling
object type, etc. The fracture linear density of a sub-member is
calculated in units of small layers, and the gas content of shale is
calculated by polynomial regression through logging curves.

3.2. Experimental Tests. 3.2.1. Whole Rock Mineral
Composition. Shale mineral components were obtained by
whole-rock “X” diffraction experiments. The test samples were
fresh samples from the cores. The experimental instrument was
an X’Pert MPD PRO X-ray diffractometer produced by
PANalytical Corporation of the Netherlands. The sample was
washed with high-pressure air to remove surface impurities
before the test, and the sample was manually broken. Then, 5−6
g of broken sample was selected and placed in an agate grinder,
and the sample was ground to about 300 mesh for the XRD test.
During the experiment, the weight of the powder sample was
kept above 50 mg, the voltage of the instrument was gradually
increased to 40 KV, and the current was 30 mA. Continuous
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scanning was carried out with the general qualitative analysis
degree (2θ > 3°), and the scanning step was 0.016 (°/step). The
whole experiment was carried out at room temperature. The
experimental procedure is in accordance with the Standard of
the Petroleum and Natural Gas Industry of the People’s
Republic of China “X-ray Diffraction Analysis Method for Clay
Minerals and Common Non-Clay Minerals in Sedimentary
Rocks” SY/T 5163-2018.
3.2.2. TOC Content. The TOC content of the samples was

tested with a CS230SH carbon and sulfur analyzer of leco
company. Before the test, the samples were placed in deionized
water, and the stains on the surface of shale were removed by
ultrasonic waves, and the samples were dried at low temper-
atures. Then, the samples were ground to more than 150 mesh
using an agate grinder, and the carbonate components in the
samples were removed by excessive pickling of the powder
samples. Oxygen with a purity of 99.5% was used as the carrier,
and nitrogen was used as the power gas. Organic matter content
was measured by a solid-state infrared absorption method.
3.2.3. FE-SEM Scan of Microstructures. The microscopic

fractures were observed using an electron microscope. The
experimental instrument was a Quanta 450 environmental
scanning electron microscope produced by FEI Company in the
United States. Fresh samples perpendicular to the plane were
selected for experimental samples, which were mechanically cut
into 10 mm × 10 mm in size. Argon ion focused beams were
used to polish the sample surface, and the polished shale surface
was ground to remove irregularities on the sample surface, and a
carbon coating of about 15 nm was applied to increase the

conductivity of the sample. During the experiment, the voltage
and current were set at 10 KV and 15 nA, respectively.

4. DEVELOPMENTAL CHARACTERISTICS OF
FRACTURES IN CORES
4.1. Fracture Types. Tectonic fractures and diagenetic

fractures are jointly developed at the Wufeng (O3w)−Longmaxi
Formation (S1l) shale in the study area, of which tectonic shear
fractures as the major fracture type are developed in various
lithologies with features such as the obvious directionality,
straight and smooth fracture surface, long longitudinal
extension, stable distribution, breaking shale mineral particles,
and appearing in groups. A number of shear fractures with
obvious differences generated in parallel arrangement are
presented in the cross member of the core (Figure 2). Shear
fractures can be divided into vertical and near-horizontal
fractures as per the difference in dip angle. Vertical fractures,
in general, are filled with calcite and pyrite. Transverse scratches
and mirror surfaces can be apparently observed on the fracture
surface, indicating that the shear fracture has a certain strike-slip
property. The development of near-horizontal fractures is
parallel to or intersecting with the plane at a small angle.
Some horizontal fractures were filled with calcite, featuring
obvious scratches, which formed a complex network system
through interweaving with vertical fractures in some well
sections. Extension fractures, in most cases, are developed at
the bottom of the Wufeng Formation, featuring irregular
fracture surface bending, large variations in fracture opening

Figure 2. Core fracture characteristics of Wufeng−Longmaxi Formation in L203 Well area. (a) Upright shear fracture, unfilled, Well L205,
4020.38∼4021.04 m. (b) Upright shear fracture, filled with calcite, Well L208, 3843.91∼3844.14 m. (c) High-angle shear fracture, calcite fully filled,
Well L209, 3759.65∼3759.85 m. (d) Tension fractures, fully filled with calcite and asphalt, Well L206, 4053.43∼4053.68 m. (e) Horizontal fractures,
fully filled with calcite and asphalt, Well L211, 4912.70∼4912.86 m. (f) Tension fracture, filled with calcite, Well L208, 3845.84∼3846.026 m. (g)
Abnormally high-pressure fracture, filled with calcite, Well L206, 4053.00∼4053.11 m. (h) Dissolution fracture, filled with calcite, Well L211,
4926.04∼4926.19 m.
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and occurrence, short longitudinal extension, and terminating
mostly in horizontal fractures, which can be highly filled with
calcite and asphalt. In general, bedding detachment fractures are
parallel to the stratification. The fracture surface is straight and
smooth with scratches or mirror surfaces, which are filled mostly
with calcite or pyrite, featuring concentrated development at the
bottom and top. Interlaminar fractures are the most common
diagenetic fractures in the core, which are the result of the
combined action of deposition, compaction, and diagenetic
evolution, featuring development along bedding, short extension
distance, small scale, and strong lateral connectivity. Such a
fracture is of great significance in increasing the shale storage
space, which can be also used as a channel for shale gas migration
to improve the lateral permeability of shale. Abnormally high
pressure is formed by abnormal fluid pressure and organic
matter hydrocarbon generation pressurization. When the
pressure exceeds the tensile strength of shale, abnormally
high-pressure fractures will be formed. These fractures expand
normally along the bedding plane, with limited development,
short extension, significant variation in width, irregular shape,
and lenticular or fibrous output. In general, it is filled with calcite.
In the diagenesis process, dissolution fractures are formed by
dissolving soluble mineral particles with fluid in the horizontal
presentation, which are mostly filled with calcite with the width
ranging from 1 to 3 mm.

4.2. Microscopic Characteristics of Fractures. Shale has
lower matrix porosity and permeability in comparison to
conventional reservoirs,39 and microfractures are essential for
the increase of effective pore storage and deep flow capacity.40 A
large number of microscopic fractures are developed in the
Wufeng−Longmaxi shale, mostly in clay minerals and quartz,

according to SEM results. These fractures are mostly non-
structural fractures, including organic matter contraction
fractures, clay mineral interlayer fractures, mineral intercrystal-
line fractures, and corrosion fracture. Organic matters in shale
are distributed in points and clusters and are contracted in the
process of sedimentary compaction and hydrocarbon generation
evolution. Microfractures developed inside and isolated organic
matter pores become the accumulation and migration channels
of shale gas, with short extension distance of fractures and the
opening degree below 50 nm. Edge fractures are formed at the
contact of organic matter with clay minerals and siliceous
minerals due to the hydrocarbon generation contraction of
organic matters and the burial and dehydration of clay minerals,
which are bending fractures with large differences in width,
ranging from 20 to 200 nm. These unfilled fractures are favorable
gathering place for shale gas. High content of clay minerals such
as mica, illite and montmorillonite, etc. can be found in shale.
The clay is mostly developed in sheets. Meanwhile, edge
fractures can be developed between clay mineral sheets. These
fractures are mainly developed along the clay mineral sheets,
featuring wide in the middle of fractures, and thin at the edge.
Quartz and feldspar minerals are highly brittle and prone to
rupture, forming fractures in the later tectonic movement.
Microscopically, complex and numerous fractures can be
observed on the surface of quartz and feldspar mineral grains.
The fracture surfaces are straight and extended long, intersecting
the entire mineral grains. The mineral edge has a high degree of
fracture, which can be developed as edge fractures at the contact
with the clay mineral. Dissolution fractures were formed as the
feldspar dissolved in the long-term burial diagenesis process,
which were filled with pyrite. Meanwhile, a great amount of

Figure 3. SEM photo of Wufeng−Longmaxi Formation shale. (a) Calcite intercrystalline fracture. (b)Microfractures developed in organic matter. (c)
Edge seam between organic matter and clay minerals. (d) Edge seam between organic matter and clay minerals. (e) Calcite intercrystalline fracture. (f)
Microcracks at the edge of contact between calcite and organic matter. (g) Feldspar dissolved fracture. (h)Microcracks on the edge of calcite. (i) Edge
seam of the mica layer.
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microfractures developed in the calcite intercrystalline and
intracrystalline were found at the member with high calcite
content. These thin and small fractures are extended along the
cleavage surface, featuring a straight fracture surface, short
extension distance, and small opening.

4.3. Characteristic Parameters of Core Fractures. The
fracture filling degree is high according to the statistical results of
characteristic parameters such as the fracture filling degree,
filling material type, extension length, width, and dip angle in the
cores of Wufeng−Longmaxi Formation. Combined with core
immersion observation, the fully filled fractures, half-filled
fractures, and unfilled fractures in Well L205 account for 63.2%,
27.4%, and merely 9.4% of the total number of fractures,
respectively. By comparison, the fully filled fractures, half-filled
fractures, and unfilled fractures in Well L208 are 78.3%, 16.1%,
merely 4.8%, respectively, as shown in Figure 3b. Fracture filling
is composed of single-mineral filling and multimineral mixed
filling. Filling minerals incorporate calcite, pyrite, quartz, and

asphalt, of which calcite filling is the main filling material,
accounting for 80.8 and 71.2% of the total number of fractures,
respectively, followed by pyrite, accounting for 9.6 and 17.2% of
the total number of fractures. Quartz and bitumen are less filled.
Besides, mixed fillings involve pyrite−calcite mixed filling and
calcite−asphalt mixed filling, as shown in Figure 3a. The shale of
the Wufeng−Longmaxi Formation is deeply buried. The core
fractures of Well L205 and Well L208 are low-opening fractures
with openings of less than 1 mm, accounting for 78.5 and 66.7%
of the fractures, respectively; fractures with a width of 1−2 mm
account for 11.7 and 24.2% of the total number of fracture,
respectively; fractures with a width of 2−4 mm account for 7.3
and 8.1% of the total number of fractures, respectively; and
fractures with a width of more than 4mm account for 2.5 and 1%
of the total number of fractures, respectively, as shown in Figure
3c.

Considering the longitudinal extension length of fractures,
core fractures are dominated by small fractures. To be specific,

Figure 4. Statistics of fracture parameters in cores of S1l in Wells L205 and L208. (a) Histogram of filling type distribution. (b) Histogram of filling
degree distribution. (c) Histogram of fracture opening degree distribution. (d) Histogram of fracture extension length distribution in the core. (e)
Histogram of fracture dip angle distribution. (f) Histogram of fracture density distribution in different sublayers.
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microfractures (L < 10 cm), small-scale fractures (10 < L < 20
cm), medium-sized fractures (20 < L < 30 cm), and large
fractures (L > 30 cm) account for 51.4, 34.2, 9.7, and 4.7% of the
total fractures in Well L205, respectively. Moreover, there are a
small number of large straight-split fractures with a length of
more than 1 m, as shown in Figure 2a. To be concrete,
microfractures (L < 10 cm), small-scale fractures (10 < L < 20
cm), medium-sized fractures (20 < L < 30 cm), and large
fractures (L > 30 cm) account for 30.3, 55, 12.6, and 2.1% of the
total number of fractures in Well L208, as shown in Figure 4d.
Fractures can be divided into horizontal fractures, low-angle
fractures, high-angle fractures, and vertical fractures as per the
differences in fracture dip angles. Vertical and horizontal
fractures are mainly developed wells L205 and L208, of which
vertical fractures account for 48.2 and 43.1% of the total number
of fractures inWells L205 and L208, respectively, and horizontal
fractures account for 33.8 and 29.2% of the total number of
fractures, respectively, and high-angle fractures and low-angle
oblique fractures are less developed.

Fracture density is the main parameter to quantify the degree
of fracture development, including linear density, areal density,
and volume density.41−44 The calculation formula is as follows:

= = =n L P l S T S V/ ; / ; /

In the formula, T is the bulk density of the fracture medium;
ΔS is the unit volume; ΔV is half of the area of all the fracture
surfaces in the unit volume. P is the crack surface density value;
Δl is the sum of the lengths of crack impressions spread over the
unit volume; ΔS is the unit volume; Γ is the crack line density
value.

Combining the research requirements and the core fracture
performance, we calculated the fracture line density by using the
average number of fractures per unit length along the average
normal vector of the core fractures. The results show that there
are significant differences in the development of fracture density
at different sub-layers (Figure 3d). Vertically, the fracture
density is higher in the Wufeng Formation-1 sub-member in the
2 sub-layer and lower in 3 and 4 sub-layers. The highest fracture
densities of both wells reached the maximum in the 2 sub-layer
of the 1 sub-member (S1l1 sub-member) with 26.4 fractures/m
inWell L208 and 16.8 fractures/m inWell L205, respectively, as
shown in Figure 3f.

4.4. Longitudinal Variation Characteristics of Frac-
tures. Fractures in Wells L205 and L208 are longitudinally
distributed in a similar manner. Overall, the fracture density is
varied in a trend of increasing−decreasing−increasing from the
Wufeng Formation to the 4 sub-layer of the S1l1 sub-member.
Moreover, two fracture concentrated development members
can be observed at the bottom and the upper-middle ems of the
4 sub-layer. Fractures are divided into horizontal fractures and
vertical fractures with 45° as the boundary for statistics,
according to the well logging interpretation of fracture
occurrence. Among them, Well L208 has a high fracture density
with the Wufeng Formation developing thick layered siliceous
shale of high ash content at the bottom and a fracture density of
9.3 fractures/m, which is dominated by small vertical fractures
with horizontal fractures less developed. Fractures are developed
in concentration within 2 m below the shell limestone. The
fracture density of the 1 sub-layer in the S1l1 sub-member was
15.8 fractures/m, the horizontal and vertical fractures of which
are 6.65 fractures/m and 9.15 fractures/m, respectively, with the

Figure 5. Longitudinal variation characteristics of fractures in Wells L208 and L205. (a) Histogram of longitudinal distribution of fractures in Well
L205. (b) Histogram of longitudinal distribution of fractures in Well L208.
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highest fracture density in the 2 sub-layer, reaching 26.4
fractures/m. The thickness of the monolayer was thin with well-
developed stratification and horizontal fractures. To be specific,
the densities of horizontal and vertical fractures were 7.16
fractures/m and 19.24 fractures/m, respectively. The longi-
tudinal extensions of fractures in 1 and 3 sub-layers resulted in
the rising statistical density of the 2 sub-layer, presenting a
significant cutting and restricting relationship. On this basis, a
complex mesh fracture system can be generated. Fractures in the
3 sub-layer had decreased rapidly with density reaching 3.7
fractures/m, large thickness of the monolayer, and the
domination of horizontal fractures developed. Fractures in the
4 sub-layer with large thickness and large numbers of fractures
with a density of 1.5 fractures/mwere developed vertically at the
bottom and upper members of the 4 sub-layer in concentration.
More precisely, siliceous shale, lime clay shale, and clay shale
developed at the bottom were dominated by horizontal
fractures, while the thick clay siliceous shale in the middle and
upper members was dominated by the development of
horizontal fractures, with a small number of vertical fractures.
Hence, a simple fracture network was formed by the intersecting
fractures. The fracture development degree of Well L205 was
lower than that of Well L208 as a whole. The variation in vertical
fractures is consistent with that of Well L208, and the
concentrated development of horizontal fractures can be
found at the top of the 4 sub-layer in the S1l1 sub-member
(Figure 5). This is associated with the local increase of TOC and
interbedding of thin and thick layers, according to the core
observation.

5. PETROLOGICAL FACTORS OF FRACTURE
DEVELOPMENT

The fracture morphology and development degree are affected
by various factors,45−47 of which the content of brittle minerals
and lithofacies are the direct internal factors affecting the
development of tectonic fractures.6,48

5.1. Mineral Composition and Brittleness Character-
istics. Wells L205 and L208 are similar in mineral composition
contents and vertical changes (Figure 6). Specifically, the quartz
content is ranged from 21 to 74.5%, with 45.5% on average,
which reaches the highest in the middle and upper parts of the
Wufeng Formation, with decreasing−increasing−decreasing−

increasingmultimember variations. After this, the quartz content
is increased again at the upper parts of the sub-layers 2 and 4.
The feldspar content is ranged from 2 to 14%, with 5.4% on
average and the maximum reached at the top of sub-layers 2 and
4. The content of clay mineral is ranged from 6 to 46%, with 36%
on average, which is increasing vertically. The calcite content is
ranged from 6 to 18%, with 8.4% on average and higher contents
observed in the middle part of sub-layers 1 and 4 vertically. The
pyrite content is ranged from 1 to 8%, with 3.4% on average.

The shale brittleness calculation method based on mineral
components is the most commonly used method due to its
simple operation and strong applicability. Moreover, quartz,
feldspar, and pyrite are characterized by a high elastic modulus
and low Poisson’s ratio, which are normally considered as brittle
minerals.13,49 Calculation is conducted as follows

= { + +

+ + + + }

×

B w w w

w w w w w

( )

/( )

100

RIT quartz Feldspar Pyrite

quartz Feldspar Pyrite carbonate clay

BRIT is the shale mineral brittleness index, wquartz is the quartz
mineral quality fraction, wFeldspar is the feldspar mineral quality
fraction; wPyrite is the pyrite mineral quality fraction; wcarbonate is
the carbonate mineral quality fraction; wclay is the clay mineral
quality fraction.

According to the calculation results, the brittleness index of
the Wufeng−Longmaxi Formation shale in the study area is
ranged from 37 to 74.5%, presenting a relatively high level. This
indicates that a complex fracture network system is easily formed
in the later tectonic movement and fracturing process.
Brittleness indexes of different sub-layers in the 1 sub-member
of the Longmaxi Formation were changed in the increasing−
decreasing−increasing trend. To be concrete, the brittleness
index of the Wufeng Formation is ranged from 41.3 to 74.5%,
with 48.5% on average; the brittleness index of the 1 sub-layer is
ranged from 42.6 to 61.3%, with 50.6% on average; the
brittleness index of shale in the 2 sub-layer is ranged from 60 to
74.5%, with 63.6% on average; the brittleness index of shale in
the 3 sub-layer is ranged from 55.8 to 61.2%, with 57.3% on
average; the brittleness index of the lower member of the 4 sub-
layer is ranged from 37 to 53.5%, with 44.2% on average; and the

Figure 6. Variation characteristics of mineral contents in the shale of the Longmaxi Formation in Luzhou area.
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brittleness index of the upper member is ranged from 38.6 to
58.7%, with 49% on average. There is a good correspondence
between shale brittleness and TOC content, and the sample
points with TOC content above 2.5% are mainly distributed in
siliceous shale facies, according to the TOC content and fracture
development distribution at different depths (Figure 7).

5.2. Different Lithofacies Crack Propagation Modes
and Crack Development Differences. Different lithofacies
are developed vertically at the Wufeng−Longmaxi Formation
shale. Meanwhile, bedding fractures are also developed.
Different lithofacies interfaces and bedding fractures serve as
pre-existing weak surfaces.51 When the fractures form and
expand to these weak surfaces in the later stage, the propagation
path of fractures will be deflected to a certain extent, affecting the
longitudinal extension of fractures.

Wufeng Formation-1−3 sub-layers of the S1l1 sub-member are
dominated by extremely organic-rich siliceous shale, with a small
amount of calcareous siliceous shale. When the interlaminar
fractures are developed in the sub-layer, it might be more likely
to rupture in the later tectonic movement. The size of shear
resistance is adjusted by siliceous shale particles through the
“rotation” of particles under microscopic conditions,52 which
represents a small energy consumption mode that is conducive
to the longitudinal expansion of fractures. Fractures, in most
cases, break through mineral particles or extend along the
mineral contact edge of minerals. The corresponding failure
modes of rock mass normally are dominated by “split” and
“shear” failures through bedding. There are high-angle or
vertical shear fractures appearing on the core, featuring
propagation across stratified planes. The brittleness of
calcareous siliceous shale is slightly lower than that of siliceous
shale. The penetrability of fractures in tectonic movement is
weaker than that of siliceous shale. The extended fractures are
bent at the lithological interface, especially in development
members of interlaminar fracture and horizontal fracture.
Moreover, the vertical expansion of fractures leads to a criss-
cross phenomenon, while the development of vertical fractures
or high-angle fractures is restricted by the upper and lower
horizontal fractures, generating I-type or T-type fractures on the

plane. Organic-rich siliceous shale and calcareous siliceous shale
were developed in the 3 sub-layer of the Wufeng Formation-S1l1
sub-member. The thickness of the monolayer is thin. Thin shell
limestone is developed on the top surface of the Wufeng
Formation. Both horizontal and high-angle fractures are
developed. Vertical fractures running through horizontal
fractures and vertical fractures restricted by upper and lower
horizontal fractures can be observed. High-angle and vertical
fractures encounter interlaminar and horizontal fracture
interfaces during longitudinal expansion, and complex fracture
networks can be developed as the fracture expansion tends to
form branches.

Thick organic-poor calcareous siliceous shale is developed at
the lower part of the 4 sub-layer, featuring large thickness and a
decline in the brittleness of shale, decreased calcareous contents,
less developed stratified development, large elastic moduli of
shale, high fracture pressure gradients, and high fracture
toughness. The longitudinal expansion of fractures is less
affected by the “barrier” effect of interlaminar fracture. High-
angle and vertical fractures were mainly developed during the
tectonic movement, with fewer horizontal fractures developed.
Large vertical fractures or high-angle fractures intersecting
horizontal fractures can be found in the core, featuring single
fracture morphology and low density as a whole. Themiddle and
upper parts of the 4 sub-layer are dominated by clay siliceous
shale, with calcareous siliceous shale developed at the same time,
and the increased content of clay minerals. Based on the damage
mechanism of clay minerals, the fracture propagation caused by
stress always starts in the lamellation direction due to the
directional arrangement of clay mineral particles. On this basis,
fractures characterized by the development of low-angle and
horizontal fractures with a small amount of vertical fractures can
be caused in the late tectonic movement of clay siliceous shale,
which is consistent with the core observation results (Figure 8).

6. EFFECT OF FRACTURE DEVELOPMENT ON
GAS-BEARING PROPERTIES

The influence of natural fractures on the gas-bearing properties
of shale is demonstrated in promoting shale gas desorption,

Figure 7. Triangular diagram of relative mineral content and lithofacies classification of Wufeng−Longmaxi Formation shale in Wells Lu (a) 205 and
(b) 208.50
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migration, accumulation, destruction, and preservation.53,54 On
the one hand, unfilled fractures developed in layers are effective
storage spaces for shale gas and conducive to the migration of
shale gas.13,55,56 On the other hand, over-developed fractures
might destroy the continuity of roof and bottom plates, resulting
in vertical diffusion of shale gas. The hydrocarbon gas formed in
shale is adsorbed on the surface of organic matter and mineral
particles nearby. The increased pore pressure drives the
migration of shale gas to the opened fractures with the
continuous formation of shale gas.57 Fractures as natural
pressure release channels contribute to the desorption of
adsorbed gas and the increased proportion of free gas.58 The gas-
bearing property of shale is controlled by multiple factors,59 and
a synergistic relationship can be observed among fracture
development, organic matter content, and brittleness indices.

On the one hand, a large amount of biogenic silicon provided by
the sedimentation after the death of low-grade siliceous
organisms increases the brittleness of the reservoir and facilitates
the development of fractures in the later tectonic movement.30

Based on the actual shale gas exploration in the Sichuan Basin,
the concentrated development member of fractures also
witnesses high shale gas-bearing properties, with high TOC
contents.60,61 Moreover, the brittle mineral content, fracture
density, and gas-bearing data at different depths in Wells L205
and L208 were statistically analyzed to study the relationship
between the degree of fracture development and the gas-bearing
property of shale in the Lu203 well area. On this basis, the
correlation of brittle mineral contents, fracture density, and gas-
bearing data was established, as shown in Figure 9. From which,
TOC content, brittle minerals, and shale development density

Figure 8. Development and distribution patterns of fractures with different lithologic properties. (a) Longitudinal variation pattern of fractures, (b)
performance characteristics of core fractures, and (c) fracture propagation modes of different lithofacies.
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have a favorable positive correlation, with the correlation
coefficients above 0.65; high gas-bearing properties can be also
found in the sample point with high TOC content and shale
development density according to the variations in the gas-
bearing property of shale at varied statistical members.

The development member of the shale gas reservoir in Well
L205 is ranged from 3963.63 to 4040.31 m, with the brittleness
index above 55%, stratification developed in large quantity, fairly
developed vertical and horizontal fractures. The fractures, in
most cases, are filled with minerals and affected by the stratified,
horizontal, and vertical fractures, forming a complex network
system. The fracture density is above 7 fractures/m. Thick
calcareous siliceous shale and clay siliceous shale are developed
at the 4 sub-layer, with decreases in contents of organic matters
and brittle minerals. Consequently, there are large differences in
shale porosity and gas-bearing properties. Specifically, the shale
porosity is ranged from 4.15 to 6.41%, with 4.82% on average,
and the TOC content is ranged from 0.5 to 4.97%, with 2.65%
on average. The total gas content of the shale is calculated to be
4.3 m3/t, according to log interpretation, with favorably results
in the TOC and gas contents of the bottom shale. Fractures in
the depth ranging from 4037 to 4042 m in the Wufeng
Formation are relatively underdeveloped, with an average
porosity of 3.9%, TOC content of 1.6%, free gas content of
1.4 m3/t, adsorbed gas content of 1.5 m3/t, and the proportion
of free gas less than 50%. Fractures are concentrated at the top
member of the Wufeng Formation at the depth ranging from

4034.5 to 4037 m, with a shale content of 3.0 m3/t and a free gas
content of 2.1 m3/t, accounting for 61.22% of the total gas
content. Contents of adsorbed gas and free gas in the 1 sub-layer
are 2.4 and 3.6m3/t, respectively, both accounting for 60% of the
total gas content. Contents of adsorbed gas and free gas in the 2
sub-layer are 2.1 and 3.4 m3/t, respectively, both accounting for
61.8%. Total contents of the shale in the 3 sub-layer are
equivalent to that of the shale in sub-layers, of which contents of
adsorbed gas and free gas in the 3 sub-layer are 2.3 and 3.1 m3/t,
respectively, both accounting for 57.4% of the total gas content.
The 4 sub-layer is inferior in the overall gas-bearing property and
fracture density. Its fracture development has two concentrated
members at the top and bottom, which is dominated by
horizontal fractures, and a small amount of vertical fractures.
The gas content of shale is ranged from 1.8 to 3.8 m3/t as a
whole, with 2.65 m3/t on average. Specifically, free gas accounts
for 54.5%. The average gas content of shale in the development
member with concentrated horizontal fractures at the top is 3.16
m3/t, of which contents of free gas and adsorbed gas are 2.0 and
1.16 m3/t, respectively, accounting for 63.29% of the total gas
content. Nevertheless, the free gas content accounts for roughly
50% of the total gas content in the middle and lower parts of the
4 sub-layer in the underdeveloped member of horizontal
fractures. The development degree of fractures is well
corresponded with the total gas content of shale and the
proportion of free gas content.

Figure 9. Correlation between shale fracture linear density and brittle mineral−TOC−gas content in Wells (a,b) L205 and (c,d) L208.
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The shale gas development member in Well L208 is ranged
from 3762.4 to 3851.2 m in depth. Its development distribution
law of longitudinal fractures is similar to that of Well L205, with
the maximum fracture density observed in the 2 sub-layer. By
comparing the differences in gas-bearing properties of different
sub-layers, the gas content of Wufeng Formation shale is ranged
from 2.34 to 3.66 m3/t, with 2.48 m3/t on average. The total gas
content of shale in the 1 sub-layer is 4.3 m3/t, of which the free
gas content is 1.6 m3/t, accounting for 37.2% of the total gas
content, with its fracture density of 15.8/m. The total gas
content of the shale in the 2 sub-layer is 4.7 m3/t, of which the
free gas content is 2.7 m3/t, accounting for 57.44%, with its
fracture density of 26.4 fractures/m. The total gas content of
shale in the 3 sub-layer is 3.6 m3/t, of which the free gas content
is 1.6m3/t, accounting for 44.44%, with its fracture density of 3.7
fractures/m. Moreover, the average gas content of the shale in
the middle and upper parts of the 4 sub-layer with concentrated
fractures is 2.88 m3/t, of which the free gas content is 1.58 m3/t,
accounting for 54.86%. The fracture density is 1.5 fractures/m.
Vertical fractures are highly filled in most cases, whereas
horizontal fractures are mostly in a semifilled or open state,
according to the observation and statistics of core fracture filling.
Hence, the difference in the proportion of free gas content is
mainly associated with the development of horizontal fractures.
Vertically, TOC content decreases as a whole. The total gas
content is decreased in the middle and upper parts of the 4 sub-
layer. The proportion of free gas is increased rapidly in the
horizontal fracture development member, of which the free gas
content is 54.86%. There is a free gas proportion of roughly 57%
at the top of the Wufeng Formation and the 2 sub-layer of the
Longmaxi Formation with high TOC content and horizontal
fractures, whereas the proportion of free gas is below 50% in the
middle parts of the 1 and 4 sub-layers with low fracture density of
fracture development.

As the shale has a high content of brittle minerals according to
the comparison in the fracture development members of the two
wells, a favorable gas-bearing property can be observed as a
whole. Besides, the horizontal fracture development member at
the middle and upper parts of the 4 sub-layer is low in TOC
content, causing low shale gas content as a whole. As the unfilled
horizontal fractures are relatively developed, favorable con-
ditions are provided for the desorption of adsorbed gas adsorbed
on the surface of organic matters and minerals. As a result, there
is a rapid increase in the proportion of free gas in the
concentrated development of horizontal fractures. Moreover,
microfractures on the edge of minerals are relatively developed,
which provides conditions for the desorption of shale gas,
according to the SEM results. In that case, a large amount of
adsorbed gas desorbed into the unfilled fractures is the cause of
local enrichment of shale gas in the fracture-developed member
and the increased proportion of free gas.

7. CONCLUSIONS

(1) Macrofractures in shale cores of Longmaxi Formation are
mainly composed of tectonic fractures, including high-
angle-vertical shear fractures, horizontal slip shear
fractures, and extension fractures, which account for
more than 80% of the total number of fractures.
Moreover, nontectonic macrofractures consist of dis-
solution fractures and abnormally high-pressure fractures.
Besides, microfractures are nontectonic fractures, includ-
ing interlayer fractures, intercrystalline fractures, organic

matter contraction fractures, and fractures between clay
layers.

(2) Development of core fractures is characterized by short
longitudinal extension, small opening, high degrees of
composite filling, and large density changes, with calcite
and pyrite as the filling materials. The fracture density has
a “three-stage” variation pattern longitudinally, and the
bottom is dominated by thin siliceous shale development.
Its bottom is dominated by thin siliceous shale develop-
ment. The development of horizontal shear fractures and
vertical slipping fracture is developed to form the mesh
fracture system through mutual cutting and restriction.
The 2 sub-layer witnesses the maximum fracture density,
and clay siliceous mixed shale is developed in the 4 sub-
layer, which can be found at the top and bottom fracture
concentrated development stage, with the horizontal
fracture dominated.

(3) What’s more, a synergistic and accelerating effect can be
found among the TOC content, fracture density, and gas-
bearing property of the shale. Note that high TOC
content facilitates the sedimentation of high biogenic
silicon, jointly contributing to the formation of micro-
fractures. In addition, the development of fractures is
highly associated with the shale gas-bearing property,
especially with the increase in free gas content, the fast-
increasing free gas content proportion in the shale of
fracture concentration development members. The
fracture provides a channel for the desorption of shale
gas, contributing to the accelerated desorption of shale gas
and increase in the free gas content.
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