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A B S T R A C T   

The lamellation fractures in marine shales are important to the accumulation and preservation of shale gas, 
whose characteristics and controlling factors are still unclear. This paper focus on the characteristics descriptions 
and controlling factor analyses based on core observations, thin sections, and scanning electron microscope 
(SEM) experiments. The marine shales of Paleozoic Wufeng Formation and Longmaxi Formation in the Fuling 
Area of Eastern Sichuan Basin are taken as an instance. The lamellation fractures are occurring along the di
rection of the lamellations, partially of them curved, bifurcated, and converged. The apertures of fractures 
typically range from 1 to 500 μm. Only a few (<1%) lamellation fractures are filled with quartz, calcite, pyrite, 
and bitumen. After a series of analyses, developments of lamellation fractures are controlled by total organic 
carbon (TOC), brittle minerals, laminae, and pyrite. (1) The organic matters control the formation and evolution 
of lamellation fractures by generating gas and resulting in overpressure. An increase in the TOC content of 1% 
can increase the lamellation fracture density by 0.26 cm-1. (2) Brittle minerals, especially authigenic quartz, is 
also an important controlling factor to the development of lamellation fractures. When BI increases by 10%, the 
lamellation fracture density increases by 19%. (3) Besides, siliceous and carbonate laminae in the shale are more 
suitable for lamellation fractures to develop. When the laminae density is smaller than 4 cm− 1, it is easier to 
develop lamellation fractures with higher laminae density. However, too densely-distributed laminae will sup
press the formation of lamellation fractures. (4) Higher pyrite content is good for the development of lamellation 
fractures. Lamellation fracture density will increase by 9%, with pyrite content increased by 1%. For the shale at 
the bottom of the Wufeng Formation - Longmaxi Formation, lamellation fractures develop extensively due to the 
high TOC and pyrite content, great brittleness, and moderate laminae density. The density of lamellation frac
tures decreases from the bottom to the top.   

1. Introduction 

The Fuling Shale Gas Field in the Sichuan Basin is the most suc
cessfully commercial shale gas play in China. (Gou et al., 2019; Nie et al., 
2020). In 2018, the shale gas production has exceeded 2.0 × 1011 m3 

(Tian et al., 2020; Gou et al., 2020). It is the world’s largest shale gas 
field outside North America (Yi et al., 2019). The main reservoir is the 
organic-rich marine shale in the Upper Ordovician Wufeng Formation 
(Fm) - Lower Silurian Longmaxi Fm. (Tuo et al., 2016; Xu et al., 2020). 

This area has experienced superimposed deformation of multiple phases 
of strong tectonic movements (Zhao et al., 2016) and developed complex 
and diverse natural fractures (Jiang et al., 2017; Zhang et al., 2020). 
Natural fractures always serve as important seepage channels and 
storage spaces, which control the accumulation and preservation of 
shale gas (Hill and Nelson, 2000; John, 2008; Kassis and Sondergeld, 
2010). The characteristics of the nature fractures also affect the result of 
hydraulic fracturing and shale gas production (Gale and Holder, 2010; 
Rasouli and Sutherland, 2014; Ferrill et al., 2014; Fatahi et al., 2017). 
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Lamellation fracture is one of the most important and special natural 
fractures widely developed in marine shale in the Fuling Area (Guo and 
Zhang, 2014; Tian et al., 2020) (see Table 1). 

Lamellation fractures are also named bedding fractures, bedding 
parallel fractures, or interlayer fractures. Recently, lamellation fractures 
in shales have attracted more and more attentions due to the high pro
ductions of shale gas. (Gale and Holder, 2010; Zeng et al., 2016; Zhang 
et al., 2019). In the paper, the lamellation fractures are referred to the 
natural fractures resulting from the fracturing of shale along or 
approximately parallel to the direction of lamellations. The shape, scale, 
and origin type of lamellation fractures vary and are involved. They can 
be generated from multiple geological processes. (Zeng et al., 2013; 
Wang et al., 2017). The minerals in shale are usually arranged within 
layers, where various minerals exhibit different compressive abilities 
when subjected to mechanical compaction. As a result, lamellation 
fractures form at different laminae interfaces or mineral interfaces (Zeng 
et al., 2016; Zhang et al., 2020; Gu et al., 2020). Besides, crystal struc
ture change in some carbonate minerals or transformation among clay 
minerals due to pressure dissolution can also form lamellation fractures. 
(Jiu et al., 2013). Because of the uplift of formations, the effective stress 
in the vertical direction decreases, and the lamellation fractures then 
occur along the weak interfaces (Dewhurst et al., 2011; Zhang et al., 
2020). During the hydrocarbon generation process, the acid fluids are 
generated and dissolve some minerals. This can change the sensitivity of 
the shale (Zeng et al., 2013), and cause anisotropy of primary wave 
(P-wave) (Allan et al., 2014), thus forming lamellation fractures. At the 
same time, the intrusion of acid fluids can further extend the lamellation 
fractures (Jiu et al., 2013; Zhang et al., 2019). Some scholars believe that 
weathering (Gu et al., 2020) or the crystallinity of the minerals (Gratier 
et al., 2012) can also result in lamellation fractures, while more in
vestigators believe that the overpressure produced by the maturity of 
organic matter is the key factor to form lamellation fractures (Rozhko 
et al., 2007; Zeng et al., 2013; Jiu et al., 2013; Wang et al., 2016). When 
kerogen is converted to bitumen, a large amount of gas is released, 
which results in the formation of overpressure (Lash and Engelder, 2005; 
Jiu et al., 2013; Gale et al., 2014). The vertical gradient of overpressure 
produces seepage force, causing the maximum principal stress in the 
vertical direction to change from compression to tension (Cobbold et al., 
2013), which leads to cracks along the lamellations and form lamella
tion fractures in shale. (Luo et al., 2016; Zhang et al., 2020). 

Because of the complexity of the origin types, the development 
characteristics and controlling factors of the lamellation fractures are 
complicated and diverse (Wang et al., 2017; Zhang et al., 2019). How
ever, lamellation fractures is only described as one of the natural frac
tures due to the limited researches in this area. (Guo and Zhang, 2014; 
Zhang et al., 2020). Quantitative characterizations about development 
characteristics of the lamellation fractures have lacked. In addition, 
there is still no systematic study on the controlling factors of the 
lamellation fractures. Therefore, this work is to fill the gaps in the study 

of lamellation fractures. 
This study is to quantitatively study characteristics of lamellation 

fractures, including the shape, density, fracture aperture, fillings, etc., in 
the Paleozoic Wufeng Fm - Longmaxi Fm in the Fuling Area of Eastern 
Sichuan Basin. All analyses were based on observations of cores, thin 
sections, and scanning electron microscopy (SEM) experiments. 
Combining experimental analysis data of Total organic carbon (TOC) 
and X-ray diffraction (XRD), this study discussed the controlling factors 
of lamellation fractures. The results can provide a guidance for better 
understanding of the distribution characteristics and development rules 
of lamellation fractures in marine shales. 

2. Geological settings 

2.1. Tectonic backgrounds 

The Fuling Area is located in Chongqing City, China. The study area 
belongs to the southeast of the barrier fold belt in eastern Sichuan 
(Fig. 1a). It is connected to the central Sichuan structural belt and 
bounded by the Huayingshan Fault in the west and bounded by 
Qiyueshan Fault at the margin of the basin in the east. (Hu et al., 2014; 
Guo and Zhang, 2014). Jiaoshiba block and Pingqiao block are the two 
main shale gas fields (Guo, 2019), located in the northeast and south
west of the study area (Fig. 1b). Jiaoshiba block is a box-shaped anti
cline. Its boundary is controlled by the northeast-to-southwest 
Diaoshuiyan Fault and Shimen Fault, and by northwest-to-southeast 
Daershan Fault and Wujiang Fault. The overall structural deformation 
is small and the strata tend to be flat (Hu et al., 2018; Nie et al., 2020). 
Pingqiao block is a narrow and long faulted anticline controlled by the 
northwest-to-southwest East Pingqiao Fault and West Pingqiao Fault. 
The core and southeast part of the anticline are tectonically stable and 
the strata tend to be relatively flat. The two limbs on east and west sides 
of the anticline are dipping steeply with strong tectonic deformation 
(Guo, 2019). 

The Fuling Area has undergone multiple-phase tectonic evolution, 
characterized by early subsidence and late uplifting. The strata here 
ranged from Late Sinian to the Triassic period (Zhao et al., 2016). During 
the Late Ordovician, the Caledonian orogeny resulted in the strongest 
deformation. At the margin of Upper Yangtze Platform, the Central 
Sichuan Uplift, the Central Guizhou Uplift, and Xuefeng Uplift were 
quickly lifted and formed paleo-continent. At that time, the Fuling Area 
was in a semi-closed restricted continental shelf environment. (Zhang 
et al., 2020). During the deposition period of the Wufeng Fm - Longmaxi 
Fm, the study area was in an almost still large bay environment with low 
energy and hypoxia (Zhang et al., 2018a). 

2.2. Stratigraphic units 

This study targeted the Upper Ordovician Wufeng Fm and the First 
Member of the Longmaxi Fm of Lower Silurian. In the study area, the 
total thickness of the targeted layers is from 80 to 150 m (Fig. 2). In 
general, the targeted layers are characterized by obvious trichotomy. As 
shown in Fig. 2, layers ① and ⑤ are mainly black carbonaceous and 
siliceous shale, containing siliceous biological fossils like radiolarian 
and sponge spicule. Layers ⑥ and ⑦ are mainly gray-black and black 
silty shale. The siliceous components here are mainly terrestrial silts 
with rare biological fossils. Layers ⑧ and ⑨ are mainly gray and dark 
gray clay shale, while siliceous content is low. (Guo, 2019; Zhang et al., 
2018b). From the bottom to the top, the targeted layers displayed lighter 
color, decreasing TOC content, fewer siliceous minerals, and increasing 
clay content (Tuo et al., 2016; Zhang et al., 2020). 

Table 1 
The types of experiments and the numbers of samples and the purpose of each 
experiment.  

Types of experiments Numbers of shale samples Purpose of experiments 

Thin section 
identification (TSI) 

82 samples from JY-A well Observe the microscopic 
characteristics of fractures 

Scanning electron 
microscopy(SEM) 

14 samples from JY-A well Observe the microscopic 
characteristics of fractures 

X-ray diffraction 
(XRD) 

191 samples （96 from JY- 
A Well and 95 from JY-B 
Well） 

Obtain the mineral 
composition of the sample 

Total organic carbon 
(TOC) 

191 samples （96 from JY- 
A Well and 95 from JY-B 
Well） 

Obtain the total organic 
carbon content of the sample 

Core observation and 
description 

221 m cores (112 m in JY- 
A Well and 109 m in JY-B 
Well) 

Observe the macro 
characteristics of fractures  
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Fig. 1. (a) Location of the study area (the dotted rectangle) and tectonic units of the Sichuan Basin. (b) Structural features in the Fuling Area. The pink and blue areas 
show the studied anticlines and the red points are the sampling wells (modified from Nie et al., 2020). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 2. The stratigraphic column in the Fuling Area including the lithological combination. The enlarged part marked by the red rectangle represents the targeted 
strata in this study. 
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3. Materials and methods 

3.1. Shale samples 

This paper chose two vertical wells (JY-A Well and JY-B Well) to 
implement core analysis. Based on the sample analyses, detailed ob
servations and descriptions of the lamellation fractures in all cores are 
further conducted. The total length of the cores is 221 m (112 m in JY-A 
Well and 109 m in JY-B Well). The observed parts cover the entire tar
geted layers, including the Wufeng Fm and the Longmaxi Fm. In the JY- 
A Well cores, 82 samples were selected at equal intervals to do thin 
section identification (TSI), fourteen shale samples were selected to do 
scanning electron microscopy (SEM) analysis to observe the microscopic 
characteristics of the lamellation fractures. The sampling depth was 
from 2266.4 m to 2363 m. To investigate the marine shale organic 
petrography and mineralogy, we collected 191 shale samples (including 
96 from JY-A Well and 95 from JY-B Well) of the Longmaxi Fm - Wufeng 
Fm in the Fuling Area. These samples were analyzed using X-ray 
diffraction (XRD) and total organic carbon (TOC) content test. The 
sampling interval is 1 m apart and samples covered the entire targeted 
layers. 

3.2. Microscope experiment 

In this study, shale samples were mechanically cut and ground into 
thin sections for microscopic observation. The thin sections were cut 
perpendicular to the plane and instilled with blue resin, and the size is 2 
× 2 cm. Two thins sections were selected from each layer (from ① to ⑤) 
to do SEM analysis, and one thin section was chosen from layer ⑥ to ⑨. 
All thin sections were cut and polished perpendicular to the plane, and 
gold-plated lightly at the surface for electricity conduction. These ex
periments were all conducted in the State Key Laboratory of Petroleum 
Resources and Prospecting, China University of Petroleum, Beijing. All 
observations and analyses followed the SY/T 5162-1997 standard. TSI 
experiments used the Leica DM4500 polarizing microscope. SEM anal
ysis used Quanta 200 F with a maximum resolution of 10 nm. 

3.3. Organic petrography and mineralogy 

TOC contents were measured using the LECO CS230 carbon and 
sulfur analyzer. The powder samples were prepared before testing, and 
approximately 200 mg of powder sample was carefully weighed for TOC 
measurement. Before the heating and burning analyses, all the samples 
were acidified using HCl to remove the inorganic carbon. Then the 
samples were washed using distilled water for about 24 h to clean the 
residual HCl and dried in a vacuum oven for about 12 h. XRD was 
conducted for analyses of mineral compositions quantitatively. The 
powder samples with grain size less than 200 mesh were performed 
using the BRUKER X-ray diffractometer under the temperature of 24 ◦C 
and relative humidity of 48%. 

3.4. Natural fractures characterization 

The description of the characteristics of natural fractures generally 
includes fracture type, fracture length, fracture aperture, fracture dip 
angle, fracture density, and fillings (Gale et al., 2007; Hooker et al., 
2013; Gong et al., 2019). This study mainly focuses on density, fracture 
aperture, shape, and fillings. To study the density of lamellation frac
tures, this study mainly considered the linear density. Linear density is a 
measure of the quantity of lamellation fractures per unit length. (Ortega 
et al., 2006; Laubach et al., 2009; Zeng et al., 2010). Density mentioned 
in this paper is referred to linear density. This study took 1 m core depth 
as one unit, and counted the number of lamellation fractures and actual 
core length. The ratio of these two values is the density. The fracture 
aperture gave a precise indication of the average width of two accurately 
located parallel knife-edges (Marrett et al., 1999). Although when the 

cores were taken out of the well, fracture aperture tended to increase 
because of the unloading of formation pressure, it can reflect the 
development of lamellation fractures underground to certain extent 
(Zeng et al., 2010; Lyu et al., 2017; Shi et al., 2020a). Macroscopically, 
feeler gauge was used to measure the fracture aperture directly on the 
cores in the analysis. Microscopically, results of TSI and SEM experi
ments were further interpreted with corresponding software. Conven
tional core plugs were observed to characterize the shape and fillings of 
lamellation fractures while TSI and SEM analyses were applied to 
determine whether there was continuity, branches, bending, fillings, or 
dissolution. (Bons et al., 2012; Anders et al., 2014; Lander and Laubach, 
2015; Lyu et al., 2017; Liu et al., 2020b). 

4. Results 

4.1. Organic petrography and mineralogy 

Siliceous and clay minerals are main components in the shale sam
ples with few carbonate minerals (Fig. 3a). The main lithology is sili
ceous shale. The quartz content is between 14% and 73.8%, with an 
average of 36.2% (Fig. 3b). The content of feldspar and carbonate 
minerals are relatively low, with an average of 7.8% (ranging from 2.2% 
to 19.4%) and 9.6% (ranging from 0 to 49.3%). The clay mineral content 
is between 15.6% and 68.1%, with an average of 42.8%. The average 
content of pyrite is 3.6% (ranging from 0.3% to 16.9%). 

The brittleness index (BI) is an important indicator to quantitatively 
characterize the difficulty of rock fracture (Holt et al., 2015). BI can 
usually be calculated directly from the content of brittle minerals, but 
there are often multiple schemes for the selection of brittle minerals 
(Sone and Zoback, 2014; Gholami et al., 2016). In this study, quartz, 
feldspar, and carbonate minerals were used as brittle minerals to 
calculate the brittleness index (Wang et al., 2015; Gou et al., 2020). The 
specific calculation method can be found in Eq. (1). 

BI ​ =(WQtz + ​ WCarb+WFeld) ​ /
(
WQtz+WCarb+WFeld ​ +WClay

)
× 100%

(1)  

where BI is the brittleness index, %; WQtz is the quartz content, %; WCarb 
is the carbonate content, %; WFeld is the feldspar content, %; WClay is the 
clay content, %. 

The shale samples in the Fuling Area show a high BI (Fig. 4a). The 
average BI of JY-A Well is 59.6%, with a maximum of 83.7% and a 
minimum of 28.9%. More than 90% samples have BI values between 
40% and 80%. In the range of 60%–70%, the frequency distribution 
value is the highest. The BI in JY-B Well ranges from 37.7% to 78.5%, 
with an average of 52%, smaller than that of JY-A Well. More than 80% 
of the samples have a BI ranging from 40% to 60%. Vertically, the BI of 
all samples gradually decreases from the bottom to the top. The BI of 
layer ① at the bottom is 68.1%, and that of layer ⑨ at the top is 43.9%. 

Shale samples have a high TOC content (Fig. 4b), with an average of 
1.96%. In JY-A Well, TOC content ranges from 0.39% to 5.11%, with an 
average of 1.94%. There are 74% of the samples whose TOC content 
ranges from 2% to 4%. In JY-B Well, TOC content ranges from 0.59% to 
5.55%, with an average of 2%. Samples with TOC content higher than 
1% account for 98% of total samples, among which only 4% of samples 
with TOC content higher than 4%. The TOC content of shale samples has 
an obvious decreasing trend from the bottom to the top. The TOC con
tent in layers ① and ③ at the bottom is more than 3%, while that of 
layers ④ and ⑤ is more than 2%, and that of top layers is below 2%. 

4.2. Characteristics of lamellation fractures 

Lamellation fractures are natural fractures occurring along the di
rection of the lamellations. (Zeng et al., 2016). They are the most 
common fracture types in shale reservoirs (Zhang et al., 2019). Ac
cording to the core observation, these fractures are usually distributed 
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intermittently and almost parallel to the surface of the lamellations 
(Fig. 5a). As to their morphology, the fractures are bended and bifur
cated irregularly, showing obviously equal interval distribution on the 
cores. The measurements of feeler gauge indicates that the fracture 
aperture is generally less than 0.5 mm, mainly around 0.1 mm. It can 
only be observed using a magnifier or wetting the cores. (Fig. 5b). The 
density is between 0.2 and 2 cm− 1. The lamellation fractures are asso
ciated with the abnormally high-pressure fractures. The fractures caused 
by abnormally high pressures (AF) communicate different lamellation 
fractures (LF) in the vertical direction to form a connecting network 
(Fig. 5c). Less than 1% of lamellation fractures are filled (Fig. 5c, d, 5e) 
by minerals including quartz, calcite, pyrite, and bitumen. The width of 
the filling veins is generally between 100 and 1000 μm, with the 
maximum reaching 1 cm. In the adjacent fractures, fillings can be 

different (Fig. 5d), depending on the properties of the matrix fluid when 
the fracture formed. 

Through observations of thin sections, it is found that the lamellation 
fractures are usually approximately parallel to the lamellations (Fig. 6a). 
The fractures can be bended when close to minerals, but not cut through 
the minerals. They tend to extend along the edges of the particles 
(Fig. 6b). This is the biggest difference from shear fractures. The fracture 
surface of the lamellation fractures is mostly zigzag (Fig. 6a–c), obvi
ously transformed by dissolution. This phenomenon can be observed in 
most lamellation fractures, indicating that the fractures are extremely 
susceptible to be dissolved by late acid fluids (Wang et al., 2016; Zhang 
et al., 2019). Lamellation fractures can be branching shown under 
electron microscope (Fig. 6c). A main fracture can also be bifurcating in 
two approximately parallel secondary branches extending forward. The 

Fig. 3. (a) Triangular diagram of the mineral compositions of the shale samples from JY-A Well and JY-B Well. (b) Distribution histogram of the content of different 
minerals in shale samples from JY-A Well and JY-B Well. 

Fig. 4. (a) Frequency distribution histogram of BI of the shale samples from JY-A Well and JY-B Well. (b) Frequency distribution histogram of TOC content of the 
shale samples from JY-A Well and JY-B Well. 

Fig. 5. Lamellation fractures in the shale 
cores in the Fuling Area. (a) Lamellation 
fractures in one shale core from JY-A Well 
(The depth is 2346.8 m). (b) Lamellation 
fractures in one wetted shale core from JY-B 
Well (The depth is 4033.2 m). (c) Lamella
tion fractures filled with quartz from JY-B 
Well (The depth is 4039.7 m). Some lamel
lation fractures (LF) connect with fractures 
caused by abnormally high pressures (AF) 
like a network. (d) Lamellation fractures 
filled with calcite and pyrite from JY-B Well 
(The depth is 4027 m). (e) Lamellation 
fractures filled with pyrite from JY-B Well 
(The depth is 4041.1 m).   
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secondary lamellation fractures can be further divided. The secondary 
lamellation fractures can also converge into one trunk when extending 
forward. Whether bifurating or converging, lamellation fractures are 
almost parallel to the surface of lamellation. The fracture aperture of 
different lamellation fractures varies greatly (Fig. 6d), ranging from 1 
μm to 10 mm or even larger. When filled, lamellation fractures can 
withstand overburden pressure with the support of minerals. The 

fracture aperture is very large then. 
Thin section observations also show that there are magnitude dif

ferences in fracture aperture at different locations in one lamellation 
fracture (Fig. 7d). The fracture aperture at the narrowest point is 8.74 
μm (Fig. 7b), while at the widest point it reaches 100.55 μm (Fig. 7f). 
Under the magnifier with smaller magnification, the fractures are usu
ally discontinuous (Fig. 7d). When the magnification increases, 

Fig. 6. Lamellation fractures observed from thin 
sections of the shales in the Fuling Area. (a) One 
lamellation fracture parallel to the lamellations in 
shales from JY-A Well (The depth is 2320.6 m). (b) 
One bended and lamellation fracture in shales from 
JY-A Well (The depth is 2361 m). This fracture 
bypassed the mineral particles. (c) One bifurcated and 
aggregated lamellation fracture in shales from JY-A 
Well (The depth is 2307.8 m). (d) Lamellation frac
tures filled with quartz from JY-B Well (The depth is 
4039.7 m. Cross-polarized, light color). (For inter
pretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   

Fig. 7. One lamellation fracture at different magnification levels observed from thin sections of the shales in the Fuling Area. (d) A continuous lamellation fracture in 
shales from JY-A Well (The depth is 2351.2 m). The lamellation fracture has different apertures in different positions. (a), (b), (c), (e), (f), and (g) are details 
magnified from parts of (d). 
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lamellation fractures become continuous (Fig. 7b). Due to the great 
magnitude differences, more accurate observation methods are needed 
to characterize lamellation fractures. 

SEM observation results show that there are fillings in some lamel
lation fractures (Fig. 8a and Fig. 8c). Through Energy Dispersive X-Ray 
Fluorescence Spectrometer (EDX) analysis results (Fig. 8d), these fillings 
prove to be bitumen mainly (Fig. 8f). A lot of organic matter pores are 
found in the bitumen (Fig. 8e). These pores have various diameters, 
ranging from 171.7 nm to 3.7 μm (Fig. 8b), larger than the diameters of 
general organic matter pores in the shale matrix (Gou et al., 2019; Xu 
et al., 2020). The conversion from liquid hydrocarbons to gas can lead to 
a significant increase in volume (Barker, 1990; Wang et al., 2020). 
Lamellation fractures also provide remarkable space. When the rate of 
volume increase exceeds the rate of volume loss due to fluid excretion 
and migration, it may cause overpressure (Li et al., 2016; Gao et al., 
2019). Furthermore, overpressure contributes to the preservation of the 
lamellation fractures and organic matter pores. Therefore, the diameter 
of the organic matter pores in the lamellation fractures is larger than that 
of the organic matter pores in the matrix. 

4.3. Vertical distribution characteristics of lamellation fractures 

Having described the development characteristics of the develop
ment of lamellation fractures, this research studied the vertical distri
bution characteristic of lamellation fractures from a well in the Fuling 
Area. Taking JY-A Well as an example (Fig. 9), the density of the 
lamellation fractures is relatively high, ranging from 0.3 cm− 1 to 1.5 
cm− 1. The average is about 0.9 cm− 1. Generally, the density is 
decreasing upwards. At the bottom of this well, there are many lamel
lation fractures in layer ①, where the density is around 1.25 cm− 1. The 
density of lamellation fractures in layers ② to ④ is smaller, with an 

average of 1.15 cm− 1. From layer ⑤ to ⑦, the density decreases 
significantly, with an average of 1.01 cm− 1, 0.75 cm− 1, 0.74 cm− 1, 
respectively. Different from this part, the density in layer ⑧ increases, 
with an average of 0.94 cm− 1. For layer ⑨, the density is only 0.63 
cm− 1, reaching to the minimum. In general, JY-A Well is characterized 
by obvious trichotomy. Lamellation fractures in the five layers at the 
bottom are the densest, with density mostly above 1 cm− 1. In the middle, 
the density decreases in layers ⑥ and ⑦, mostly above 0.75 cm− 1. At the 
top, the density increases firstly and then decreases in layers ⑧ and ⑨. 
In layer ⑨, the density of lamellation fractures is the lowest. 

5. Discussions 

5.1. Effect of brittle minerals on lamellation fractures 

The influence of mineral composition and lithology on fracture 
development is mainly through their effects on the mechanical proper
ties of shale. Many studies have shown that the shale has a higher 
content of brittle minerals, such as quartz, carbonate minerals, feldspar, 
and so on, with high hardness and strong resistance to stress deforma
tion, which corresponds to a higher Young’s modulus and a lower 
Poisson’s ratio. For this reason, rocks exhibit greater brittleness when 
subjected to external forces. Therefore, natural fractures and artificially 
induced fractures tend to be formed more easily under external stresses 
(Gale et al., 2014; Zeng et al., 2016; Huo et al., 2018; Zhang et al., 2019; 
Lawal et al., 2021). Some studies believe that the layered arrangement of 
brittle minerals in shale leads to laminae and lamellation. These in
terfaces are weak surfaces in shale. Under stress, it is easy to cause 
tensile stress concentration, leading to the opening along the bedding 
plane and expanding in the direction that is most likely to fracture. 
Finally, each bedding plane expands and connects to form a complex 

Fig. 8. Microscopic characteristics of lamellation fractures observed through SEM and results of EDX analysis. (a) and (c) show lamellation fractures at different 
magnification levels observed in SEM from JY-A Well (The depth is 2351.2 m). (b) and (e) show organic matter pores in bitumen. The organic matter pore size ranges 
from 171.7 nm to 3.7 μm. (d) shows the points from EDX analysis. (f) shows the result of EDX analysis, where point 1 reveals bitumen. (g) shows the result of EDX 
analysis, where the point 1 indicates quartz. 
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fracture, causing macroscopic rupture of rock (Li and Li, 2018; Liu et al., 
2020a; Sun et al., 2021). Of course, this is just a simple discussion of the 
relationship between the content of brittle minerals and slab fractures. 
The increase in the content of brittle minerals provides more possibil
ities for the formation of shale fractures. Whether the shale can be 
broken or not mainly depends on the size of the external force. In the 

next section, we will give a detailed explanation of geomechanics. 
As mentioned in the previous article, we use BI to characterize the 

content of brittle minerals. According to the statistics in the experi
ments, the higher the BI is, the more lamellation fractures develop. 
When BI increases by 10%, the lamellation fracture density increases by 
19% (Fig. 10a). When the BI is above 50%, the development degree of 

Fig. 9. Comprehensive evaluation in the shales of the Wufeng Fm - the First Member of the Longmaxi Fm from JY-A Well. The fields include the depth, layer division, 
mineral composition, laminae type, laminae density, BI, TOC content, and lamellation fractures’ density (The laminae type and laminae density columns referred to 
Wang et al., 2019). 

Fig. 10. (a) The relationship between BI and lamellation fracture density in the shales of the Wufeng Fm - the First Member of the Longmaxi Formation from JY-A 
Well and JY-B Well. (b) The relationship between clay content and lamellation fracture density in the shales of the Wufeng Fm - the First Member of the Longmaxi 
from JY-A Well and JY-B Well. 
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lamellation fractures increases significantly. On the other hand, the 
higher the clay content is, the stronger the plasticity. This makes it 
harder to form lamellation fractures when rocks are exposed to external 
forces. According to the data from JY-A Well and JY-B Well, it is found 
that the higher the clay content is, the lower the density of lamellation 
fractures is (Fig. 10b). 

At the same time, the type of brittle minerals also affects rock 
properties. In the Fuling Area, the quartz in layers ⑥ and ⑦ originated 
from the terrestrial debris (Zhao et al., 2017), having no correlation with 
TOC content (Fig. 11a). The quartz of other layers is mainly derived from 
the dissolution and reprecipitation materials of biosilica (Zhao et al., 
2017), correlating significantly with the TOC content (Fig. 11b). The 
diagenetic evolution process of authigenic quartz is more complicated 
than that of terrestrial quartz (Ran et al., 2015), the accumulation of 
authigenic microcrystalline quartz in the primary pores can suppress the 
compaction, maintaining the shales to be rigid (Dowey and Taylor, 
2017; Zhao et al., 2017). Migrated organic matters filled the associated 
pore network in authigenic microcrystalline quartz aggregates would 
more likely generate a better pore pressure through secondary cracking 
(Zhao et al., 2017). The overpressure caused by the increase of pore 
pressure is an important condition for the generation of lamellation 
fractures (Cobbold and Rodrigues, 2007). This study reveals that the BI 
of layers with terrestrial quartz has no correlation with the density of the 
lamellation fractures (Fig. 11c), while for layers with authigenic quartz 
it has a good correlation with the density of the lamellation fractures 
(Fig. 11d). 

5.2. Effect of TOC on lamellation fractures 

TOC is an important factor controlling the development of lamella
tion fractures. Assuming the geomechanical backgrounds, rock me
chanical properties, and mineral compositions are the same in the 
environment, the higher the TOC content is, the easier the lamellation 
fractures to form (Rozhko et al., 2007; Zeng et al., 2013; Wang et al., 
2016). We try to explain how organic matter causes lamellation frac
tures in shale from the perspective of geomechanics. The fractures 
produced by tectonic stress are called structural fractures, and they are 
different from the lamellation fractures in all aspects of morphological 

characteristics (Zeng et al., 2016). Then it is obvious that the maximum 
principal stress during the formation of the sheet fracture is not the 
tectonic stress but the gravity. Organic matters could increase the 
pore-fluid pressure in the shales during the hydrocarbon generation 
period, especially in the period when large amounts of gas generated. 
When the pore-fluid pressure is greater than the hydrostatic pressure of 
an equivalent free column of water, we called it overpressure (Lash and 
Engelder, 2005; Jiu et al., 2013; Zhang et al., 2020). The overpressure 
takes up part of the load, reducing the effective stress on the shales, so 
that: 

σ′

1 ​ = ​ σ1 − ​ P (2)  

σ′
3 ​ = ​ σ3 − ​ P (3) 

Here P is the overpressure, σ1, and σ3 are the greatest and least 
values of effective stress, σ′1 and σ′3 are the greatest and least values of 
effective stress after the change. 

The reduction in effective stress causes the Mohr circle to shift to the 
left by the amount of overpressure (Fig. 12a), while the size does not 
change (Jaeger and Cook, 1979). If we consider the flow of fluid, then 
this situation is too simple. Darcy’s law for fluid flow implies that 
seepage forces modify the general balance of forces on the element. For 
upward flow, the seepage forces act vertically, not horizontally (Cob
bold and Rodrigues, 2007; Cobbold et al., 2013). Hence vertical effective 
stress also will be reduced by the amount of overpressure. However, the 
same is not true for the horizontal direction, in which there are no 
seepage forces (Hillis, 2003; Mourgues and Cobbold, 2003). At this time, 
the rock still satisfies the elastic deformation, and the relationship be
tween vertical effective stress and horizontal effective stress still con
forms to formula (2): 

σ′
3 ​ =

( v
1 − v

)
σ′

1 =
( v

1 − v

)
(σ1 − P) (4) 

Here, v is Poisson’s ratio. 
As the overpressure increases, the Mohr circle moves to the left and 

the size becomes smaller. When the overpressure completely cancels out 
the gravity, all effective stresses would be offset and the Mohr’s circle 
goes back to the origin (Fig. 12b). As the overpressure becomes greater, 

Fig. 11. (a) The relationship between quartz and 
TOC content in the shales of the layers ⑥ and ⑦ from 
JY-A Well and JY-B Well. (b) The relationship be
tween quartz and TOC content in the shales of the 
other layers in the Wufeng Fm - the First Member of 
the Longmaxi Fm from JY-A Well and JY-B Well. (c) 
The relationship between BI and lamellation fracture 
density in the shales of the layers with terrestrial 
quartz in the Wufeng Fm - the First Member of the 
Longmaxi Fm from JY-A Well and JY-B Well. (d) The 
relationship between BI and lamellation fracture 
density in the shales of the layers with authigenic 
quartz in the Wufeng Fm - the First Member of the 
Longmaxi Fm from JY-A Well and JY-B Well.   

X. Xu et al.                                                                                                                                                                                                                                       



Journal of Petroleum Science and Engineering 207 (2021) 109091

10

the Mohr’s circle will continue to grow in the tensile stress field (Cob
bold et al., 2013). When it touches the envelope, lamellation fractures 
can be formed because of the horizontal tensile failure (Fig. 13). Heng 
et al. (2020) conducted some rock mechanics experiments on the 
Wufeng-Longmaxi shale from the outcrop near the Fuling area. Their 
results showed that the tensile strength, cohesion, internal friction angle 
of the bedding planes are 4.713 MPa, 8.93 MPa, 31.216◦, respectively, 
which are significantly lower than the rock matrix. Based on these data, 
we can draw the envelope of the Wufeng-Longmaxi shale. 

In addition, the organic matter will yield acid fluids during the 
maturation process. It can dissolve some minerals to change the sensi
tivity of the shales (Zeng et al., 2013), which is more conducive to form 
lamellation fractures. The intrusion of acid fluids dissolves and reforms 
the original lamellation fractures, extending the fractures (Zhang et al., 
2019). Some scholars (Jiu et al., 2013) believe that residual carbon after 
the evolution of organic matter can improve the brittleness of shales and 
make the shales more prone to crack. 

The statistics show that when the TOC content is less than 2%, the 
density of lamellation fractures is low. However, when the TOC content 
is greater than 2%, plenty of lamellation fractures emerge, and the 
density of lamellation fractures is over 1 cm− 1 (Fig. 14a). By fitting 
statistical data, there is a good positive correlation between the TOC 
content and the density of the lamellation fractures (Fig. 14b). The 

correlation coefficient in JY-A Well is 0.66, and in JY-B Well is 0.54. 
Higher TOC percentage reflects widely distributed lamellation fractures. 
When TOC content increases by 1%, the density of lamellation fractures 
will increase by an average of 0.26 cm− 1. The TOC content is a key factor 
in controlling the development of lamellation fractures. 

5.3. Effect of pyrite on lamellation fractures 

Pyrite is another important factor that affects the formation of 
lamellation fractures. Compared with other minerals, pyrite acts as an 
important environmental indicator. It is usually formed in a quiet water 
body that is anoxic (Raiswell and Canfield, 2012; Mahoney et al., 2019). 
In the Fuling Area, pyrite content has a good correlation with TOC 
content (Zhao et al., 2018). During the evolution of organic matters, 
pyrite also plays a catalytic role (Bakr et al., 1991), thereby accelerates 
the generation of gas and form more lamellation fractures. Automorphic 
pyrite in the lamellation fractures provides support to the fractures and 
keep the fracture aperture open. Statistics on JY-A Well and JY-B Well 
show that a higher pyrite content results in more lamellation fractures 
(Fig. 15). When the pyrite content is greater than 3%, numerous 
lamellation fractures emerge. An increase in the pyrite content of 1% can 
increase the lamellation fracture density by 9%. 

5.4. Effect of laminae on lamellation fractures 

There are plenty of laminae in marine shales in the Fuling Area. 
Wang et al. (2019) divided the laminae type in the Wufeng Fm - Long
maxi Fm in JY-A Well into siliceous laminae, calcareous laminae, and 
clay laminae, then counted laminae density. Based on their results, the 
authors studied the relationship between the laminae and lamellation 
fractures. The statistical results show that there are more lamellation 
fractures in siliceous laminae and calcareous laminae (Fig. 16a), with an 
average laminae density of 1.01 cm− 1 and 0.96 cm− 1, respectively. 
Meanwhile, there are few lamellation fractures in clay laminae. The 
average laminae density is only 0.66 cm − 1. The laminae type de
termines the development of lamellation fractures. As siliceous laminae 
and calcareous laminae show stronger brittleness, they are more suitable 
for lamellation fractures to form. 

The statistics of JY-A Well (Fig. 16b) show that an appropriate 
laminae density results in a high density of lamellation fractures. For 
example, the fracture density is the largest when laminae density is 
about 3-4cm-1 in the study area. By fitting the statistical data, laminae 
density does not have a clear relation with lamellation fractures in 
general (Fig. 16c). But when focusing on the range between 0 and 4 
cm− 1, it is shown that obvious positive correlation between laminae 
density and lamellation fractures with a correlation coefficient of 0.48. 
There are more lamellation fractures in the shales with higher laminae 
density (Fig. 16d). When the density of the laminae is greater than 4 

Fig. 12. (a) Influence of increasing overpressure on position of Mohr circle for effective stress. (b) Influence of increasing overpressure on position of Mohr circle for 
effective stress. 

Fig. 13. Mechanical explanation of lamellation fractures’ formation under 
overpressure. In the figure, τ is shear stress; σn is normal stress (Positive values 
indicate compression and negative values indicate tension); σ1 is Maximum 
principal stress; σ3 is Minimum principal stress; C is cohesion; T is tensile 
strength; k is elastic constant, it can be obtained from Young’s modulus. 
(modified from Cobbold et al., 2013). 
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cm− 1, the degree of development of the lamellation fractures will not 
increase accordingly, the density of lamellation fractures remains 
around 1 cm-1. In general, the lamina interface is a mechanically weak 
surface. It is easy to break and form fractures when subjected to external 

forces (Jiu et al., 2013; Zhang et al., 2020). However, densely distrib
uted laminae usually reflect a more turbulent and oxygen-rich paleo-
environment or influx of seasonal terrestrial debris (Shi et al., 2018; 
Wang et al., 2019). Such a sedimentary environment is adverse to the 
accumulation of organic matter to its swift currents (Yawar and 
Schieber, 2017). Even if the organic-poor shale formed in this sedi
mentary environment has high laminae density, but they lack the 
overpressure caused by the evolution of organic matter, it is not 
conducive to the formation of lamellation fractures Shi et al., 2020b). 
Therefore, higher laminae density contributes to denser lamellation 
fractures when the laminae density is in a certain range. Too 
densely-distributed laminae will suppress the formation of lamellation 
fractures. 

6. Conclusions  

(1) Lamellation fractures are widely distributed in the marine shales 
of the Wufeng Formation and the First Member of the Longmaxi 
Formation in the Fuling Area, Eastern Sichuan Basin. Lamellation 
fractures are parallel to the lamellations, which can be partially 
curved, bifurcated, converged, and dissolved. The fracture aper
tures generally range from 1 μm to 500 μm, with a peak value of 

Fig. 14. The relationship between TOC content and lamellation fracture density in the shales of the Wufeng Fm - the First Member of the Longmaxi Fm in JY-A Well 
and JY-B Well. (a) shows the relationship between TOC content and lamellation fracture density under segmented statistics. (b) The relationship between TOC 
content and lamellation fracture density under scatter intersection statistics. 

Fig. 15. The relationship between pyrite content and lamellation fracture 
density in the shales of the Wufeng Fm - the First Member of the Longmaxi Fm 
from JY-A Well and JY-B Well. 

Fig. 16. The relationship between laminae and 
lamellation fractures in the shales of the Wufeng Fm - 
the First Member of the Longmaxi Fm from JY-A 
Well. (a) shows the relationship between 
laminae type and lamellation fracture density. (b) 
shows the relationship between laminae density and 
lamellation fracture density under segmented statis
tics. (c) reflects the relationship between laminae 
density and lamellation fracture density under scatter 
intersection statistics. (d) shows the relationship 
between laminae density and lamellation frac
tures density when laminae density is less than 4 
cm¡1. (The laminae type and laminae density 
columns are referred to Wang et al., 2019).   
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around 100 μm. Even though the lamellation fractures are almost 
continuous, there are magnitude differences in fracture aperture 
at different locations in one lamellation fracture. Less than 1% of 
the lamellation fractures are filled with quartz, calcite, pyrite, 
and bitumen. The width of the filling veins is generally between 
100 and 1000 μm, with the maximum reaching 1 cm. The organic 
pores in the filled bitumen is larger than those in the matrix.  

(2) The development degree of lamellation fractures is controlled by 
brittle minerals, TOC, laminae, and pyrite. Brittle minerals, 
especially authigenic quartz, is an important controlling factor to 
the development of lamellation fractures. When BI increases by 
10%, the lamellation fracture density will increase by 19%. The 
organic matters control the formation and evolution of lamella
tion fractures by generating gas and resulting in overpressure. 
Simultaneously, the acid fluids produced by hydrocarbon gen
eration will also reform the lamellation fractures. An increase in 
the TOC content of 1% can increase the lamellation fracture 
density by 0.26 cm− 1. In addition, higher pyrite content facili
tates the development of lamellation fractures. Lamellation 
fracture density will increase by 9% with pyrite content increased 
by 1%. At last, siliceous and calcareous laminae in shales are 
more suitable for lamellation fractures to develop. When the 
laminae density is smaller than 4 cm− 1, it is easier to develop 
lamellation fractures with higher laminae density. However, too 
densely-distributed laminae will suppress the formation of 
lamellation fractures. Among all factors above, TOC is the main 
one that affects the development of lamellation fractures.  

(3) The density of lamellation fractures is between 0.2 cm− 1 and 2 
cm− 1. Obvious differences appear vertically. The density of 
lamellation fractures decreases from the bottom to the top. The 
lamellation fractures in five layers at the bottom are densest, with 
density mostly above 1 cm− 1 due to the high TOC and pyrite 
content, great brittleness, and moderate laminae density. 
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