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ABSTRACT

The shale of the Lower Longmaxi Formation in the Zigong area is stable and serves as the core layer for shale
gas exploration and development in this region. Studying the development characteristics of shale fractures is crucial
for understanding the enrichment and accumulation of shale gas, as well as for subsequent development and design.
This research, based on outcrop, core, well logging and seismic data, identifies the types of fracture development in
the Lower Longmaxi Fm shale in Zigong and relates these fractures to the region’s structural system. Fractures
developed in the Zigong block strike mainly northeast, S-N, northwest and E-W, and their development is mostly
related to compressive stress. The NE-trending and near S-N-trending fractures are a group of conjugate shear
fractures formed by early NW-trending compressive stress. The NW-trending and EW-trending fractures are a group
of conjugate fractures formed under the constraint of early NE-trending structures under the influence of the
continuous NE-trending compressive stress since the Oligocene. Fracture density is greatest near faults, around fold
crests, and around the upper parts of fold limbs. Based on fracture identification and simulation of in-situ stress,
development models for fractures around single thrusts, back-thrusts, oppositely dipping thrusts, vertical strike-slip
faults, and imbricate, "Y"-shaped, anti-"Y"-shaped, semi-flower-shaped and flower-shaped structures are established.
Favourable areas for fracture development in the study area are then predicted. Fractures in the Zigong area are
mainly developed near NE-trending faults, and structural highs are densely developed. The fracture development
models established in this study can provide valuable insights for the identification of fracture development
characteristics in similar geological settings.
Key words: shale fracture; development characteristics; Fracture Development Model; Longmaxi Formation;

Sichuan basin

1. Introduction

The shallow layers of the Sichuan Basin have been developed into four commercial shale gas
production zones: Fuling, Changning, Weiyuan, and Zhaotong, with an annual gas output
approaching 200x10*m?, demonstrating the enormous potential of shale gas resources(Dong et al.
2018, Fan et al. 2020). Currently, deep shale gas exploration and development in the Sichuan Basin

focuses on the Wufeng Fm and Longmaxi Fm at depths of 3,500 to 4,500 meters. Proven geological
resources amount to 9.6x10'?m>, with a favorable area of approximately 1.6x10*%km?. The Zigong
area, located within the Zigong structural belt of the southwestern Sichuan Basin, features a stable
plane distribution of the Longmaxi Formation, with thicknesses ranging from 530 to 590 meters.
The distribution of shale gas is relatively stable, achieving high yields and showcasing the potential
for large-scale production.

The study of shale fractures is crucial for the exploration and development of shale oil and gas,
as their development characteristics significantly influence reservoir space, preservation conditions,
shale gas well productivity, and the effectiveness of hydraulic fracturing(Du et al. 2025,
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Konstantinovskaya et al. 2025, Li et al. 2025). In the Zigong area, the natural fractures are primarily

composed of tectonic fractures, diagenetic fractures, and hydrocarbon generation fractures, resulting
from the influence of multiple, multi-directional tectonic stresses. The main factors affecting shale
fracture development include tectonic activity, stress characteristics, the brittle mineral content of
rocks, organic matter content, burial history, and strata thickness(Shang et al. 2021). Previous

studies have found that natural fractures in the southern Sichuan Basin are predominantly shear
fractures with angles exceeding 75°, followed by tensile fractures, interlayer joints and mesh

fractures(Liu et al. 2020, Wang et al. 2024). The formation of these fractures is largely influenced

by the extrusion stresses from two to three-stage structures since the Yanshan period. These fractures
form a multi-directional, multi-stage shear and tensile fracture system, with dominant orientations
in the northeast, northwest, near S-N, and near E-W directions(Xie, Qin and Fan 2019, Xu et al.

2019, Yang et al. 2024). Current research on shale fracture development primarily focuses on

individual fracture characteristics, such as shape, scale, and size(Sun et al. 2025, Ademilola and

Pashin 2025, Guo et al. 2025). However, the research into shale fracture development mechanisms

is still largely theoretical, with insufficient in-depth analysis of specific tectonic backgrounds. To
date, a comprehensive fracture development model under a specific tectonic setting has yet to be
established(Zhao et al. 2023, Shi et al. 2022, Stoeckhert et al. 2015).

Based on core observations, outcrop investigations, seismic interpretation, conventional

logging, and imaging logging data from the Zigong area, this study systematically analyzes the
characteristics of shale fractures in lower Longmaxi Fm. Through a comprehensive examination of
regional tectonic evolution, stress transformation processes, tectonic styles, and structural features,
a structural framework is established to guide the investigation of fracture development
characteristics and patterns. By analyzing the formation mechanisms of tectonic styles within the
study area, the fracture development patterns are clarified in conjunction with fracture occurrence,
superposition stages, assemblage styles, and controlling factors. On this basis, a shale fracture
development model constrained by the regional structural framework is proposed. The fracture
development patterns established in this study provide a basis for predicting regional fracture
distribution, identifying favorable zones for shale oil and gas exploration and development, and
offering a comparative reference for recognizing shale fracture development characteristics under
similar geological settings.

2. Geological overview

The Zigong area is situated within the low-steep structural belt of the southern Sichuan Basin
(Fig.1). The Sichuan Basin is located in the northwestern part of the Upper Yangtze Plate, the
Qinghai-Tibet Plateau activity area to the west, and the South China Block to the east. Its basement
developed on the pre-Sinian crystalline foundation and subsequently experienced three major
tectonic episodes during the Indosinian, Yanshan and Himalayan periods. As a superimposed basin
containing both marine and continental strata, the Sichuan Basin has been significantly influenced
by multi-stage tectonic movements, resulting in a structural framework characterized by open folds
and faults at the surface and large-scale fault systems in the basement(Fan et al. 2020).

The low-steep structural belt in southern Sichuan has undergone multiple phases of subsidence,
uplift, and erosion. Between approximately 60 and 45 Ma, tectonic stresses generated in western
Sichuan were transmitted toward central Sichuan, leading to rapid uplift and contributing to the
development of thrust faults at the base of the Zigong area. Concurrently, the overlying strata were
uplifted, resulting in the formation of the Zigong anticline. During 45-30 Ma, uplift of the
southwestern limb of the Weiyuan anticline and the relative tectonic stability of the southern
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Longquan Mountain area promoted further uplift of the Zigong anticline. From approximately 30 to
15 Ma, tectonic stresses associated with the rapid uplift of the Longmen Mountain belt were
transmitted to the Zigong anticline, producing a superimposed structural configuration characterized
by vertically stacked thrust faults and anticlines. Since 15 Ma, the continued rapid uplift of the
Longmen Mountain has exerted a strong influence on the Sichuan Basin, causing accelerated uplift
of the Zigong anticline and ultimately forming a “in the shape of a watch’s broom” structural pattern.
This structure trends from northeast to southwest and consists of multiple broom-like, dispersed
gentle synclines and low-to-steep anticlines that progressively weaken toward the southwest(Li et
al. 2023, Yang et al. 2024).
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Fig.1 Brief geological map of Zigong area in Sichuan Basin.(a) Structural location map of the study area; (b)

comprehensive stratigraphic column.
The Zigong area represents a sedimentary depocenter within a surrounding gentle slope-
platform setting. During deposition, relatively deep-water conditions prevailed, accompanied by a
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strongly reducing environment. As a result, thick sequences of black siliceous shale, calcareous
shale, and carbonaceous shale were developed(Zhao et al. 2017, Fan et al. 2020). The high-quality

shale intervals at the base of the Wufeng Fm and within the lower Longmaxi Fm are characterized
by thin bedding, high total organic carbon content, elevated siliceous content, deep-water
depositional environments, and low sedimentation rates. The Longmaxi Fm conformably overlies

the Wufeng Fm and is overlain by the Shiniulan Fm(Wang et al. 2025). Deposition was relatively

stable, with formation thickness ranging from approximately 280 to 450 m and a laterally consistent
distribution. Owing to its favorable geological characteristics and substantial thickness, the
Longmaxi Formation constitutes the principal target interval for shale gas exploration and
development in the study area(Wang et al. 2026).

3. Samples and methods
3.1 Sample sourse

This study integrates outcrop observations, core descriptions, conventional well logging,
imaging logging, three-dimensional seismic data, and seismic inversion data from the Zigong area.
By systematically summarizing the characteristics of fracture development and identifying nine
typical structural assemblage styles, the study combines analyses of stress evolution and tectonic
deformation mechanisms to elucidate the fracture development patterns in the region. On this basis,
a fracture development model controlled by a compressional—torsional strike-slip tectonic system is
established. The proposed model is subsequently applied to predict favorable targets for shale oil
and gas exploration and development in the Zigong area.

3.2 Multi- Method Fracture Identification

Through integrated fracture characterization from outcrop, core, conventional logging,
imaging logging, and seismic data, this study systematically investigated the development
characteristics of fractures in the first member of the Longmaxi Formation in the Zigong area. The
workflow progressed from identification of fracture “point-scale” features (meter—decimeter—
centimeter—millimeter) using outcrop, core, and well logging data to recognition of fracture
“surface-scale” features through frequency-divided seismic attribute optimization and well-seismic
joint inversion and ultimately to the analysis of fracture development patterns and model
construction. In this manner, the research advances from “point” to “surface” and finally to “model”
characterization.

Outcrops provide direct and intuitive geological observations. Detailed identification and
analysis of fractures in representative outcrops enable clarification of dominant fracture types and
occurrence characteristics within the study area. Core data constitute essential physical evidence for
understanding subsurface geology; core-based fracture identification allows precise determination
of fracture types and development features within the target strata.

Conventional logging curves, including natural gamma ray, acoustic transit time, and dual
laterolog resistivity, can effectively identify shale fractures. Owing to the abundance and continuity
of logging data, fracture recognition based on these curves achieves relatively high accuracy(Wang
et al. 2024). Imaging logging is currently one of the most effective methods for fracture
identification, providing high-resolution borehole wall images that clearly capture subtle fracture
features and significantly enhance the precision and efficiency of fracture interpretation.

Three-dimensional seismic attributes are effective for identifying regional fracture
characteristics, particularly in delineating the development and distribution of faults and large-scale
fractures. Attribute extraction procedures are relatively straightforward and practical; however, their
predictive capability for micro-fractures remains limited(Sun et al. 2025). The well-seismic joint
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inversion method integrates seismic and logging data to predict fracture development through
seismic inversion, combining the high lateral resolution of seismic data with the high vertical
resolution of logging data. This integrated approach substantially improves the accuracy of fracture
prediction(Zhao et al. 2025).

3.3 Establishment of a Fracture Development Model under the Control of a Tectonic System

Based on a comprehensive analysis of regional tectonic evolution, stress transformation
processes, tectonic styles, and structural characteristics in the Zigong area, the regional structural
framework is defined as a compressional-torsional strike-slip tectonic system. Guided by this
structural framework and integrating the identified fracture development characteristics described
above, the fracture development patterns are systematically analyzed in conjunction with structural
styles, fracture occurrence features, stress distribution conditions, and fracture formation
mechanisms.

On this basis, a fracture development model controlled by the compressional-torsional strike-
slip tectonic system is established. The proposed model is subsequently applied and validated
through comparison with previous fracture identification results, enabling the evaluation of
favorable exploration targets. This application verifies both the reliability and the practical
significance of the established fracture development model(Shi et al. 2022, Zhang et al. 2021b).

4 Results

4.1 Fracture Development Characteristics Identified from Outcrops

Outcrop observations indicate that shear fractures are predominantly developed in the study
area, whereas tensile fractures are relatively minor (Fig.2).
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Fig.2 Development characteristics of outcrop fractures in Zigong area (see reference in figure for scale). (a) inclined

strata exhibiting well-developed shear fractures along oblique bedding planes; (b) shear fractures with planar
surfaces, showing well-defined development; (c) conjugate shear fractures clearly observed in plan view, with
occasional tensile fractures; (d) Horizontal strata characterized by well-developed shear fractures accompanied by
tensile fractures; (e) shear fractures developed obliquely relative to bedding planes; (f) prominent shear fractures,

with larger fractures forming conjugate patterns that truncate smaller fractures.
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The shear fractures can be classified into four principal orientation sets: near northeast (30°-
65°), near S-N (340°-350°), northwest (310° = 5°), and near E-W (approximately 90°). The shear
fracture surfaces are generally planar and laterally continuous. In cross-section, they typically
exhibit high-angle oblique relationships with bedding planes or fault surfaces. These fractures are
particularly well developed in zones of intense structural deformation, such as faults and fold hinges.

On planar exposures, shear fractures commonly intersect obliquely, forming conjugate fracture
systems, although mutual cross-cutting relationships are also observed. They are typically arranged
in fracture sets. Among these, the NE- and SN-trending fractures constitute a conjugate pair, while
the NW-trending fractures form a conjugate relationship with the near-EW-trending fractures.

In contrast, tensile fractures are mostly bedding-parallel or confined within individual
mechanical layers, with limited lateral extension. Their fracture surfaces are relatively irregular and
rough, with comparatively larger apertures. Tensile fractures are far less abundant than shear
fractures in outcrops. In cross-section, they are primarily developed in the cores of anticlines and
are commonly restricted to single mechanical layers. On planar surfaces, they frequently occur near
the terminations or intersection zones of shear fractures.

4.2 Fracture Development Characteristics Identified from Core Observations

Observations of representative well cores from the Zigong area indicate that structural fractures
are predominantly developed as cross-layer shear fractures, bedding-parallel shear fractures, and
tensile fractures (Fig.3).
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Fig.3 Development characteristics of natural fractures in the core of Longmaxi Formation in Zigong area. (a)
bedding-parallel fractures, contraction fractures, and cross-bedding shear fractures, partially filled with calcite; (b)
tensile fractures; (c) shear fractures with partial clay filling, exhibiting well-developed bedding-parallel orientation;

(d) traces of bedding-parallel shear fracture development; (e) tensile fractures partially filled with calcite and well-
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developed cross-bedding shear fractures.
Cross-layer shear fractures, formed by shale failure under tectonic stress, are characterized by

relatively straight and planar fracture surfaces with considerable lateral continuity. These fractures
commonly occur in zones with high brittle mineral content and typically intersect bedding at high
angles or in steep oblique relationships. They often develop in well-defined fracture sets.

Bedding-parallel shear fractures (bedding detachment fractures) are generated by differential
deformation of rocks under horizontal compressional or extensional stress. Their fracture surfaces
commonly display striations and mineral growth lineations, exhibiting smooth, mirror-like
characteristics. These fractures are frequently partially or completely filled with calcite and
generally occur parallel or at low angles to bedding planes.

Diagenetic fractures mainly include bedding fractures and contraction fractures. Bedding
fractures are typically parallel to shale laminae, with limited lateral extension and relatively small
apertures. Contraction fractures, in contrast, tend to have larger apertures and greater extension
distances and are commonly filled with calcite and/or organic matter.

Hydrocarbon generation—related fractures are primarily associated with abnormal overpressure
within the shale and generally develop perpendicular to bedding surfaces, exhibiting irregular
geometries. However, such fractures are rarely observed in the core data of the Longmaxi Formation
in the Zigong area.

4.3 Fracture Development Characteristics Identified from Well Logging

Fracture identification in the study area was conducted using conventional logging curves,
including acoustic transit time (AC), density (DEN), natural gamma ray(Healy, Yielding and
Kusznir), and deep and shallow laterolog resistivity—integrated with imaging logging data. Based
on these datasets, statistical analyses of fracture occurrence and distribution were performed.
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Fig.4 Fracture identification characteristics of imaging logging interpretation
In Well W1, fracture orientations are mainly distributed in the northwest, southeast, and
northeast directions, with dominant trends in the northeast and northwest directions. These results
are consistent with outcrop and core observations in the Zigong area and reflect the regional tectonic
stress transformation characteristics. Fracture dip angles range from 20° to 60°, with medium- to
high-angle fractures being predominant. Low-angle fractures are generally interpreted as tensile or
bedding fractures, whereas medium- to high-angle fractures are mainly associated with
compressional stress and are commonly related to thrust fault activity in the study area. Overall,
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these fracture development characteristics represent the superposition of multi-stage tectonic events

in the Zigong area (Fig.5).
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Fig.6 Statistical diagram of fracture elements interpreted by imaging logging

Conventional logging responses in fractured intervals typically exhibit anomalously high GR
values, positive anomalies in deep and shallow laterolog resistivity curves, and relatively low-
density values. For low-angle and horizontal fractures, the dual laterolog curves commonly display
low-resistivity peaks. Imaging logging data (Fig.4b) indicate that five low-angle fractures are
developed within the corresponding interval. In contrast, high-angle fractures are generally
associated with relatively higher resistivity responses. Imaging logging data for another interval
(Fig.4c) shows five fractures in Section B, including three low-angle fractures and two moderately
high-angle fractures.

Statistical analysis of fracture parameters derived from imaging logging data in the Zigong
area, including Wells W1 and W2 (Fig.4 and Fig.6), indicates that fracture dip angles range from 0°
to 80°, with most concentrated between 20° and 50°, suggesting the predominance of low- to
moderate-angle fractures. Fracture azimuths are mainly distributed between 320°-350° and 30°—
170°, with dominant trends in the near east—west and southwest—northeast directions.

These fracture development characteristics are consistent with the regional compressional
tectonic background of the Zigong area. Northeast-trending fractures may represent the secondary
orientation of conjugate shear fractures or inherited reactivation of basement faults. Northwest-
trending fractures are primarily controlled by persistent northeast-directed tectonic compressional
stress. The concentration of dip angles between 20° and 50° indicates the dominance of conjugate
shear fractures formed under strong compressional tectonic conditions. In contrast, low-dip-angle
fractures (0°—30°) account for a relatively small proportion and are interpreted mainly as bedding
fractures related to interlayer slip or primary sedimentary layering.

4.4 Fracture Development Characteristics Identified by Seismic Data
Seismic inversion results further demonstrate that fracture development in the Zigong area is
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jointly controlled by faults, folds, and the regional stress field (Fig.7). Fractures preferentially
develop along early fault zones, with the highest fracture densities occurring near NE-trending
structures and structural highs. These areas therefore represent zones with a high probability of

fracture development. Based on the structural control mechanism, the planar distribution of fractures
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Fig.7 Seismic inversion fracture prediction results in Zigong area

Combined analysis of fracture probability and structural morphology indicates that fractures
are significantly more developed near fault zones and anticline highs than within gentle synclinal
belts. Although tensile fractures are relatively common at anticline crests and anticlines are widely
distributed in the Zigong area, most anticlines in the Zigong block are genetically related to strike-
slip tectonics. Because strike-slip deformation is dominated by shear stress, shear fractures are more
extensively developed and are the principal fracture type observed. Tensile fractures are mainly
formed locally at fold hinge zones or turning ends of anticlines and are less closely related to the
primary structural framework of the study area. Consequently, shear fractures generated by strike-
slip faulting are markedly more developed than tensile fractures associated with anticline uplift.

Based on fault strike analysis, fracture orientations are inferred to be predominantly NE, near-
NS, and NW, reflecting the combined influence of NW-directed and NE-directed compressional
stresses.
4.5 Established Fracture Development Model

Based on the structural styles, fracture development characteristics, stress distribution patterns,
and fracture formation mechanisms in the Zigong area(Du et al. 2023), the fracture development
laws were systematically analyzed, and a fracture development model under a compressional—
shear—strike-slip tectonic system was established.

(1) Single-Thrust Structure—Fracture Model

The single-thrust fault—anticline assemblage is widely distributed in the Zigong area. Taking
the large-scale NW-trending fault developed in the southern part of the study area as a representative
example, the fracture development pattern under this structural configuration was analyzed (Fig.S8).

This structural style is characterized by a dominant single reverse fault combined with an
anticline. The fault dip angle is generally small, the anticline is relatively symmetrical, and the
overall structural amplitude is moderate to low. In this model, stress is primarily concentrated in the
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vicinity of the fault zone and within the anticline core. Shear stress is dominant in the hanging wall
of the reverse fault, whereas tensile stress is mainly concentrated in the core of the anticline.
Fracture development under this configuration is characterized by the coexistence of shear and
tensile fractures, with a moderate overall development intensity. Fractures are predominantly
medium- to high-angle and of moderate scale. Tensile fractures are mainly developed in the anticline
core and typically exhibit relatively large lateral extents, whereas shear fractures are preferentially
distributed along both sides of the fault, particularly within the hanging wall of the reverse fault.
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(2) Flower-Structure—Fracture Model

The flower-structure fault—anticline assemblage is primarily developed in the southwestern
anticline zone of the study area, where strata exhibit relatively strong deformation (Fig.9). This
structural style is characterized by a flower-shaped reverse fault system combined with a
symmetrical, steep anticline. Tectonic activity is controlled by multiple faults with relatively large
dip angles, and the anticline is generally well developed and steep.

The stress evolution in this model can be divided into two stages: (i) the fault-activity stage
and (Alam et al.) the anticline-activity stage. During the fault-activity stage, stress distribution is
strongly controlled by active faults and is mainly concentrated near the fault zones, particularly in
the hanging wall. Shear stress is dominant during this stage. In the anticline-activity stage, fault
movement weakens and regional stress distribution becomes primarily influenced by the anticline
geometry. Stress concentration occurs in the anticline core and is dominated by tensile stress.

As a result, fracture development in this model is relatively intense, with shear fractures being
predominant. These fractures are typically high-angle and large-scale. Additionally, tensile fractures

commonly develop at structural highs, particularly in the anticline core.

Shear fracture
High Regional mesh fracture  development zone Regional mesh fracture
development zone N
) - \ ment zone
Tension fracture P zone

es! of b
2 € — Shear fracture
g i Pl
g j — Tension fracture
e i
o i
5 i
< i
e H
5 i
= h
2 i
o
g N
=1
PN
i ——

Fracture development area

N e e B=Fswe 5 shewr  [52rension

motion direction fracture fracture

puadag

Stress state pattern Fracture development pattern

Fig.9 Analysis chart of fracture development characteristics controlled by flower structure

10



Table 1 Analysis table of structure-fracture development mode of Zigong area

Mode type

Tectonic feature

Schematic diagram of fracture
development model

Development characteristics of fracture

Single-thrust
Structure-
fracture
model

This structural style is primarily controlled by a
single reverse fault. The fault dip angle is
relatively small, the anticline is asymmetric in
geometry, and the overall structural amplitude

is low.

Fracture development is moderate, with predominantly
medium- to high-angle fractures and moderate scale.
Both shear and tensile fractures are present. Tensile

fractures are mainly developed in the middle and upper

parts of the structure, whereas shear fractures are
primarily developed in the lower part.

Back-thrust
structure-
fracture
model

This configuration is mainly controlled by two
opposing faults. The faults exhibit relatively
large dip angles, and the associated anticline is
symmetrical, large in scale, and steeply
developed.

Fracture development is relatively high, characterized by
high dip angles, large fracture scales, and a relatively
high degree of filling. Both shear and tensile fractures are
well developed. Tensile fractures are mainly distributed
in the middle and upper parts of the structure, while shear
fractures dominate the lower part.

Opposed-
thrust
structure-
fracture
model

This structure is also controlled by two faults.
The anticline is symmetrical but relatively
small in scale and exhibits a gentle, broad

geometry.

Fracture development is relatively weak, with medium- to
high-angle fractures, small fracture scales, and a low
degree of mineral filling. Shear fractures constitute the
dominant fracture type, and fractures in the lower part
generally exhibit relatively good effectiveness.

Vertical
strike-slip
structure-

fracture

model

This structural style is characterized by near-
vertical strike-slip faults cutting through nearly
horizontal strata. Fracture development is
relatively intense on both sides of the fault,
with no significant asymmetry.

Fracture development is weak and mainly concentrated
along the fault zone, with little difference in fracture
intensity on either side of the fault. Two principal fracture
sets are observed: one parallel to the fault and another
oblique to the fault.

Imbricate
structure-
fracture

model

Imbricate reverse fault + asymmetric
anticline;
It is controlled by multiple faults, the anticline
is asymmetric, the scale is small, and the width
is slow.

Fracture development is relatively weak, characterized by
medium- to high-angle fractures, small fracture scales,
and low filling degrees. Shear fractures dominate, and
fractures in the lower structural positions tend to have

better effectiveness.
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Table 1 (cont.) Analysis table of structure-fracture development mode of Zigong area

Mode type

Tectonic feature

Schematic diagram of fracture
development model

Development characteristics of fracture

“Y”-shaped
structure-
fracture
model

This configuration is controlled by multiple
reverse faults arranged in an imbricate
pattern. The anticline is asymmetric,
relatively small in scale, and gently
developed.

Fracture development is strong, with high-angle, large-

scale fractures and relatively high filling degrees. Both

shear and tensile fractures are well developed. Tensile

fractures are mainly distributed in the middle and upper

parts of the structure, whereas shear fractures dominate
in the lower part.

Anti-“Y”-
shaped
structure-
fracture
model

This structural style is mainly controlled by

two faults forming a “Y”-shaped geometry.

The faults have relatively large dip angles,

and the associated anticline is symmetrical,
large in scale, and steep.

Fracture development is strong, with high dip angles,
large fracture scales, and relatively high filling degrees.
Shear and tensile fractures coexist, with tensile
fractures concentrated in the middle and upper parts
and shear fractures mainly developed in the lower part.

Semi-flower
structure-
fracture
model

Similar to the “Y”’-shaped structure but with
an inverse geometry, this configuration is
also controlled by two faults with large dip
angles. The anticline is symmetrical, large in
scale, and steeply developed.

Fracture development is strong, with high dip angles,
large fracture scales, and relatively high filling degrees.
Shear and tensile fractures coexist, with tensile
fractures concentrated in the middle and upper parts
and shear fractures mainly developed in the lower part.

Flower
structure-
fracture
model

This configuration is controlled by multiple
faults forming a flower-like structure. The
faults generally exhibit moderate to large dip
angles, and the anticline is symmetrical, large
in scale, and steeply developed.

Fracture development is strong, with high dip angles,
large fracture scales, and relatively high filling degrees.
Shear and tensile fractures coexist, with tensile
fractures concentrated in the middle and upper parts
and shear fractures mainly developed in the lower part.
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(3) Analysis of Structural-Fracture Development Models

Using the above analytical framework, fracture development patterns associated with other
structural styles in the study area were systematically examined (Table 1). In total, nine structural—
fracture development models were established: Single-thrust structure—fracture model, Back-thrust
structure—fracture model, Opposed-thrust structure—fracture model, Vertical strike-slip structure—
fracture model, Imbricate structure—fracture model, “Y”-shaped structure—fracture model, Anti-
“Y”-shaped structure—fracture model, Semi-flower structure—fracture model, and Flower structure—
fracture model.

Each model reflects distinct combinations of structural geometry, stress distribution, and
fracture formation mechanisms, collectively revealing the strong structural control on fracture
development under a compressional-shear—strike-slip tectonic regime in the Zigong area.

(4) Application of the Fracture Development Model

By integrating the established fracture development models with the structural characteristics
of the study area, the spatial distribution and development patterns of fractures across the entire
Zigong area can be systematically clarified (Fig.10).

Understanding shale fracture development is of great significance for shale oil and gas
exploration and development. Considering the distinctive characteristics of shale reservoirs—
namely self-generation and self-storage of hydrocarbons—several types of favorable exploration
targets can be identified(Qi et al. 2026, Zhang et al. 2021a).

First, the shear fracture—fault intersection zones represent important exploration targets.

Faults provide vertical migration pathways for hydrocarbons, whereas shear fractures enhance
lateral connectivity, enabling the intersection zones to possess dual transport capacity. In addition,
thrust-related fault activity may create lateral sealing conditions that are conducive to hydrocarbon
preservation.

Second, areas characterized by well-developed shear fracture networks are also favorable for
shale oil and gas accumulation. Because shale itself functions as both source rock and reservoir,
extensive shear fracture networks can significantly enhance reservoir space and permeability.
Moreover, the presence of abundant natural fractures can reduce breakdown pressure during
hydraulic fracturing operations, thereby improving the effectiveness of reservoir stimulation.

Third, fault-block trap accumulation zones located on structural wings are also potential targets.
These traps commonly develop in the footwall of reverse faults, where fault blocks may form
structural-lithologic composite traps capable of accumulating hydrocarbons that migrate from
structural highs(Tsang, Doughty and Uchida 2008, Zhou et al. 2023).

Considering the fracture development characteristics of the Zigong area, large-scale NE- and

near-SN-trending faults are widely developed in the study area and are commonly associated with
dense shear fracture systems. These structural settings are favorable for the formation of shear
fracture—fault intersection zones and thus represent promising reservoir development areas. Such
favorable exploration and development zones are primarily distributed in the northern part of the
study area.

Although shear fractures are also relatively developed in the cores of synclines, these locations
typically correspond to structurally low positions. Therefore, additional factors—such as the shale
brittleness index and the in-situ stress difference coefficient—must be integrated into the evaluation
to comprehensively assess their reservoir potential.

Another favorable target is the anticline wing zones within the study area. Anticlines in the
Zigong area are commonly associated with fault activity, and the combination of anticline structures
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and adjacent faults can create effective sealing conditions along structural flanks. Consequently,
hydrocarbons migrating from structural highs may accumulate at relatively elevated positions along
the anticline wings, making these zones promising targets for shale oil and gas exploration and

development.

Shear fracture Tension fracture
developmentzone  devel area

Fault Fault motion direction Shale

Fig.10 Application effect diagram of shale fracture development model

5 Discussion
5.1 Current Problems and Development Trends in the Study of Shale Fracture Development
Characteristics

At present, research on shale fracture development characteristics mainly focuses on the
parameters of individual fractures, such as fracture occurrence, scale, size, aperture, and the analysis
of their main controlling factors. However, analyses of controlling factors are largely limited to
qualitative interpretations, while quantitative studies examining the relationships between
controlling factors and fracture development remain insufficient. In addition, studies on the
collective characteristics of multiple fracture systems are relatively limited. Existing research
mainly emphasizes fracture density, whereas investigations of fracture assemblage patterns, cross-
cutting relationships, and fracture formation sequences remain inadequate(Li et al. 2023, Xiong et
al. 2021, Sun et al. 2025).

With increasing global attention to the processes of hydrocarbon enrichment and accumulation,

the influence of fracture formation stages on the enrichment and preservation of shale oil and gas
has gradually attracted greater interest. Current research trends in the study of shale fracture
development characteristics can be summarized as follows. First, studies are shifting from
macroscopic fracture analysis toward the investigation of micro-fractures. Second, research on
controlling factors is evolving from qualitative descriptions to quantitative analyses. Third, greater
emphasis is being placed on understanding fracture assemblage characteristics, intersection
relationships, and development stages. Finally, the establishment of quantitative models linking
fracture development with its main controlling factors is becoming an important research direction.
5.2 Current Problems and Development Trends in the Study of Shale Fracture Development Patterns

Existing research on shale fracture development patterns is largely limited to general
theoretical analyses. Detailed investigations that consider specific tectonic settings remain
insufficient, and effective analytical methods and evaluation criteria have not yet been fully
established. Moreover, studies on fracture development models under particular tectonic
backgrounds remain limited. With the continued advancement of exploration and development of
organic-rich shale gas both domestically and internationally, it has become increasingly important
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to establish fracture development models under different structural backgrounds and to develop
reliable methods for predicting fracture distribution. Although numerous fracture prediction
techniques have been proposed, these methods are often applied independently. As a result,
prediction results derived from different methods are difficult to integrate effectively, which may
lead to inconsistencies among results and challenges in reliability evaluation(Shi et al. 2022,
Stoeckhert et al. 2015, Sarkar et al. 2025).

Current research trends in shale fracture development can be summarized in several aspects.

First, increasing attention is being given to the establishment of fracture development models under
different geological and tectonic settings. Second, greater emphasis is being placed on the
acquisition and analysis of regional and local in-situ stress data during major tectonic activity
periods, with the aim of enabling quantitative prediction of fracture development patterns. Third,
fracture prediction methods are being continuously improved, with efforts to strengthen the
integration of multiple analytical techniques. Finally, in the field of seismic inversion-based fracture
prediction, increasing attention is being paid to the coupling relationships between petrophysical
parameters and fracture development, as well as to the development of robust and reliable seismic
inversion strategies.

6 Conclusion

(1) Based on integrated analyses of fractures identified from outcrops, cores, conventional
logging, and imaging logging in the Zigong area, the fracture development characteristics of the
lower Longmaxi Formation were systematically characterized. NE-trending fractures are closely
associated with early NE-oriented structural features and are characterized by relatively straight
traces. These fractures are interpreted to have formed primarily through drag deformation induced
by early NW-directed compressional stress. Fractures trending approximately north—south are
predominantly conjugate with NE-trending fractures. NW-trending fractures generally exhibit
planar surfaces and commonly intersect early large-scale faults at near-vertical angles. Their
formation is considered to be controlled by persistent NE-directed compressional stress since the
Oligocene, with distribution constrained by pre-existing NE-trending structures. Nearly east—west—
trending fractures commonly form conjugate sets with NW-trending fractures. Fractures with other
orientations are likely related to localized stress release during structural deformation; they are less
developed and show no clear spatial regularity.

(2) Based on comprehensive analyses of regional tectonic evolution, stress transformation
processes, structural styles, and structural characteristics in the Zigong area, the regional tectonic
framework is defined as a compressional—torsional strike-slip system. Under the guidance of this
structural framework, fracture characteristics and development patterns were systematically
investigated. The principal structural styles and their assemblage patterns were clarified, and the
formation mechanisms of different structural configurations were analyzed. By integrating fracture
occurrence, superposition stages, assemblage relationships, and major controlling factors, fracture
development patterns were established, leading to the identification of nine structural-fracture
models: the single-thrust structure—fracture model, back-thrust structure—fracture model, opposed-
thrust structure—fracture model, vertical strike-slip structure—fracture model, imbricate structure—
fracture model, “Y”-shaped structure—fracture model, anti—Y”-shaped structure—fracture model,
semi-flower structure—fracture model, and flower structure—fracture model.
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