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ABSTRACT

Shale fractures, serving as conduits for the flow and storage space of shale oil, play a critical role in
resource exploration and evaluation. Shale oil is considered a highly promising unconventional natural
gas resource in the 21st century, offering a significant supplement to conventional energy sources and
playing an important role in addressing the growing global energy demand. Based on a comprehensive
synthesis of existing research on shale fractures, this paper proposes a novel classification system aimed
at investigating the formation mechanisms, developmental characteristics, and primary controlling
factors of different fracture types. Rooted in geological origins, shale fractures are categorized into six
major classes and eleven subcategories, including structural fractures, diagenetic fractures, bedding
fractures, fluid pressure fractures, structural diagenetic fractures, and structural fluid pressure fractures,
with each type's formation mechanism and development process discussed in detail. The factors
influencing fracture development include both internal and external elements. The controlling factors
for different fracture types vary. For instance, structural fractures are primarily influenced by tectonic
stress, while diagenetic fractures are related to changes in rock properties due to diagenesis. Through an
in-depth exploration, this paper reveals the causal mechanisms underlying each fracture type. Struc-
tural fractures typically arise when tectonic stress exceeds the rock's fracture strength; diagenetic
fractures result from changes in rock structure and mechanical properties induced by diagenesis;
bedding fractures primarily result from tectonic uplift, leading to the fracturing of bedding planes
through a series of diagenetic processes; fluid pressure fractures are caused by sudden abnormal fluid
pressures in the formation, leading to overpressure and subsequent fracture formation.

Moreover, the development of structural rock fractures is primarily controlled by a combination of li-
thology, rock structure, tectonic activity, and fluid pressure, typically formed through the coupled effects of
tectonic activity and diagenesis. The formation of fluid pressure fractures, on the other hand, is facilitated by
the interaction between tectonic activity and fluid pressure. This paper further analyzes the underlying
causes of fracture development and systematically describes the main controlling factors, providing an
essential theoretical foundation and guidance for shale oil exploration. In light of the above research, this
paper also identifies several future research directions, including the establishment of unified classification
standards, the refinement of micro-fracture scale characterization methods, and the further quantification of
composite fracture formation mechanisms. A more in-depth and accurate understanding of fracture
development processes will provide a scientific basis for shale oil exploration and development, offering both
theoretical support and practical guidance for the efficient utilization of resources.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).
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1. Introduction

Shale oil, as a highly promising unconventional petroleum
resource, holds significant potential for supplementing traditional
energy supplies. Fractures within shale reservoirs play a critical
role in enhancing oil storage and flow, particularly in low-porosity
and low-permeability formations. These fractures are crucial for
facilitating the movement and accumulation of hydrocarbons,
greatly improving the storage and transportation capacities of
shale oil reservoirs (Li et al., 2004; Chen, 2022; Hu et al., 2024a;
Zhang et al., 2017). A fracture, characterized as a discontinuity
within the rock mass where there is little to no displacement be-
tween adjacent blocks, is a prominent feature of shale due to its
distinct geological properties, including high organic matter con-
tent, low porosity, and elevated water content (Hu et al., 2024b).

As a result, the formation, evolution, and distribution of frac-
tures in shale directly influence the reservoir's capacity to store
and transmit oil and gas, making them a fundamental factor in
shale oil and gas exploration (Zhang et al., 2023; Lorenz et al.,
2002; Zeng et al., 2023; Zeng and Li, 2009). Understanding the
nature and behavior of fractures in shale is paramount to effective
exploration and development strategies, as they serve as essential
conduits for oil and gas migration within these tight reservoirs.
Fractures not only enhance the connectivity between different
parts of the reservoir but also play a critical role in improving the
overall efficiency of production techniques, such as hydraulic
fracturing (Hu et al., 2025). Comprehensive research on shale
fracture characteristics provides valuable insights into reservoir
management, helping to optimize the extraction process by tar-
geting areas with the most promising fracture networks. In many
countries, considerable advancements have been made in the
exploration and development of fractured shale reservoirs, with
well-established technologies and reservoir systems in place (Lun
et al,, 2010; Bruce, 1984; Machel, 1997; Rijken and Cooke, 2001). In
China, the exploration of fractured mudstone reservoirs dates back
to the 1960s, with major hydrocarbon discoveries in regions like
Songliao and Bohai Bay. These findings have underscored the
critical role of fractures in connecting adjacent reservoir zones,
facilitating oil and gas migration, and providing a foundation for
production enhancement through fracturing techniques.

As such, fractures are integral to both the storage and migration
of hydrocarbons in shale, significantly impacting oil and gas
exploration and development (Nelson, 1985). With the ongoing
discovery of fractured shale reservoirs worldwide, both domestic
and international research has focused on fracture classification,
formation mechanisms, and strategies to optimize reservoir per-
formance. Substantial progress has been made in understanding
the types, characteristics, and controlling factors of fractures
within shale formations. This article reviews the latest advance-
ments in shale fracture research, identifying knowledge gaps and
suggesting future directions for investigation. By advancing our
understanding of shale fracture systems, these efforts aim to
enhance theoretical and technical frameworks for identifying
high-yield shale oil and gas reservoirs and optimizing their
development potential.

2. Types and characterization of fractures in shale

Fractures, as pivotal components of oil and gas resources, serve
as critical reservoirs for the enrichment, preservation, and
migration of hydrocarbons. Given the unique characteristics of
shale formations, the genesis and evolution of fractures bear sig-
nificant geological implications for oil and gas exploration. Various
fracture classification methods have been proposed, each tailored
to different research objectives, leading to a plethora of
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classification schemes. Initially, foreign experts such as Stearns
introduced a classification scheme based on crustal activity, dis-
tinguishing between regional and structural fractures. While
foundational, this scheme lacked analysis of fracture causation
(Stearns, 1968). Subsequently, scholar Felix proposed a compre-
hensive classification method rooted in rock mechanical proper-
ties, delineating fractures into shear rupture, tensile rupture, and
dilation rupture categories (Michael, 1977). In 1988, Zhou (1998)
devised a more comprehensive scheme considering geological
processes, sedimentary environments, and stratigraphic systems,
categorizing fractures into structural, regional, shrinkage, and
surface-related types, marking the earliest and most comprehen-
sive fracture classification in China. As research progressed,
numerous classification schemes emerged, including those based
on scale, development form, occurrence, mechanical properties,
and geological origin (Table 1). While each offers distinct insights
into fracture characteristics, they also possess inherent limitations.
Scale-based classification, for instance, provides intuitive insights
into fracture development but lacks depth for further analysis
(Wang et al., 2014). Development-based classification, on the other
hand, offers clarity on fracture forms but may overlook underlying
mechanical processes (Ding et al., 2011). Similarly, mechanical
properties-based classification enhances clarity but may over-
simplify fracture formation mechanisms (Ding et al, 2012).
Geological origin-based classification provides a structural
perspective but may fail to capture all fracture types (Zeng et al.,
2022).

In summary, while each fracture classification scheme offers
valuable insights, they also present limitations. Their application
in classifying mud shale fractures must be approached judiciously,
considering both their strengths and weaknesses.

This paper integrates the primary controlling factors—fracture
development morphology, geological origin, and tectonic action-
into six major categories and eleven subcategories: structural
fractures, diagenetic fractures, bedding fractures, fluid pressure
fractures, diagenetic-fluid pressure fractures, and structure-fluid
pressure fractures. Among these, tensional fractures, shear frac-
tures, and bedding fractures emerge as the principal types of shale
fractures (Table 2).

2.1. Structural fractures

Structural fractures originate from tectonic stress, delineated
by their mechanical properties into tension, shear, and tension-

Table 1
Classification scheme for shale fractures.

Origin Classification basis Fracture types

Stearns (1968) Crustal activity Regional fractures, structural
fractures
Shear fractures, tensile

fractures, expansion fractures

Nelson (1985) Rock mechanics

Zhou (1998) Comprehensive Regional fractures, structural
geological processes fractures, shrinkage fractures,
surface related fractures
Sun (2017) Scale Giant fractures, large fractures,

medium fractures, small
fractures, and micro fractures
Opening fractures, filling
fractures, closing fractures, and
mesh fractures

Vertical fractures, horizontal
fractures, high angle fractures,
low angle fractures

Structural and non structural
fractures

Zhou et al. (2003) Developmental
morphology

Ding et al. (2011) Attitude

Zeng et al. (2022) Comprehensive
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Table 2
Classification scheme of shale fractures in this article.
Classification Main Subcategory
basis category
Geological Tectonic action Structural fractures Tensile fractures
genesis Shear fractures
Tensile-shear
fractures
Diagenetic action Diagenetic Diagenetic
fractures shrinkage fracture
Dissolution
fractures
Sedimentary action Bedding fractures Bedding plane
fractures

Fluid pressure action

Fluid pressure

Interlayer fractures
Drainage fractures

fractures Hydrocarbon
generation and
expulsion fractures
Composite action Structural- Dolomite
diagenetic lithification
fractures fractures

Diagenetic-fluid
pressure fracture

Bedding-parallel
vein fractures

shear fractures. Tension fractures manifest in regions experiencing
compressive stress across the entirety of the rock body. In some
cases, localized tensile stress can lead to their formation, often
accompanied by X-shaped conjugate shear fractures (Jacques and
Bernard, 1983). These fractures predominantly occur above fold
neutralization planes, structural hubs, and zones with significant
stress fluctuations (Li et al., 2004). Tension fractures exhibit
considerable scale and opening variations. Some display jagged
edges, with limited extension, often traversing bedding and min-
eral particles. Their rough surfaces lack visible scratches and are
typically filled with minerals like calcite and quartz (Fig. 1).
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Shear fractures entail sliding deformation along the tangential
direction of the fracture surfaces on either side of the fracture.
Based on the relationship between the fracture and the bedding
layer, they are categorized into bedding shear fractures and
through-bedding shear fractures. Bedding shear fractures, also
known as detachment fractures, develop along rock strata, typi-
cally at lithological junctions during tension or compression
events. Originating from shear stress parallel to the bedding layer,
they form under tectonic stress conditions (Ma et al., 2023). These
fractures often exhibit small scale, minimal opening changes,
extensive propagation, and develop scratches on their mirror
surfaces. Their filling degree tends to be low, with common fillers
including calcite and quartz minerals (Zhang et al., 2023). Bedding
shear fractures can provide insights into the sequence of fracture
formation, with later-formed fractures staggering earlier ones.
This staggered pattern reflects the chronological sequence of
fracture development (Angelier and Colletta, 1983). The formation
of bedding shear fractures is influenced by the degree of structural
deformation in the region; higher degrees of deformation lead to
more developed bedding shear fractures. Through-bedding shear
fractures, on the other hand, penetrate shale bedding. These
fractures typically exhibit high-angle penetration and are charac-
terized by large scale, significant opening changes, and extensive
propagation. Unlike bedding shear fractures, through-bedding
shear fractures feature smooth surfaces without prominent
scratches and have a lower filling degree, with common fillers
including quartz and calcite minerals. Due to their penetration
through multiple layers, the lateral connectivity of cross-bedding
shear fractures is typically limited (Fig. 2).

Tensile-shear fractures refer to fractures that undergo tensile
deformation in the direction perpendicular to the fracture surface,
and also exhibit sliding deformation in the tangential direction
along the fracture surface, possessing properties of both tensile
and shear fractures (Chen et al., 2023). The scale of tensile-shear
fractures is relatively large, with little variation in aperture and

(c)
1cm
®)
200 pym 200 pym

Fig. 1. Core characteristics of tensile fractures. (a) Tensile fractures, extended short, form straight, Well GD12, 3820.45 m; (b) tensile fracture, Well GD12, 3823.63 m; (c) tensile
fracture, extended short, Wufeng-Longmaxi formations (Yang et al., 2024); (d) tensile fracture, fracture filled with zeolite, Well GD12, 2919.96 m; (e) fractures cutting quartz
particles, Well GD12, 2926.73 m; (f) tensile fractures filled with zeolite, Well GD12, 2935.38 m.
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Fig. 2. Core characteristics of shear fractures. (a) Shear fractures, form straight, Well GD12, 2925.67 m; (b) shear fractures, cutting through rock layers (Yang et al., 2024); (c) shear
fractures, form straight (Li et al., 2024); (d) shear fractures, developed a mirror surface, Well CH17, 3623.08 m; (e) shear fractures, slipping along the plane, Well CH12, 3608.93 m;

(f) shear fractures with scratch marks, Well CH17, 3639.23 m.

limited extension. Most of the fracture surfaces are flat and rela-
tively smooth, with some slight scratches. The degree of fracture
filling is relatively high, with minerals such as calcite and quartz
filling the fractures (Fig. 3).

2.2. Bedding fractures

Bedding fractures originate from sedimentation and are sub-
sequently influenced by tectonic or diagenetic processes, resulting
in fractures that run parallel to the bedding planes. Based on their
development characteristics in various lithologies, bedding frac-
tures can be categorized into lamination fractures and bedding
fractures.

Lamination fractures primarily occur as pores and fractures
between parallel bedding layers, marked by peeling lines. They
typically form under sedimentation, especially in robust hydro-
dynamic environments. Comprising thin layers of shale, these
fractures occur at interfaces with shale exhibiting the weakest
mechanical properties, making them prone to peeling (Schrank

@ (b)

1lcm

et al.,, 2021). The lamination surface of shale often appears
sandy, and such fractures are observable in cores, thin sections,
and scanning electron microscopes. Lamination fractures typically
feature small openings that develop parallel to the shale bedding
plane, with high filling degrees, often completely filled, and linked
to high-angle tensile fractures. They are particularly prevalent in
mud shale formations with well-developed lamination. In areas
where interlayer lamination fractures predominate, both fracture
density and width are typically high; conversely, where leafy
fractures prevail, density is higher while fracture width is smaller.

Bedding fractures, on the other hand, represent larger-scale
fractures running parallel to the bedding planes, extending over
considerable distances. They exhibit stable occurrences, low an-
gles, and large openings, typically remaining unfilled and often
developing at lithological junctions. Key distinguishing features
between bedding and lamination fractures include differences in
opening, length, and density. Lamination fractures appear fine and
dense, stacked atop one another, and are not visible to the naked
eye (Fig. 4). They exhibit a contact relationship with bedding

(©

Fig. 3. Core characteristics of tensional-shear fractures. (a) Tensile-shear fracture, form straight, Well GD12, 2976.25 m; (b) tensile-shear fracture, high angle, Well GD12,

2987.65 m; (c) tensile-shear fracture, extend further, Well GD12, 2956.78 m.
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fractures, which are much larger in scale and easily discernible
within cores (Ma et al., 2023).

2.3. Diagenetic fractures

Diagenetic fractures arise during diagenesis, encompassing
fractures formed by rock dehydration shrinkage in the early stages
or during the diagenetic process, as well as through surface
weathering, water loss, shrinkage, and mineral phase changes,
among other mechanisms (Zeng et al., 2022). Diagenetic contrac-
tion fractures, primarily linear in nature, exhibit minimal exten-
sion but significant opening changes, typically less than 0.2 pm,
with unstable inclination angles. Due to their minute scale, they
are often observed under scanning electron microscopes. These
fractures demonstrate good connectivity, moderate filling, and
partial mineral fillings. Shale rich in silica content tends to shrink
during diagenesis, leading to the widespread occurrence of
diagenetic contraction fractures (Huo et al., 2019).

Dissolution fractures, resulting from the differential dissolution
of shale minerals, play a crucial role in enhancing shale reservoir
pore space (Zhao et al., 2023). Typically exhibiting a near-
horizontal trend, these fractures have widths under 15 pm,
extensive extensions, and significant spatial variability. Dissolu-
tion fractures tend to be later filled with calcite, with high filling
degrees. While serving as favorable storage and transportation
conduits for shale reservoirs, the presence of calcite fillings can
impact their functionality (Wang et al., 2019a). Over time, apart
from newly formed fractures, most fractures undergo dissolution,
with some expanding into karst caves and others evolving into
dissolved fractures (Barker and Miliken, 2008). Early-stage disso-
lution fractures exhibit considerable filling, often characterized by
dense calcite veins in the core, which have minimal influence on
oil and gas accumulation (Fig. 5). Later-stage dissolution fractures,
typically semi-filled or unfilled, form interconnected networks
with structural fractures, serving as primary pathways connecting
dissolution fractures (caves) and establishing storage and seepage
networks (Wang et al., 2019b).

() (b)

(d) (e)
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2.4. Fluid pressure fracture

Fluid pressure fractures occur when the internal pore fluid
pressure within a rock surpasses the rock's tensile strength,
resulting in tensile rupture. Typically, these fractures exhibit
irregular shapes and are not grouped together, often filled with
asphalt and calcite (Fig. 6). Abnormal fluid pressure fractures can
be further classified into drainage fractures and hydrocarbon
generation and expulsion fractures (Ma et al., 2016; Zhang et al.,
2017).

Drainage fractures primarily emerge during the early stages of
burial. Distinguished by their rough surfaces and irregular shapes,
they are notably different from structural and bedding fractures.
These fractures feature minimal changes in opening, significant
spatial variability, and limited extensions. They often display
lateral bending along shale bedding, with rough surfaces and
irregular shapes. Drainage fractures typically exhibit high filling
degrees, initially filled with mud and later replaced by calcite,
asphalt, and other minerals (Fig. 7; Ma, 2017).

Hydrocarbon generation and expulsion fractures play a crucial
role as the primary pathways for oil and gas migration within
organic-rich mudstones. In addition to facilitating hydrocarbon
transport, these fractures also serve as important micro-reservoirs
for crude oil accumulation and storage (Ma et al., 2017). Their
widths generally remain relatively stable, typically ranging from
just a few microns to, at most, several hundred microns. Due to
their fine-scale nature, they are more effectively observed using
scanning electron microscopy (SEM). These fractures can extend
over considerable distances, with some reaching several centi-
meters in length. A notable characteristic is the presence of mul-
tiple flat kerogens interconnected within the same hydrocarbon
generation and expulsion fracture, highlighting their widespread
lateral continuity. Additionally, these fractures are often densely
filled with various minerals, including asphalt, pyrite, and calcite,
which act as primary infill materials (Fig. 8). The presence of these
mineralized fillings suggests a complex diagenetic history,

©

®

Fig. 4. Core and thin section characteristics of bedding fractures. (a) Bedding plane fracture filled with calcite, Well FY14, 3217.68 m; (b) bedding plane fracture, Well NY1,3637.75
m; (c) bedding fracture, Well NY1, 3349.65 m; (d) lamination fracture, Well CH908, 2753.20 m; (e) lamination fracture, Well CH17, 4092.37 m; (f) lamination fracture, Well CH17,

3625.50 m.
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(@ (b) ()

200 um 200 ym 200 um
(d) (e) ®

50 ym 200 pm 50 pm

Fig. 5. Microscopic characteristics of dissolution fractures. (a) Zeolite-filled organic matter dissolution pores, Well FY1, 3301.69 m; (b), (¢) dissolution pores, filled with sand, Well
FY1, 3324.76 m, 3376.87 m; (d) dissolution fractures partially filled with zeolite, Well FY1, 3420.23 m; (e) dissolution fractures filled with zeolite, Well FY1, 3187.98 m; (f) organic
matter dissolution pores filled with zeolite, Well FY1, 3302.35 m.

@) (b) ()
lcm lcm lcm
() (e) ®
200 um 200 pym 200 pm

Fig. 6. Core and thin section characteristics of drainage fractures. (a) Drainage fracture, mudstone with partial filling, Well FY1, 3354.75 m; (b) drainage fracture, mudstone filling,
Well FY1, 3223.55 m; (c) drainage fracture, serpentine shape, Well GD12, 2934.78 m; (d) drainage fracture, filled with sand, Well NY1, 3443.54 m; (e), (f) drainage fracture, large
opening variation, Well NY1, 3398.85 m.

influencing both the porosity and permeability of the surrounding the Kong 2 Member within the Cangdong Sag of the Bohai Bay

rock matrix. Basin. These fractures, attributed to dolomitization, are also
known as dolomite sewing (Ma et al., 2023). Characterized by

2.5. Structural-diagenetic fractures numerous high-angle fractures in the core, they typically exhibit
short extensions, large openings, and a stout morphology, often

Structural-diagenetic fractures arise from the interplay be- displaying a distinct yellow or red hue on the fracture surface.

tween tectonic processes and diagenesis. For instance, consider These fractures are predominantly fully or semi-filled, with
the structural-diagenetic fractures observed in the dolomite of dolomite, calcite, or gypsum serving as the filling material.
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Calcite vein

Flow dynamic asphalt

50 um

Microfractures

100 pm

Fig. 7. Microscopic characteristics of drainage fractures. (a) Drainage fracture, filled with asphalt, Well NY1; (b) drainage fracture, filled with asphalt (Ma et al., 2017); (c) drainage
fracture, filled with asphalt (Ma et al.,, 2017); (d) drainage fracture, dissolved micropores, Well GD14, 4077.24 m; (e) drainage fracture, dissolved micropores, Well GD14,
4082.35 m; (f) drainage fracture, dissolved micropores, Well GD14, 4085.67 m.

@)
Asphalt

(d

(b)

Microtunnel

(e)

Asphalt

0.5 mm

Kerogen

0.5 mm

Kerogen

0.5 mm

Fig. 8. Microscopic characteristics of hydrocarbon generation and expulsion fractures. (a) Fractures is filled with asphalt, Well FY1, 3248.65 m; (b) fractures is partially filled with
pyrite, Well FY1, 3254.35 m; (c) fractures initiates from the tip of the kerogen and extend horizontally, Well NY1, 3023.35 m; (d) fractures extends horizontally through the
kerogen, Well GD12, 2965.56 m; (e) fracture is filled with asphalt, Well GD12, 2977.65 m; (f) fracture extends horizontally through the kerogen, Well NY1, 3087.89 m.

Current research posits that the formation mechanism of these

fractures is primarily governed by the recrystallization force of

dolomite, resulting from the coupling of tectonic stress and fluid

pressure (Fig. 9).

2.6. Bedding-parallel vein fractures

Bedding-parallel vein fractures are fractures that open along

the lamination plane under the action of tectonic action and
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(c)

®

Fig. 9. Structural-diagenetic fractures. (a) Fractures appear at high angles and are present, Well GD14, 4078.95 m; (b), (c) fracture is filled with dolomite, Well GD14, 4085.67 m,
4087.98 m; (d), (e) fracture are developed in a systematic manner, Well GD14, 4096.78 m; (f) fractures are present, Well NY1, 3067.95 m.

abnormal fluid pressure (Zhan et al., 2022). They are large in scale,

have small opening changes, have long extensions, have obvious

tensile characteristics, are highly filled, and are mostly covered by
the filling of fibrous calcite, quartz and pyrite is an important sign
of high-pressure hydrocarbon expulsion and migration of oil and

gas in muddy source rocks (Fig. 10).

@)

Fyjp

Calcite veins are arranged along the layer

(d)

Asphalt filling

2 mm

3. Factors controlling fracture development

Natural fractures are influenced by a multitude of factors,
which development conditions of natural fractures are highly
adaptable and uncertain, and their distribution patterns exhibit

significant randomness (Yang et al.,, 2020). Controlling factors
influencing fracture development are primarily categorized as

Ly1

Calcite fills fracture

Mud shale debris

2000 pm

FY1l

Calcite veins are arranged along the layer

®

Mud shale debris

Fig. 10. Bedding-parallel vein fractures. (a) The calcite veins are arranged parallel to the bedding planes, Well FY1, 3211.53 m; (b) the calcite fills the bedding-parallel vein
fractures, Well LY1, 3637.75 m; (c) the calcite veins are arranged parallel to the bedding planes, Well FY1, 3209.40 m; (d) the fracture is filled with asphalt, Well NY1, 3075.56 m;
(e) the calcite veins are intermixed with fragments of shale, Well GD12, 2988.95 m; (f) the calcite veins are filled with asphalt, Well GD12,3985.75 m.
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internal and external factors. Internal factors include rock layer
thickness, lithofacies and lithofacies combination, lithofacies fab-
ric characteristics, and rock mechanical properties, which are
fundamental for fracture development (Guo et al., 2022; Wang,
2019). External factors encompass tectonic processes, diagenesis,
and fluid pressure. Three aspects are the core factors for fracture
development (Zhang et al., 2021).

3.1. Internal cause

3.1.1. Thickness of stratum

The thickness of rock layers influences the development of
fractures. Fracture development within rock formations typically
terminates within the formation itself, although some fractures
may extend to the lithological interface (Fig. 11). Under similar
conditions, a linear relationship exists between fracture spacing
and rock layer thickness, indicating that thinner rock layers exhibit
higher fracture density and more extensive development (Narr
and Suppe, 1991; Xie, 2020). However, some studies indicate that
fracture spacing may not correlate strongly with formation
thickness. For instance, certain formations exhibit fracture spacing
exceeding expectations, while others have smaller-than-
anticipated spacing. Additionally, different sets of fractures
within the same layer may display varying spacing (Jacobi, 2002;
Engelder et al., 2009). The impact of rock layer thickness on frac-
ture development hinges on the subcritical fracture index.
Subcritical fracture index is used to describe the characteristics of
crack propagation in a subcritical state. In the fields of materials
mechanics and fracture mechanics, when the stress intensity
factor acting on cracks in a material is less than the material's
fracture strength, the cracks are in a subcritical state. For instance,
when the index equals or exceeds 80 (indicating high values),
fractures tend to form in irregular clusters. Conversely, with a
medium index range (20-80), a strong correlation exists between
fracture spacing and rock layer thickness, resulting in more uni-
form fracture distribution (Holder et al., 2001; Olson, 2014).

3.1.2. Lithofacies and lithofacies combination

Fracture development varies depending on lithofacies and their
combinations. Considering the external tectonic stress field within
the study area to be isotropic, variations in sedimentation and
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Fig. 11. Relationship diagram between shale thickness and fracture development
(adapted from Zhang, 2019; Ding et al., 2011), negative correlation between rock layer
thickness and fracture density.
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depositional conditions will influence the composition, structure,
layer thickness, and lithological combination of sedimentary clasts
across different locations. These variations serve as the primary
factors influencing uneven fracture development. In mudstone
and shale devoid of organic matter, numerous natural micro-
fractures supported by clay minerals tend to form (Yuan et al,,
2021). Various lithofacies types exhibit distinct mineral composi-
tions, resulting in differing rock mechanical properties (Ma et al.,
2022). Shale lacking organic matter and dissolved minerals pre-
dominantly develops microfractures formed by clay mineral par-
ticles. In shale or mudstone containing high levels of brittle
minerals, intergranular pores between these minerals are filled
with clay minerals, resulting in numerous parallel or subparallel
micro-fractures. With an increase in organic matter content, some
natural micro-fractures associated with clay minerals become fil-
led and closed (Fig. 12). Additionally, shale or mudstone abundant
in soluble minerals like calcite undergoes micro-fracture forma-
tion through particle connection via dissolution pores (Liu et al.,
2023; Wei et al., 2021).

3.1.3. Rock composition and structure

There are significant differences in the forms of organic matter
occurrence and pore development and evolution characteristics in
different types of shale fabrics (Fig. 13). Therefore, the develop-
ment degree of fractures under different shale fabrics is also
different (Zeng et al., 2022).

3.1.3.1. Mineral content. Various rock types exhibit distinct min-
eral compositions. Research suggests that under identical tectonic
stress conditions, increased concentrations of minerals such as
quartz, feldspar, and carbonate in shale result in greater shale
brittleness and facilitate the occurrence of natural fractures. Ac-
cording to foreign scholar Nelson, besides quartz, feldspar, and
dolomite are also relatively brittle mineral components in black
shale (Ma et al., 2023; Nelson, 1985; Wang et al., 2016). Higher
silica content increases shale brittleness, promoting fracture for-
mation. Thus, the degree of shale fracture development is posi-
tively correlated with the presence of brittle minerals in shale
(Zhang et al., 2021). Increased clay mineral content corresponds to
decreased fracture development, indicating a negative correlation.
In addition to the quartz mentioned above, feldspar and dolomite
are also brittle minerals. Additionally, high silica content in shale
renders the rock highly brittle, facilitating the development of
fracture systems under tectonic stress (Wang et al., 2016).

In summary, shale fracture development typically correlates
positively with the presence of brittle minerals in the rock.
Increased concentrations of minerals such as quartz, feldspar, and
carbonate promote fracture formation and development. Addi-
tionally, highly brittle organic-rich shale is more prone to fracture
occurrence, whereas elevated clay mineral content corresponds to
reduced fracture development, indicative of a negative correlation
(Fig. 14).

3.1.3.2. TOC contents. Organic carbon content also influences
fracture development. Shale exhibits higher organic carbon con-
tent and a greater abundance of brittle minerals under similar
tectonic stress conditions, rendering it more prone to fracturing
and the development of fracture systems within the same
geological structure (Wang et al., 2017). The degree of fracture
development correlates positively with organic carbon content
(Fig. 15). Under comparable tectonic dynamics and depositional
environments, shale sections with high TOC content exhibit
densely developed bedding fractures (Zeng et al., 2022). However,
certain studies indicate a non-linear relationship between fracture
development and TOC content. Initially, fracture density increases
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Fig. 12. Combination of microfractures in different lithofacies shale (quoted from Wei et al., 2021; Yuan et al., 2021), fractures are most developed in organic shale, followed by

more developed in mudstone, and least developed in sandstone.
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Fig. 13. The relationship between rock composition characteristics and fracture development (modified from Zeng et al., 2022; Wang et al., 2017). As the mineral content varies,

the degree of fissure development also changes.

with rising TOC content, but subsequently declines. During the
thermal evolution of organic matter, acidic substances such as CO»,
H,S, and organic acids are generated, leading to the formation of
dissolution fractures. Thus, the evolution of organic matter hy-
drocarbon generation increases pore volume and residual carbon
skeleton in mud shale reservoirs, consequently decreasing internal
structure stability, enhancing shale brittleness, and inducing

1024

fractures under tectonic stress. Additionally, elevated organic
matter content yields higher volumes of hydrocarbon gases,
elevating internal pressure within shale reservoirs. Excessive
pressure leads to rock fractures and the formation of abnormal
pressure fractures (Sun, 2017). However, in shale with relatively
high TOC content, the residual porous carbonaceous skeleton fails
to fully withstand overlying formation pressure, resulting in pore



C.-F Ma, W.-]. Sun, B. Hao et al.

® Brittle mineral content @ Clay mineral content

Number of cracks, strip

40

Mineral content, %

Fig. 14. The relationship between shale mineral content and fracture development
(adapted from Zhang, 2019, Lai et al., 2022). Fracture density is directly proportional
to the content of brittle minerals and inversely proportional to the content of clay
minerals.
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Fig. 15. The relationship between TOC content and fracture development in shale
(adapted from Ma et al., 2023; Zhang, 2019). The higher the organic matter content,
the more developed the fractures (A: Well CH908, 2780.76 m; B: Well CH908,
2796.85 m; C: Well CH908, 2797.68 m; D: Well CH908, 2795.30 m).

filling or compaction and reduced shale brittleness, consequently
inhibiting shale fractures (Yang et al., 2020; Xue et al., 2015; Gu
et al.,, 2020; Luo et al., 2015).

3.1.3.3. Grain size. The degree of fracture development in rocks
correlates closely with the size of rock particles. On one hand,
larger particle sizes weaken intergranular bonding, leading to
relatively greater development of fractures and intergranular
fractures in coarse-crystalline minerals and reducing overall frac-
ture development. On the other hand, different-sized rock parti-
cles under identical external stress exhibit varying contact point
distributions, consequently influencing local stress distribution
and resulting in differing degrees of fracture development. In shale
with identical mineral composition, finer rock particles promote
fracture development, whereas coarser particles hinder fracture
formation (Chen et al.,, 2000; Yuan et al., 2017). Under identical
thickness conditions, finer grain sizes yield greater development of
structural fractures. Zhao et al. (2015) concluded that the fracture
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surface density and particle size in medium-thin layers exhibit a
negative power exponential fitting relationship, expressed as
y = 1.061x-0.231, further quantifying the relationship between
particle size and fracture density. However, the influence of grain
size on fracture development is relatively weak compared to shale
layer thickness (Fig. 16).

Achuhan et al. (2002) observed fracture development in rocks
of varying grain sizes at the thin section scale. Their experimental
findings indicate that larger particle sizes correspond to increased
fracture development and a higher proportion of particles gener-
ating fractures. When mineral particles compact and stress ex-
ceeds their maximum withstand limit, fracturing occurs. Smaller
particles have more support points during mutual contact, while
larger particles have fewer, resulting in localized stress surpassing
rupture strength and fracturing, leading to intense tectonic
extrusion of large particles. Medium particles are prone to
breakage and intra-particle micro-fractures, while smaller parti-
cles resist crushing and do not develop intra-particle fractures
(Achuhan et al., 2002).

3.1.3.4. Laminated structure. Shale laminae typically form through
a combination of factors, including low-energy, slow-flowing hy-
drostatic sedimentary environments, biological processes such as
carbonate deposition and humus biodegradation, structural
deformation, compaction, hydrothermal processes, etc. Geological
and chemical processes, such as hydration, oxidation, and reduc-
tion, primarily influence shale lamina formation (Qian, 1995). The
impact of laminae on fracture development primarily manifests in
variations in laminae type, thickness, density, and direction (Zhang
etal., 2017). Different types of laminae have different effects on the
formation and preservation of fractures. Specifically, homoge-
neous laminae with higher mud content can effectively connect
with organic pores due to their elevated organic matter content
and widespread distribution. This not only provides a material
foundation for abnormally high pressure formation but also fa-
cilitates fracture network development (Shi et al, 2018).
Conversely, laminae with higher sandy-silty content contain fewer
organic pores and exhibit uneven distribution, resulting in limited
fracture formation opportunities (Lash et al., 2005; Rokosh et al.,
2009) Secondly, the interface between different types of laminae
serves as a mechanically weak surface, facilitating the formation of
leafing fractures. The development of shale bedding fractures is
closely associated with laminae thickness. Shales with thin
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Fig. 16. The relationship between fracture development (Ds) and particle size (quoted
from Zhao et al.,, 2015). The smaller the mineral particles, the easier the rock is to
fracture and form fractures.
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laminae tend to develop small micro-fractures, whereas those
with thicker laminae are inclined to form larger fractures. Lamina
density refers to the spacing between two adjacent laminae,
significantly affecting fracture development. A smaller lamina
density implies uneven stress distribution within the shale, lead-
ing to decreased resistance to fracture expansion and facilitating
fracture propagation (Fig. 17). The lamination direction of shale
also influences fracture development. Fractures develop more
readily when the lamina direction is perpendicular to the stress
direction, whereas they face greater difficulty when the lamina
direction is parallel to the stress direction (Zeng et al., 2022; Lai
et al,, 2022).

3.1.4. Rock mechanical property

Shale is a naturally occurring multi-scale complex material
characterized by significant horizontal and vertical heterogeneity
(Li et al., 2023). Changes in paleoclimate and depositional envi-
ronments during various stages of shale diagenesis result in the
gradation and mutual superposition of lithofacies in the longitu-
dinal direction. Strata composed of single or multiple lithofacies
types aligned in the longitudinal direction are termed mechanical
stratigraphic units. The primary factors influencing mud shale
fracture development are lithology and physical properties.
Different lithologies exhibit variations in the physical properties of
the formation. Mechanical parameters such as elastic modulus,
Poisson's ratio, residual cohesion, and internal friction angle vary
among rock masses, affecting their tensile and shear strength
(Labani and Rezaee, 2015). The elastic deformation ability of rock is
described by several parameters: shear modulus indicates rock
shear strength, bulk elastic modulus indicates rock compressive
strength, Young's modulus indicates rock tensile strength, and
Poisson's ratio describes the lateral relative compression coeffi-
cient of rock (Zhan et al., 2022). Young's modulus and Poisson's
ratio indirectly reflect rock brittleness. Under the same in-situ
stress, shale with low Poisson's ratio and high elastic modulus
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Bedding
Calcite
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exhibits better brittleness characteristics, facilitating fracture for-
mation (Rokosh et al., 2009). Conversely, rocks with high plasticity
undergo a more prolonged plastic deformation stage and are less
prone to fracture (Fig. 18).

3.2. External factors

3.2.1. Tectogenesis

Structural factors primarily influence the development of shale
structural fractures and serve as external catalysts for fracture
formation. Structural fractures predominantly arise during tec-
tonic stress accumulation and release, with their development and
distribution notably dictated by tectonic settings and stress con-
ditions (Yan, 2017).

The influence of folds on fracture development ultimately
stems from changes in the curvature of rock strata. Structural el-
ements such as the fold axis and turning points, with greater strata
curvature, experience bedding extrusion or perpendicular extru-
sion forces (Qi and Yang, 2010). It is suggested that compared to
other regions, areas within the fold's structural stress zone are
more conducive to structural fracture formation, serving as the
primary site for fracture development (Figs. 19 and 20). A negative
correlation exists between fracture density and distance from the
fold axis; the farther from the axis, the less developed the frac-
tures, and conversely, the more developed they become (Zhu et al.,
2018; Wang et al., 2022).

Regions characterized by significant variations in shale layer
occurrence, such as fault turning points and fold hinge zones,
exhibit more pronounced deformation and greater fluctuations in
structural stress gradients, thereby increasing the likelihood of
structural fractures. Furthermore, structural fractures tend to
occur in areas with intense faulting, substantial fault displace-
ment, and high fault density (Fig. 21). With increasing distance
from the fault, the extent of structural fracture development di-
minishes (Wang et al., 2016; Zeng et al., 2016a).

(©)

Bedding fracture

Microtunnel

1mm 0.5 mm
)
Microfracture
Interbedded strata Ferrocalcite
1mm 2mm

2mm

Fig. 17. Microscopic characteristics of different laminations. (a), (e) Siliceous mudstone laminations, Well NY1, 3428.74 m, 3249.88 m; (b), (d) layering fractures developed at the
boundary of laminations, Well FY1, 3250.98 m, 3255.87 m; (c) pyrite particles developed in laminationsl, Well NY1, 3430.95 m; (f) microfractures formed by dissolution, Well FY1,

3245.86 m.
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Fig. 18. The process of rock fracturing under stress to form fractures (adapted from Yang et al., 2020; Liang et al., 2021). As stress continuously increases, fissures undergo various

deformations, leading to the formation of fractures.
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Fig. 19. The relationship between formation curvature and fracture development
(modified from Zeng et al., 2022). The trend of changes in formation curvature is
nearly identical to the trend of changes in fractures density.

Within a given range of stress changes, an increase in stress
change gradient is positively associated with the likelihood of
fracture formation. For instance, fractures are more prone to
develop in convex areas, transfer zones, and fault intersection
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Fig. 21. Relationship between the distance of fractures to faults and the development
of fractures (modified from Ma et al., 2023; Zeng et al., 2022, Zeng and Li, 2009). The
closer to the fault, the more developed the structural fractures.
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Fig. 20. Schematic diagram of folds related fractures (adapted from Zhang, 2019). (a) Tension and compression forces coexist on the neutral surface; (b) wedge-shaped tensile
fractures develop on minor folds; (c) fractures were more developed in locations such as the axis and inflection points of folds.
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zones, as well as on the crests and steep flanks of anticlines, the
transitional zones between depression slopes and gentle bottoms,
and other locations with significant variations in stratigraphic
occurrences, where stress changes are more pronounced. Varia-
tions in local tectonic stress lead to discrepancies in fracture
development (Zeng et al., 2013). When tectonic stress exceeds the
rock's limit, fractures occur, and their extent of development cor-
relates positively with stress magnitude (Fig. 22). A specific
angular relationship exists between fracture orientation and tec-
tonic stress direction (Gasparrini et al., 2014).

3.2.2. Diagenesis

Due to variations in diagenesis, rocks exhibit different me-
chanical properties and fracture development levels across
different diagenetic phases. Diagenesis can both initiate new
fractures in shale and modify pre-existing ones (Fig. 23). Diage-
netic effects on fractures can be categorized into two primary
types: (1) diagenesis that facilitates fracture formation, primarily
involving dissolution, pressure solution, and clay mineral trans-
formation; (2) diagenesis that inhibits fracture formation, which
mainly includes cementation, metasomatism, and alteration (Rossi
and Alaminos, 2014; Qian, 1995).

Compaction reduces rock particle and pore volume through
dehydration and degassing, thereby densifying the reservoir and
increasing rock strength, affecting fracture effectiveness and
promoting fracture formation. Cementation further reduces pore
space in clastic rock reservoirs. Common shale cements include
mud, carbonate, and occasionally iron cements, which include
illite mixed layers, illite, and kaolinite. While they contribute to
cementation, they reduce mud shale pore space, decreasing
permeability (Zeng et al.,, 2016b). Early cementation (before
compaction) may weaken compaction intensity to some extent,
creating conditions for subsequent cement dissolution and the
formation of numerous secondary fractures, indicating the dual-
sided impact of cementation on reservoir fractures (Laubach
et al., 2004; Durhan, 1997). Volume remains largely unchanged
before and after metasomatism, minimally impacting fractures,
but it can provide more soluble substances for later dissolution,
facilitating dissolution (Xie et al., 2021). For instance, carbonate
minerals formed after carbonate rock minerals metasomatize
clastic particles may dissolve during later dissolution, leading to

Failure surface

I

(a) Force state of unit body
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increased secondary fractures, positively affecting reservoir
fracture transformation (Zhang, 2020). Dissolution, mainly from
infiltrated atmospheric water early and organic acids produced
during thermal maturation of organic matter later, is the primary
factor in secondary fracture formation. It not only adds new
fractures by about 5% on average but also interconnects micro-
fractures formed when dissolution fluid seeps through shale,
forming a fracture network, negatively impacting reservoir oil
and gas. Water migration channel formation is crucial. Pressure
dissolution refers to obvious dissolution occurring at particle
contact points, such as pressure transfer points, resulting in four
convex and suture contacts connecting (Zhang et al., 2023). Un-
der pressure, dissolved clastic particles cause quartz and feldspar
particles to enlarge and cement at low pressure. The sutures
formed by pressure solution can become channels for the
migration of oil, gas, and water (Zhang et al., 2020). There is
substantial evidence that sutures actively facilitate the migration
and accumulation of oil and gas. During the transformation
process of clay minerals, the volume of mineral particles de-
creases, enhancing the porosity of the reservoir. This makes it
easier to generate fractures and improve the storage capacity of
shale reservoirs (Liang et al., 2018). The impact of the conversion
of clay minerals on reservoir pores mainly depends on the shape
of the clay minerals generated by the conversion, which is hair-
line Shape or lamellar shape, such as the transformation of
montmorillonite to illite, which is manifested by dehydration
under compaction and the enrichment of K* in the system
(Lavenu et al., 2014). The illite formed is hairlike, which plays a
role in the formation of reservoir fractures. Positive effect; if it is
lamellar, it is destructive (Xian, 2019).

Diagenesis affects fracture development by altering the me-
chanical properties of rocks. Dashti et al. (2007) conducted a study
on fracture development intervals and rock mechanics intervals in
a naturally fractured reservoir in the Gross area (Zhao and Li,
2022). They found that natural fractures primarily reflect ancient
rock mechanics layers, while drilling-induced fractures represent
modern rock mechanics layers, suggesting a possible relationship
with changes in mechanical properties induced by diagenesis.
Research by Ross, D.J. and others also indicates that diagenesis
affects changes in rock mechanical properties (Peter, 2008; Dashti
et al,, 2007; Ross and Bustin, 2008).
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Fig. 22. The relationship between tectonic stress and fracture development (adapted from Rossi and Alaminos, 2014, Wang et al., 2019a, 2019b; Wang, 2019).
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Fig. 23. Diagenetic processes related to fractures. (a) The foraminifera shells are flattened under compaction, indicating strong compaction, Well FY1, 3074.60 m; (b) organic
matter dissolves mud crystal iron siderite, Well FY1, 3076.88 m; (c) the foraminifera shells are broken under compaction, Well FY1, 3068.80 m; (d), (f) dissolution occurs, Well FY1,
3066.50 m, 3060.85 m; (e) cementation occurs, with pyrite particles cemented together, Well FY1, 3044.58 m.

3.2.3. Fluid pressure

Fluid pressure significantly influences fracture development,
especially in low-porosity and low-permeability shale formations
where fluid flow is restricted, leading to increased pressure. Dur-
ing burial, rising formation depth elevates underground temper-
ature and pressure, inducing compaction and escalating fluid
pressure, sometimes resulting in abnormally high pressure
(Fig. 24). Organic matter hydrocarbon generation and clay mineral
transformation are primary drivers of this overpressure (Zhang
et al., 2023; Cobbold et al., 2013; Liu et al., 2022). The conversion
of smectite to illite releases mineral-bound water into mudstone
pore spaces, expanding fluid volume and contributing to over-
pressure in low-permeability systems (Freed and Peacor, 1989;
Meng et al.,, 2021).

Montmorillonite

Basement space

_—
Interlayer water @ @ _L

——

Excessive pore fluid pressure, surpassing 1.5 times the hydro-
static pressure, typically induces abnormally high-pressure frac-
tures that commonly propagate along mechanically weak surfaces
like shale lamina interfaces or pre-existing micro-fractures.
Abnormal fluid pressure alters the stress conditions within shale,
influencing the expansion or closure of fractures. Specifically, it
elevates water pressure in shale, decreasing effective stress and
promoting fracture expansion. Conversely, if abnormal fluid
pressure reduces water pressure in shale, effective stress increases,
leading to fracture closure (Fig. 25). Moreover, as shale enters the
oil generation window, increasing organic matter maturity con-
verts kerogen into denser liquid hydrocarbons, accelerating hy-
drocarbon generation. Simultaneously, escalating fluid pore
pressure spawns localized abnormal fluid high pressure, facili-
tating hydrocarbon migration and accumulation in shale (Colten-

lllite
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Fig. 24. Montmorillonite transformation to illite leads to overpressure (modified from Colten-Bradley, 1987). During the conversion process from montmorillonite to illite, the

fluid volume increases, resulting in fluid overpressure.
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01

Fig. 25. Fluid pressure changes cause fractures to open (taken from Cristescu, 1982).
The increase in fluid pressure within shale reduces the effective stress by increasing
the water pressure, thereby promoting fracture propagation. Conversely, if abnor-
mally low fluid pressure reduces the water pressure within the shale, the effective
stress increases, leading to fracture closure.

Bradley, 1987). Additionally, fluid pressure affects rock stress
states, shifting Mohr's stress circle to the left, approaching fracture
rupture strength. At a critical level, excessive abnormal fluid
pressure shifts the minimum principal stress from compression to
tension, resulting in the formation of abnormally high-pressure
fractures (Meng et al., 2019; Oliver and Bons, 2001).
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4. Fractures formation mechanism
4.1. The formation mechanism of structural fractures

Structural fractures are primarily influenced by structural
stress. Their formation involves three processes: micro-fracture
initiation, subsequent coalescence into larger fractures, and ulti-
mately the development of large-scale structural fractures or
faults (Zhou et al., 2003). Horizontal tectonic extrusion predomi-
nantly drives the creation of tight reservoir fractures. This process
elevates the maximum principal stress, reduces the minimum
principal stress, and expands the stress Mohr's circle (Fig. 26). The
expanded Mohr's circle becomes tangent to the fracture envelope,
increasing the likelihood of rock fracturing and the formation of
shear fractures (Cristescu, 1982).

The second is the influence of fluid pressure. The compaction
caused by fluid pressure leads to particle fracturing to form frac-
tures and pressure solution to a certain extent transform the
fractures formed by tectonic stress, making them larger in scale.
The properties of the rock itself (lithology, lithofacies, mineral
composition) and crystallization have little impact on structural
fractures (Wu et al., 2023; Zhong et al., 2015).

4.1.1. The formation mechanism of shear fractures

The development of shear fractures is influenced not only by
shear stress but also by the normal stress acting on them. When
the shear stress exceeds the rock’s strength limit, shear fractures
form. Fig. 26(a) illustrates the process of shear fracture formation.
When the angle between the bedding plane and the principal
stress is substantial, micro-fracture expansion is constrained,
resulting in micro-fractures parallel to the bedding plane

i

(b)

Plane of weakness

Opening microfractures

Fig. 26. Mechanisms of shear and tensile fracture formation (modified from Zhong et al., 2015). (a) Mechanism of shear fracture formation; (b) mechanism of tensile fracture

formation.
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Fig. 27. Formation process of diagenetic shrinkage fractures (modified from Wei et al.,
2021). At the beginning, the fractures were relatively sparse, and as the dehydration
and contraction process progressed, a network of fractures gradually formed.

remaining closed. Micro-fractures oriented at a significant angle to
the bedding plane may experience stretching or shearing (Han
et al, 2013). When subjected to compressive stress, micro-
fractures in adjacent planes and clastic-rich laminae may experi-
ence tension or shear, resulting in localized fractures. With
increasing stress, conjugate shear fractures intersect and eventu-
ally develop into complete shear fractures. Moreover, the presence
of clastic-rich laminae dictates the formation of localized frac-
tures. Complete fractures only form when the shear strength sur-
passes that of the microfractures (Bao et al., 2024).

4.1.2. The formation mechanism of tensile fractures
Formation deformation occurs under tectonic compression
stress. The portion of the rock layer above the neutral plane of the
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formation experiences tensile stress, leading to the formation of
tensile fractures. As distance from the neutral plane increases, the
rock layer expands further and tensile stress strengthens. Tensile
fractures become more pronounced, resulting in wider opening
fractures that gradually diminish towards the neutral plane. Below
the neutral plane is the compressive stress zone (Walsh, 1965).
Fig. 26(b) illustrates the formation mode of tension fractures.
When g is small or 0° and the peripheral surface is close to the
structural surface, the tensile strength is low, resulting in mainly
micro-fractures near the peripheral and structural surfaces. Under
compressive stress, the shale system becomes unstable, and
micro-fractures parallel to the bedding plane do not close but
stretch and extend along the direction parallel to the bedding.
With increasing pressure, through-fractures develop (Liu et al,,
2018).

4.2. The formation mechanism of diagenetic fractures

4.2.1. The formation mechanism of diagenetic shrinkage fractures

Three main mechanisms contribute to the formation of
shrinkage fractures. Underwater shrinkage fractures result from
the dehydration and shrinkage of mud layers under water or
increased salinity, common in subtidal shallow lake sediments.
The overall process of their formation includes four stages: initial
turbidity of the mud-water mixture, stable sediment compaction,
fracture formation, and fracture filling (Barker and Miliken, 2008).
In the late Precold Brachina Subgroup sequence of the Flinders
Ranges in South Australia, heavy-load structures and mudstone
shrinkage fracture impressions appear simultaneously on the
bottom surface of sandstone or siltstone. In this scenario,
shrinkage fractures in the underlying mudstone cannot appear
earlier than heavy-load structures, ruling out dry exposure as the
cause; rather, it is due to the overlying sandstone causing dehy-
dration and shrinkage of the mudstone. Thermal shrinkage frac-
tures result from the baking and metamorphism of the mud shale
layer by magma intrusion. Due to the temperature gradient, the
heated rock shrinks during the cooling process (Fig. 27). Dehy-
dration shrinkage fractures occur during early or subsequent
diagenesis of mud shale. These fractures form through the chem-
ical process of clay syneresis, reducing sediment volume and
creating a three-dimensional polygonal network (Guo et al., 2022;
Perez and Boles, 2005).

Organic

Mineral Mineral

Mineral

Dissolution fractures

Fig. 28. Formation mechanism of dissolution fractures (modified from Zeng and Li, 2009). Organic acids and other acidic substances formed during the evolution of organic

matter dissolve primary pores and fractures, forming larger scale corrosion fractures.
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Fig. 29. Formation mechanism of abnormal fluid pressure fractures (modified from Sun, 2017). The hydrocarbons and fluids generated during the continuous compaction and
hydrocarbon generation process result in abnormal fluid pressure in the rock formation, causing the Mohr circle to shift left and intersect with the fracture envelope line to

generate fractures.

4.2.2. The formation mechanism of dissolution fractures
Dissolution fractures primarily result from the later modifica-
tion of existing fractures. The evolution of organic matter produces
significant amounts of organic acid and carbonic acid, creating an
acidic environment. This acidic fluid dissolves surrounding min-
eral particles and primary pores, leading to the dissolution of
mineral particles with high solubility and the expansion of pri-
mary fractures, forming a larger-scale and better-connected frac-
ture network (Fig. 28; Yang et al.,, 2020), which enhances the
storage and transportation of shale oil (Wang et al., 2019b; Fig. 28).

4.3. The formation mechanism of bedding fractures

The formation of bedding fractures can be attributed to various
mechanisms. He et al. (2011) propose a strong correlation between
the development of bedding fractures and tectonic processes.
Structural uplift provides the driving force for their formation,
with rocks fracturing under tectonic stress to create bedding
fractures. Furthermore, ongoing fault activity contributes to the
induction of bedding fractures. However, research by Zeng et al.
(2022) suggests that tectonic extrusion plays a minor role in
bedding fracture formation. Instead, they posit that later structural
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Fig. 30. Illustrates the formation mechanism of primary migration pathways (modified from Ma, 2017). The kerogen produced during the hydrocarbon generation process un-
dergoes fractureing to generate gas, which increases the pore fluid pressure and forms overpressure. Overpressure causes rock fracture and forms fractures.
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uplift and denudation promote the expansion and transformation
of bedding fractures, enhancing their development. Observations
by Zeng and Li (2009) indicate that minerals like quartz exhibit
directional orientation, suggesting that micro-fractures develop
during diagenesis due to geological processes like compaction and
pressure dissolution, and are distributed along bedding planes.
The pressurization resulting from hydrocarbon generation signif-
icantly influences the formation of bedding fractures. As organic
matter undergoes hydrocarbon generation and pressurization,
bedding fractures form and open up (Zhang et al., 2017). Natural
fluid fracturing occurs when oil and gas accumulate in the reser-
voir, forming an effective closed system. When the pressure
gradient within this closed system exceeds the threshold for
fracturing tight sandstone bedding, natural fluid fracturing occurs
along the bedding surfaces, creating a bedding fracture system
(Wu et al,, 2003). Although the bedding plane is mechanically
weak, not all bedding layers develop fractures. Fracture initiation
occurs only when the mudstone content in the bedding layer is
moderate, and stress on the textured surface reaches critical
strength levels (Tan et al., 2017). Yuan et al. (2017) describe hori-
zontal bedding in mud shale as comprising straight, parallel fine
layers, which form under relatively stable hydrodynamic condi-
tions such as riverbanks, closed bays, deep-water shelf zones in
oceans, and deep-water zones in lakes. These layers slowly deposit
from suspension or solution. Dewhurst et al. (2011) suggest that
sedimentation and compaction processes result in the stratifica-
tion and preferential arrangement of various structural minerals,

Shear fracture zone

(c)

Failure envelope
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leading to differences in physical and mechanical properties be-
tween layers, thereby creating theoretically parallel mechanical
weak surfaces. When shale cores are retrieved from deep under-
ground, the release of in-situ stress generates micro-fractures
parallel to these weak layers. When rock layers are nearly hori-
zontal and buried deeply without overpressure, bedding (lamellar)
fractures in mud shale are closed by overburden instead of open-
ing due to the weak cementation of shale bedding, resulting in
smaller fracture toughness and weaker prevention of fracture
expansion. Conversely, in the vertical bedding (leafing) direction,
fracture toughness is higher, and the ability to resist fracture
expansion is stronger.

4.4. The formation mechanism of fluid pressure fractures

According to the structural-burial history analysis, the forma-
tion mechanism of fluid pressure fractures can be explained as:
during the subsidence and burial stage, the closed mud shale un-
dergoes montmorillonite transformation and hydrocarbon gener-
ation processes. Montmorillonite gradually transforms into
mixed-layer clay, and the mixed-layer clay is further trans-
formed into illite and chlorite (Dewhurst et al., 2015; Zeng, 2010).
As the matrix undergoes irreversible processes such as compres-
sion, shrinkage fractures will develop in intervals rich in clay
minerals. Coupled with the continuous compaction and hydro-
carbon generation process, a large amount of water and hydro-
carbon fluids are generated, forming abnormal fluid pressure. The

Shear fracture zone .
Failure envelope

=
\

Shear fracture zone

(d)

Failure envelope

Note: C, refers to larger recrystallization force; C; refers to smaller recrystallization force

Fig. 31. Formation mechanism of structural-diagenetic fractures. Under the coupling of tectonic stress, fluid pressure, and dolomite recrystallization force, dolomitization

fractures are formed.
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pressure causes the fracture Mohr circle to move left, exceeding
the rock fracture strength, thus forming abnormally high pressure
fractures (Fig. 29).

Hubert and Willis suggest that fractures may occur when the
overpressure of fluid pressure (the portion exceeding the hydro-
static column pressure) reaches 1/2 or 1/3 of the matrix pressure.
Shrinkage fractures form due to the transformation and dehydra-
tion of clay minerals, and excessive fluid pressure can sustain and
enlarge shrinkage fractures, potentially inducing new fractures
(Luo et al., 2015).

4.4.1. The formation mechanism of drainage fracture

Drainage fractures primarily develop during the early stages of
sediment consolidation. Under-compaction hinders the smooth
drainage of formation fluids, mainly formation water, altering
hydrodynamic conditions and increasing fluid pressure in local-
ized areas. Consequently, sediments experience longitudinal
tearing and upward migration, resulting in the formation of frac-
tures serving as drainage pathways (Ma, 2017). This phenomenon
is common in loosely consolidated sedimentary rock formations
like mud shale due to their higher porosity, slower consolidation
rates, and typically high-pressure environments conducive to
drainage fracture formation.

Petroleum Science 23 (2026) 1015-1038

4.4.2. The formation mechanism of hydrocarbon generation and
expulsion fractures

Hydrocarbon generation and expulsion fractures form within
organic-rich mud shale (source rock) as temperature gradually
increases with increasing burial depth (Zhang et al., 2020). During
this process, hydrocarbons are generated within the source rock,
leading to significant transformations in organic matter. Specif-
ically, dense kerogen undergoes thermal maturation, converting
into less dense oil and natural gas. Additionally, crude oil within
the rock may experience thermal cracking, further breaking down
into gaseous hydrocarbons. These transformations result in the
expansion of pore fluids due to the lower density of the generated
hydrocarbons compared to the original organic material.

As kerogen and crude oil fracture and release hydrocarbons,
the associated increase in pore fluid pressure can become sub-
stantial, ultimately exceeding the rock's mechanical strength.
This elevated pressure induces fracturing within the shale,
leading to the formation of hydrocarbon generation-induced
overpressure fractures (Fig. 30). The development and propaga-
tion of these fractures are primarily controlled by the rock
framework and the degree of cementation, which dictate the
rock's overall mechanical behavior. In contrast, mineral crystal-
lization plays a relatively minor role in governing the formation
of these fractures (Ma et al., 2017).
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Fig. 32. Formation mechanism of bedding-parallel vein fractures (modified from Ao et al., 2021). Under the compression of horizontal structures, horizontal microfractures are
formed. Afterwards, under the action of fluid pressure and crystallization force, calcium carbonate crystals precipitate in the fractures.
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4.5. The formation mechanism of structural-diagenetic fractures

Tectonic-diagenetic fractures result from the interaction of
tectonic stress and diagenesis. For instance, dolomite fractures in
the Kong 2 Member of the Cangdong Sag, Bohai Bay Basin, are
influenced by tectonic stress, abnormal fluid pressure, and dolo-
mite recrystallization (Ma et al., 2023). Unlike previous concepts of
tectonic-diagenetic fractures, dolomite recrystallization is the
primary factor in their formation, with tectonic stress serving as
background stress (Olson et al., 2009). Since most fractures are
vertical or high-angle, it suggests that the crystallization force on
fractures aligns with the minimum principal stress direction,
counteracted by the overlying rock layer's stress against dolomite
weight, resulting in high-angle fractures eventually (Fig. 31; Bons
et al,, 2012).

4.6. The formation mechanism of bedding-parallel vein fractures

Bedding-parallel vein fractures, under horizontal compression
stress, when pore fluid pressure exceeds rock fracture strength,
horizontal fractures can form (Zhan et al., 2022). Once formed,
organic acid dissolves micrite calcite, which then migrates verti-
cally within the fracture. Subsequently, fluid pressure and crys-
tallization force collaborate to expand the fracture. Continuing
fluid pressure leads to calcium carbonate crystal deposition,
resulting in a single calcite vein within the fractures. Under crys-
tallization force, recrystallization produces fibrous calcite veins,
filling the entire bedding vein fracture (Bons et al., 2012). Calcite
occupies fracture spaces, supporting and promoting symbiosis
(Fig. 32).

5. Conclusion and outlook
5.1. Conclusion

The study of fractures is crucial for guiding shale oil explora-
tion, serving as essential storage space and migration channels.
Research on shale fractures has made progress in classification,
characterization, controlling factors, and formation mechanisms.
Shale fractures, classified into six major categories with eleven
subcategories, are influenced by internal (formation thickness, li-
thology, rock composition, mechanics, and lamination) and
external (tectonic activity, diagenesis, fluid pressure) factors.
Structural fractures form due to tectonic stress reaching fracture
strength. Diagenetic fractures result from diagenetic alterations.
Bedding fractures depend on rock strata thickness, composition,
environment, and lamination, forming via structural uplift and
diagenesis. Fluid pressure joints form due to abnormal pressure.
Structural-diagenetic and structural-fluid pressure fractures’
development depends on lithofacies, rock composition, tectonic
activity, fluid pressure, mechanics, and diagenesis. Nonetheless,
some problems remain unresolved.

5.2. Existing problems

The main problems in the study of shale fractures are as
follows:

(1) There is currently no unified standard for the classification
of shale fractures, and the existing criteria are too numerous
and lack uniformity, with little research value for some
types of fractures. Due to differences in research focus, the
mainstream classification schemes proposed so far have
used fracture size, morphology, occurrence, mechanical
properties, geological origin, and other criteria to classify
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fractures into 36 subtypes. However, due to time and
resource constraints, it is not possible to conduct detailed
studies on every type of fracture. A unified classification
standard can not only reduce confusion in classification, but
also exclude fractures with extremely low research value.

(2) There is relatively little research on quantitative character-
ization parameters for microfractures. When observing
fractures under a scanning electron microscope, only some
qualitative descriptions can be made, which is far from
sufficient for more refined characterization research.

(3) In the parameter analysis of the genesis mechanism of shale
fractures, there are more qualitative analyses and fewer
quantitative analyses, and the genesis mechanism equations
formed are not yet mature enough. The study of the genesis
mechanism of shale fractures started relatively late in China,
so most of the research is qualitative analysis of the genesis
mechanism. Previous studies have shown through numeri-
cal simulations that tectonic stress can to some extent
suppress the activity of ground fractures, but when it ex-
ceeds a certain limit, it will reverse and enhance the activity
of ground fractures. However, reliable numerical models
have not yet been established for other controlling factors.

5.3. Development trend

With the comprehensive progress of shale exploration and
exploitation technology, it will be increasingly important to
quantitatively analyze the genesis mechanism of shale and
numerically simulate the parameters of artificially fractured frac-
tures. The development trends mainly include the following
aspects:

(1) Taking into account the characteristics and geological origin
of fractures, a unified classification standard for shale frac-
tures should be established to reflect more clearly the
morphological distribution characteristics, geological origin,
mechanical properties and their effects on shale oil and gas,
in order to meet the needs of real distribution characteris-
tics and further evaluation of shale fractures.
More in-depth research should be conducted on some pa-
rameters of micro-fractures and artificial fracturing pat-
terns. With the gradual deepening of research on macro-
shale fractures, research on micro-fractures will also be
more comprehensive. Currently, research on micro-
fractures is still limited to their identification and charac-
terization, and specific parameters have not been studied in
depth. Therefore, in future research, more attention will be
paid to micro-fractures.

(3) More reliable equations should be established to explain the
genesis of composite fractures. With the further develop-
ment of genesis mechanism research, quantitative analysis
is more important for the assessment of the collection and
migration ability of fractures. Therefore, it is more impor-
tant to establish more mechanism equations for composite
fractures.
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