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A B S T R A C T

Shale commonly contains bedding-parallel fractures (BPFs) as a result of its well-laminated structure. There is 
great diversity in the type and origin of BPFs, yet a comprehensive synthesis of such fractures is lacking. This 
review consolidates current understanding of development and diagnostic features of BPFs in shale by integrating 
multiscale structural observations, fracture cement compositions and formation processes with advances in 
petrography, fluid inclusion analysis, isotope geochemistry, and fracture geochronology. The role of BPFs in 
hydrocarbon accumulation is explored through diffusion analysis and analog modeling of hydrocarbon 
migration.

Shale BPFs can be classified into four principal genetic types: hydrocarbon fluids overpressure, tectonic, 
diagenetic, and unloading BPFs. Hydrocarbon-generation BPFs are generated by fluid-over pressure during hy
drocarbon maturation in relatively closed systems and are characterized by the coexistence of hydrocarbon and 
aqueous inclusions, similar geochemical and isotopic signatures to those of the host shale, and ages consistent 
with the timing of hydrocarbon generation. Tectonic BPFs are formed through reactivation of bedding weak
nesses under regional compression or shear, commonly involving open-system basin or hydrothermal fluids. 
Diagnostic evidence of hydrothermal input includes homogenization temperatures for fluid inclusions that are 
higher than ambient stratigraphic conditions, positive Eu anomalies, isotopic compositions resembling those of 
regional magmatic–hydrothermal systems, and ages that coincide with the timing of magmatic activity. Where 
tectonic deformation occurs in the absence of magmatism, BPF cements inherit the characteristics of the host 
shale or adjacent stratigraphic fluids in an open system. Diagenetic BPFs are driven by differential compaction 
and mineralogical shrinkage during early burial or early diagenesis stage within a relatively closed system and 
are generally unaffected by external hydrothermal or deep fluids; consequently, they have similar fluid inclusions 
and geochemical signatures to the host shale. Unloading BPFs form during late-stage uplift and erosion, typically 
cemented by low-temperature meteoric or shallow formation waters. BPFs can extend laterally over large dis
tances and have high imbibition efficiencies, forming essential pathways for oil and gas migration in shale. Shale 
with well-developed BPFs has a high permeability, and the coupling of BPFs with matrix pores during hydro
carbon charging creates interconnected pore–fracture systems that facilitate long-distance lateral transport. This 
process not only lowers the threshold pressure required for hydrocarbon accumulation, but also substantially 
improves reservoir permeability and fluid conductivity, ensuring the efficient enrichment and sustained pro
duction of the reservoir.

This review highlights the genetic-diagnostic framework for interpreting structural complexity and diverse 
origins of BPFs across diverse basins, as well as the variable geochemistry and inclusion characteristics of fracture 
cements, which provides a conceptual basis for improved prediction of fracture-controlled hydrocarbon 
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enrichment and development performance. Overall, BPFs reduce hydrocarbon charging thresholds and enhance 
permeability, and play a pivotal role in shale hydrocarbon accumulation and long-term productivity.
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1. Introduction

Recent advances in unconventional petroleum resources, particu
larly shale oil and gas, have reshaped the global energy landscape (Zou 
et al., 2013; Aguilera, 2014; Ma et al., 2021). Natural fractures are 
pivotal for hydrocarbon exploration and production (Gale et al., 2014; 
Torres et al., 2021; Laubach et al., 2023; Gong et al., 2025; Su et al., 
2025). Furthermore, the same fracture systems are increasingly recog
nized as critical controls in related fields: they serve as preferential in
jection conduits or potential leakage pathways in CO₂ geological 
storage, and they define the effective permeability of enhanced 
geothermal systems (Mohammad et al., 2018). Although these fractures 
can substantially increase reservoir permeability and storage, their ef
fects on hydrocarbon accumulation and preservation depend strongly on 
the type of fracture (Forstner and Laubach, 2022; Wang et al., 2023). 
High-angle fractures provide predominantly vertical migration paths 
from depth, whereas low-angle fractures enable lateral transport, 
although when isolated they can fail to connect bounding strata and thus 
act as efficient traps that help maintain seal integrity (Zhang et al., 
2025). Scale further modulates outcomes: micro- to small-scale fractures 
facilitate proppant placement and increase the stimulated volume, 
whereas larger fractures can divert fluids, distort fracture networks, and 
even cause stimulation failure (Edirisinghe and Perera, 2024; Lv et al., 
2025). Together, these insights underscore the need for robust identi
fication and prediction of fracture types across scales (Nishiwaki and 
Lin, 2019; Gupta et al., 2020; Gale et al., 2022; Sun et al., 2025a, 2025b).

Bedding-parallel fractures (BPFs) are common in shale reservoirs and 
warrant detailed study (Sanderson et al., 2024; Lines et al., 2025). BPFs 
nucleate along laminations or mechanically weak partings, occur in 
planar, lenticular, or branching forms, and are commonly mineralized 
by calcite, quartz, or sulphate minerals (Liu et al., 2025; Wu et al., 
2025b, 2025a). The lithology and depositional microfacies provide the 

material framework for the development of BPFs, and multiple mecha
nisms govern their initiation and growth, including tectonic compres
sion (Hooker and Laubach, 2023); anomalous fluid overpressure (Gale 
et al., 2022; Lines et al., 2025); diagenetic processes, including 
compaction, pressure solution, and shrinkage (Laubach et al., 2010); 
and uplift and erosion (Peacock, 1997).

Shale typically contains a high density of BPFs with good lateral 
continuity, with BPFs preferentially tracking organic-rich laminae that 
lie in direct contact with the source rock, providing favorable loci for 
hydrocarbon storage and retention (Laubach et al., 2010; Li et al., 
2025b, 2025a). The density, apertures, and connectivity of BPFs are the 
main controls on reservoir performance, and intervals enriched in BPFs 
commonly have elevated oil contents and higher production, suggesting 
that these intervals are key indicators of hydrocarbon enrichment 
(Zhang et al., 2025). Operationally, BPFs provide natural lateral path
ways that guide volume fracturing, enhancing stimulation efficiency and 
production response. During treatment, BPFs may be reactivated by 
shear to form complex networks, but they can also induce stress shad
owing, fracture deflection, or premature closure. The accurate delinea
tion of their distribution and mechanical behavior is, therefore, essential 
for optimizing stimulation design and maximizing recovery.

Regional differences in BPFs are pronounced, and interpretations 
therefore vary accordingly. In North American shale plays, including the 
Bakken, Eagle Ford, and Marcellus plays, BPFs are pervasive and typi
cally have shallow dips, high densities, and strong mechanical anisot
ropy. They can enhance reservoir performance markedly and influence 
hydraulic stimulation to a greater degree than steep fractures (Lee et al., 
2015; Liu and Ostadhassan, 2017; Ferrill et al., 2022). In the Neuquén 
Basin in Argentina, BPFs in the Vaca Muerta Formation are far more 
abundant than their high-angle counterparts and are attributed mainly 
to diagenesis and tectonic activity. The common occurrence of hydro
carbon inclusions indicates that the BPFs formed under hydrocarbon- 
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induced overpressure, and they facilitated migration from source in
tervals to reservoirs (Mangenot et al., 2023; Zanella et al., 2024). In the 
Bowland and Cleveland basins in the UK, BPFs in the Bowland Shale are 
dominantly tectonic and provide key migration pathways that shape 
connectivity and accumulation (Imber et al., 2014; de Jonge-Anderson 
et al., 2021).

In the Sichuan Basin, BPFs are central to reservoir stimulation. In the 
Fuling area of the Wufeng–Longmaxi succession, the development of 
BPFs is strongly controlled by sedimentary laminations, proximity to 
fault zones, and the abundance of brittle minerals (e.g., quartz and 
biotite). Leveraging and modifying these BPFs during stimulation is 
critical to good reservoir performance (Li, 2022; Yan et al., 2022). In the 
Luzhou area, the depositional setting and diagenesis control BPF 
development. Interactions between natural and hydraulic fractures 
dictate the network geometry, with shallow lateral “fishbone” systems 
enhancing horizontal connectivity and focusing hydrocarbons into 
favorable compartments (Zhao et al., 2025). In the Ordos Basin, BPF 
occurrence in the Yanchang Formation is correlated with lamination 
intensity, total organic carbon, and pyrite content, although their role in 
hydrocarbon accumulation remains underexplored (Ding et al., 2024). 
In the Junggar Basin, the BPF intensity in the Lucaogou Formation in
creases with increasing brittle mineral and organic matter contents and 
decreases with increasing single-layer sand body thickness. These BPFs 
provide lateral pathways that improve shale-oil production (Liu et al., 
2025; Song, 2019).

The quantitative characterization of BPFs is commonly based on 
integrated outcrop mapping, core description, petrography, conven
tional and image borehole logs, X-ray computed tomography (CT), and 
digital-rock analysis (Hooker et al., 2018; Hooker and Laubach, 2023; 
Meng et al., 2018; Afroogh et al., 2019; Bryndzia et al., 2024). To un
derstand the origins of BPFs, researchers have combined multiscale 
observations with rock mechanical tests and numerical models, 
including triaxial fracturing experiments and finite or discrete element 
models, which reveal multistage genesis driven by diagenesis, tectonic 
stress, and subsequent diagenetic overprints (He and Duan, 2019; 
Chemenda, 2022; Laubach et al., 2023; Jin et al., 2024). Recent ad
vances in high-precision geochemistry, fluid inclusion, and geochro
nology analyses of fracture cements (quartz, calcite, and dolomite) have 
pushed fracture studies toward a fully quantitative framework. Fluids 
regulate material transfer and energy redistribution in sedimentary ba
sins and are sensitive indicators of tectonic, depositional, and diagenetic 
processes (Bjørlykke and Jahren, 2012; Laubach et al., 2019). In deep 
compressive settings, older fractures are commonly closed or mineral- 
filled, limiting fluid ingress (Gale et al., 2014; Gasparrini et al., 2014). 
Renewed tectonic stress can generate new fractures and reopen older 
ones, creating pathways for fluid flow and cement precipitation; the 
resulting cements record the chemistry of the precipitating fluids 
(Hooker et al., 2012; Agosta et al., 2016).

Geochemical tracers in cements can fingerprint fluid compositions, 
including the rare-earth elements (REEs) and C–O–Sr–Nd isotopic 
compositions, and comparisons with host shales and adjacent strata can 
constrain fluid sources (Bjørlykke and Jahren, 2012; Quandt et al., 2019; 
Zhang et al., 2024). Fluid inclusion homogenization temperatures and 
compositions record the pressure and temperature of cementation, 
which, when integrated with the burial history, constrains the timing of 
fracture opening and sealing (Hurai, 2010; Gasparrini et al., 2014). The 
absolute ages of the cements, estimated using U–Pb and Sm–Nd 
geochronology, can be used to further refine fracture timing (Roberts 
and Walker, 2016). Taken together, these approaches reveal fracture 
types and formation mechanisms and demonstrate how fractures govern 
hydrocarbon charge, retention, and overall reservoir performance.

Despite extensive work on BPFs in shale, pronounced regional vari
ability persists in their occurrence and how they are characterized and 
understood. The approaches used, depth of study, and conclusions about 
the formation of BPFs and their impact on hydrocarbon accumulation 
vary widely, and a coherent synthesis is lacking. Here, we review the 

developmental characteristics and diagnostic criteria of BPFs, inte
grating multiscale observations with geophysical and machine-learning- 
assisted identification. We then examine four representative types (fluid 
overpressure, tectonic, diagenetic, and unloading BPFs), summarizing 
their formation mechanisms together with cement petrography, fluid 
inclusion signatures, chemical and isotopic geochemistry, and 
geochronology. Finally, we elucidate the mechanisms by which BPFs 
govern hydrocarbon charging, retention, and production. This synthesis 
provides an integrated framework for interpreting BPFs alongside the 
conceptual and quantitative basis needed for more efficient shale 
exploration and development. This review advances beyond existing 
syntheses by: (1) establishing a genetic-mechanism-driven classification 
that unifies fluid-dynamic origins (hydrocarbon-generation over
pressure) with mechanical processes (tectonic, diagenetic, unloading), 
thereby resolving terminological inconsistencies in prior studies; (2) 
integrating multi-scale analytical workflows from nanoscale geochro
nology to basin-scale seismic anisotropy; and (3) quantifying the 
coupled fracture-matrix flow dynamics that govern hydrocarbon accu
mulation efficiency. Unlike previous reviews focusing on single mech
anisms (e.g., tectonic fracturing) or specific basins, this framework 
provides universal diagnostic criteria applicable across diverse shale 
plays.

2. Methods for identifying BPFs in shale

2.1. Multiscale identification of BPFs

BPFs can be identified directly or through indirect inference. Direct 
approaches, including outcrop observation, core description, petrog
raphy, and scanning electron microscopy, form the foundation of BPF 
studies (Li et al., 2019; Zeng et al., 2022; Ding et al., 2023; Lu et al., 
2024). These direct visualization methods are uniquely suited to 
establishing the geometric, textural, and paragenetic criteria that un
derpin genetic interpretation—particularly for distinguishing fibrous, 
blocky, and crack-seal fabrics diagnostic of overpressure, tectonic, and 
diagenetic origins (Su et al., 2022; Zhang et al., 2024, 2025).

Field observations show that BPFs occur preferentially in organic- 
rich shale intervals and are strongly lithologically controlled. They 
propagate along depositional laminae within individual beds or me
chanically weak laminae or intersect the bedding at low angles, typically 
at dips of <15◦ in areas of stronger structural overprint, reflecting the 
combined influence of depositional and diagenetic processes with later 
deformation. BPFs commonly continue laterally for meters to tens of 
meters with nearly parallel or gently wavy traces, with spacings of a few 
to several tens of centimeters. Line densities range from ~2 to 15 m− 1, 
and BPFs are concentrated in organic-rich laminae, suggesting that the 
organic content and rock mechanical properties control their formation 
(Fig. 1a–c; Gasparrini et al., 2014). In outcrops, BPFs are filled pre
dominantly by calcite, quartz, or gypsum, forming tabular to planar 
veins that are centimeters to decimeters wide (Rodrigues et al., 2009; 
Ryder et al., 2009, 2012; Ryder et al., 2008). Large veins commonly 
record multiple fluid episodes, with early bitumen or microcrystalline 
calcite overlain by fine- to medium-grain calcite, consistent with 
repeated stages of fracture opening and fluid flow (Fig. 1d–f). In struc
turally complex settings, horizontal compression coupled with fluid 
pressure produces more intricate geometries, including en-échelon ar
rays, offsets, and cross-cutting relationships (Fig. 1g–i). When mineral 
growth rates and fracture opening rates are mismatched, diverse fibrous 
fabrics develop in veins, including centripetal and antitaxial textures, 
and persistent stress may bend or offset crystals (Fig. 1j–n; Rodrigues 
et al., 2009; Gasparrini et al., 2014). Collectively, BPF's fracture 
morphology, spacing, and internal fabrics or vein textures are tightly 
controlled by the tectonic and geologic context, and the extent, geom
etry, fill sequence, and crystal growth style provide key field constraints 
on fracture genesis and the history of fluid activity.

At the core scale, BPFs in shale lie nearly parallel to laminations and 
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occur as continuous linear or tabular veins and as discontinuous lenses. 
They commonly bend, bifurcate or taper along laminae, with dips of 
generally <10◦ (Fig. 2a–c). Most are filled with calcite, quartz, pyrite, or 
bitumen, and many show evidence of multiple cementation stages, with 
the mineralogy of the fill varying between basins in response to different 
fluid histories (Fig. 2c). Vertically, fracture occurrence is strongly het
erogeneous and concentrated where the laminae are enriched in organic 
matter or mechanically weak (Fig. 2d, e). Fracture intensity is positively 
correlated with total organic carbon and pyrite contents, and is higher in 
siliceous laminae. Thinner laminae and higher contents of rigid volcanic 
fragments or organic matter facilitate episodic splitting along weak 
planes due to overpressure, resulting in higher fracture densities and 

larger apertures (Zeng et al., 2022). In structurally complex settings, 
BPFs form stepwise en-échelon arrays (Fig. 2f, g), are cut by later high- 
angle BPFs (Fig. 2h), or branch into pincer-like terminations (Fig. 2i), 
reflecting the complicated tectonic setting. Under repeated stress cycles, 
tectonic BPFs undergo multiple opening and sealing events that generate 
thick calcite veins (Fig. 2j). This crack–seal process starts when hori
zontal stresses create the first openings. After partial stress release, 
pressure solution in the host layer generates fluid that migrates into 
lower-pressure fractures and the vein fills are precipitated. Renewed 
stress accumulation reopens the fractures along vein walls, and new 
crystals grow outward from the earlier walls until sealing recurs 
(Ramsay, 1980). Repeated opening, sealing, and shear can result in 

Fig. 1. Representative field photographs of BPFs in shale. (a) Organic-rich shale of the lower Silurian Longmaxi Formation with bedding-parallel slip surfaces 
cemented fully by calcite in the Wenchang Palace section, southern Sichuan Basin. The fractures extend laterally over long distances. (b) Photograph and line 
drawing of calcite-filled BPFs in the Barnett outcrop, San Saba County (Llano Uplift; Gasparrini et al., 2014). (c) “Beef”-rich intervals in the lower Huncal section 
(5–10 m). White arrows indicate beef, which is unevenly distributed (Ravier et al., 2020). (d) Bedding-parallel calcite “beef” layers of variable thickness in fissile 
shale in Dorset, Southwest England, UK. The calcite fibers are perpendicular or near-perpendicular to bedding, with widths of 0.5–55 cm (Cobbold et al., 2013). (e) 
Flat-lying multiphase gypsum-filled veins in Aptian evaporites, Benguela, Angola. The oldest gypsum vein contains black bitumen (photograph courtesy of Gabriel 
Castro, Petrobras; Cobbold et al., 2013). (f) Fibrous calcite “beef” in Cerro Mocho showing characteristic inner and outer zones and crosscutting small southwest- 
directed thrusts (Cruset et al., 2021). (g) Fibrous antitaxial en-échelon calcite veins with rotated brittle bridges embedded in the vein in Oppaminda Creek, 
Arkaroola, South Australia (Bons et al., 2012). (h) Antitaxial calcite vein with fibers growing outward from a median zone toward the wall rock in Oppaminda Creek, 
arranged en ́echelon (Bons et al., 2012). (i) Antitaxial fibrous gypsum vein in the Qingshuiying Formation, Ningnan Basin. The orientation of the fibers changes in the 
bend at the vein tip (Zhao and Li, 2022). (j) Syntaxial calcite vein with crystals growing from the wall rock toward the vein center in Biure, Spain (Bons et al., 2012). 
(k) Fibrous antitaxial gypsum vein in the Qingshuiying Formation, Ningnan Basin, showing asymmetric competitive growth. The median growth line is offset by shear 
(Zhao and Li, 2022). (l) Fibrous antitaxial gypsum vein with a distinct median zone and fibers along both margins bent by extensional shear in the Qingshuiying 
Formation, Ningnan Basin (Zhao and Li, 2022). (m) Fibrous bedding-parallel calcite vein with a sheared median line, small thrust faults, and markedly curved crystals 
in the Vaca Muerta Formation, Arroyo Mulichinco (Wang and Gale, 2023). (n) Symmetric antitaxial fibrous calcite vein with conspicuously curved crystal faces in the 
Vaca Muerta Formation, Arroyo Mulichinco (Wang and Gale, 2023).
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bending of the vein, creating sutured seams and accommodating strain 
in the rock (Fig. 2k, l). Overall, core-scale BPFs are characterized by a 
low dip, high density, micron-scale apertures, substantial cement fill, 
and discontinuous lateral persistence, with development controlled by 
organic mineral assemblages and transient overpressure.

At the microscopic scale, BPFs in shale often occur as partially open, 
discontinuous microcracks localized along lamination interfaces or 
around rigid bioclastic grains (Fig. 3a, b). They are preferentially located 
in mechanically weak silty or bioclastic laminae, are short and prone to 
bifurcation and pinching, and have very small apertures, typically 
nanometers to micrometers in width. Apertures can vary by orders of 
magnitude along a single fracture, reaching several hundred microme
ters at local maxima (Fig. 3c, d; Gale et al., 2007, 2014; Zeng et al., 
2022). The residual open space serves as micro- to nanoscale flow 
pathways that increase the permeability. Early fractures are filled with 
calcite, quartz, gypsum, or bitumen, which often have a fibrous habit.

When the vein mineral is also a major constituent of the host rock, 
crystals commonly grow outward from wallrock grains to produce 
syntaxial veins. These veins result from rapid extension of the host shale, 
develop in fractures, and appear optically continuous with the wall rock. 
Unlike stretching veins, syntaxial veins have a single, stationary growth 
interface. If the growth interface is centered, minerals precipitate on 
both sides toward the median plane to form a symmetric syntaxial vein 
(Fig. 3e, f), and if located along one wall, growth is asymmetric (Fig. 3g, 
h). In contrast, antitaxial veins develop when the vein mineral is not a 
major phase in the host rock. In this case, fibers grow from a median 
zone toward the walls, with two contemporaneous growth fronts at the 

outer vein margins. The median commonly preserves wall-rock relics or 
early vein bands that formed during rapid initial growth (Hilgers and 
Urai, 2002; Bons, 2000; Bons and Montenari, 2005). The crystals in 
antitaxial veins are typically fibrous, bend along opening trajectories 
(Fig. 3i), and may show offset growth lines if horizontal shortening 
occurred during growth (Fig. 3j, k). Antitaxial veins are common in 
black mudstone and generally consist of calcite, although quartz and 
gypsum veins also occur (Fig. 3l, m; Elburg et al., 2002; Williams and 
Urai, 1989).

In addition to fibrous fabrics, bedding-parallel veins also exhibit 
crystal stretching, elongated blocky, and cone-in-cone textures. 
Stretching veins form by the episodic extension of preexisting grains, 
and crystals span the full vein width, with serrated boundaries and in
ternal laminae parallel to the host shales recording repeated open
ing–sealing cycles (Fig. 3l). Blocky veins contain mosaics of equant and 
randomly oriented crystals. Similar textures may also result from the 
recrystallization of earlier veins (Bons, 2000). In elongate blocky veins, 
the crystals are moderately elongated (aspect ratios of ~10) with 
aligned long axes, reflecting competitive overgrowth by epitaxial 
extension from wallrock minerals or early nuclei with no new nucleation 
(Fig. 3m). Cone-in-cone structures consist of nested coaxial cones 
resembling a Russian doll motif (Fig. 3n). The cone apices have a 
consistent polarity, typically pointing stratigraphically upward.

To identify and characterize micro- to nanoscale BPFs more pre
cisely, shale reservoir studies increasingly employ a suite of high- 
resolution analytical methods. The integrated use of argon-ion polish
ing, backscattered electron imaging (BSE), energy-dispersive 

Fig. 2. Representative core photographs of BPFs in shale. (a) Organic-rich shale with BPFs that cut the entire core, from 3790.4 m depth in Well NX55, Paleogene 
Shahejie Member 3 (lower submember), Jiyang Depression, Bohai Bay Basin. (b) Veins with a median line at an oblique angle to both bedding and vein walls, from 
3269 m depth in a core from the Jurassic Posidonienschiefer. Pyrite cement has a yellow hue, and veins occur in en-échelon arrays (Hooker et al., 2019). (c) Core face 
that is oblique to the veinlets and roughly parallel to the strike of the vein, from 2263 m depth in a core from the Jurassic Posidonienschiefer. Pyrite occurs at lower 
right. (d) Fibrous calcite veins with a markedly uneven vertical distribution and variable morphologies, from 2254.77 to 2255.13 m depth in Well X34 in the Upper 
Cretaceous Qingshankou Formation, northern Songliao Basin (Sun et al., 2023). (e) BPFs with fibrous calcite, predominantly horizontal tabular forms with inter
bedded calcite laminae, from 3407.54 to 3408.54 m depth in Well FY1 in the Shahejie Member 3 (lower submember), Jiyang Depression. (f) Dark gray shale with 
discontinuous BPFs in the Mahogany Zone of the Paleogene Green River Formation (Al Duhailan, 2014). (g) Yellow-brown mudstone and shale from the Green River 
Formation with discontinuous, stepped fibrous calcite veins (Duhailan, 2014). (h) Gray calcareous shale from the Upper Cretaceous Niobrara Formation with 
multiple BPFs in muddy bands. Younger high-angle to vertical shear fractures are constrained by older bedding-parallel sets. (i) Branching calcite vein with a pincer 
geometry, from 2202.23 m depth in Well X34. The ribs are aligned and the tips curl, and the vein is sheared into sigmoidal segments. (j) Thick bedding-parallel vein 
formed by repeated opening and sealing, from 4281.50 m depth in Well TY1, Wufeng–Longmaxi Formation, southern Sichuan Basin. The width of the fracture is 5 
cm. (k) Calcite-filled fracture (18 cm wide) at 4281.50 m depth in Well TY1, Wufeng–Longmaxi Formation. (l) Calcite vein (4 cm wide) with basal calcareous 
laminae, from 4387.50 m depth in Well TY1, Wufeng–Longmaxi Formation. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)
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spectroscopy (EDS), field-emission–scanning electron microscopy 
(FE–SEM), transmission electron microscopy (TEM), focused ion beam 
(FIB) milling, confocal laser scanning microscopy (CLSM), nuclear 
magnetic resonance (NMR), and three-dimensional nondestructive 
microfocus and nano-CT imaging enable fine-scale detection, composi
tional analysis, and quantitative evaluation of micro- to nanoscale BPFs 
(Buckley et al., 2008; Ding et al., 2013; Garum et al., 2020; Barker, 1990; 
Zhou et al., 2024). Together, these techniques substantially improve the 
clarity and accuracy of observations and advance our understanding of 
the genesis, spatial architecture, and flow capacity of BPFs.

At the micro-CT scale, BPFs have strong lateral continuity and rela
tively simple three-dimensional geometries, most commonly tabular or 
gentle undulatory forms (Fig. 4a–e). In structurally active domains, 
coeval high-angle fractures intersect and overprint these features to 
produce distorted composite networks (Fig. 4f). Propagation paths are 

strongly controlled by lithologic heterogeneities: dense mineral 
laminae, including calcareous or siliceous bands, and low-density layers 
rich in organic matter or clay act as mechanical weaknesses that guide 
extension, whereas rigid material, including pyrite nodules and calcar
eous concretions, impedes fracture growth and promotes tapering and 
termination (Fig. 4g–j). At the microscale, alignment to bedding and 
preferred orientations become more evident, underscoring the influence 
of primary depositional fabrics on failure.

A critical issue in CT-based fracture analysis is the reliable discrim
ination of natural BPFs from coring-induced horizontal fractures. The 
following diagnostic criteria are recommended: (1) Natural BPFs typi
cally exhibit partial to complete mineral cementation (calcite, quartz, 
pyrite) observable at micro-CT resolution as higher-density linings or 
fillings; induced fractures lack cement and show clean, matching walls 
(Lai et al., 2022; Dze et al., 2026). (2) Natural BPFs often follow specific 

Fig. 3. Microscopic characteristics of BPFs. (a) Clay-rich shale with bioclastic debris containing a BPF that wraps around platy bioclasts, from 2235.62 m depth in 
Well FY3–2, Da'anzhai Member, Lower Jurrasic Ziliujing Formation, eastern Sichuan Basin. (b) Laminated muddy siltstone with discontinuous fractures along 
lamination boundaries, from 2237.12 m depth in Well FY3–2. (c) Laminated silty mudstone with fractures that track lamination interfaces continuously, from 
2230.42 m depth in Well FY3–2. (d) Silty mudstone with two laterally continuous BPFs, from 2233.12 m depth in Well FY3–2. (e) Symmetric antitaxial fibrous calcite 
vein with fibers growing outward from a median zone, from 3065 m depth in Well YY6 in the Wufeng–Longmaxi Formation, southern Sichuan. (f) Brown muddy 
shale with an uncrystallized median zone in the Upper Paleogene Qingshuiying Formation, Ningnan Basin. Straight, smooth gypsum fibers indicate symmetric 
centripetal growth (Zhao et al., 2020). (g) Asymmetric antitaxial fibrous calcite vein with curved crystal faces, from 3377.18 m depth in Well YY54–1 in the 
Wufeng–Longmaxi Formation. (h) Asymmetric antitaxial fibrous calcite vein from 3586 m depth in Well DY6–1, in the Wufeng–Longmaxi Formation, showing two 
cementation stages: an early calcite and quartz stage followed by a later calcite-only stage. (i) Brown muddy shale from the Qingshuiying Formation, Ningnan Basin, 
with a median zone filled with blocky gypsum that grows preferentially parallel to the vein walls and is flanked by antitaxial fibrous gypsum on both sides (Zhao and 
Li, 2022). (j) Curved antitaxial fibrous calcite vein with multiple inclusion bands and solid bitumen in the median zone, from the lower Cambrian Donghe Formation 
in the frontal zone of the Dabashan thrust belt, northeastern Sichuan (Zhao and Li, 2022). (k) Gray-black shale with antitaxial fibrous calcite, from the Loncopué 
section of the Vaca Muerta Formation, Argentina. The median growth line is offset by shear, and small thrusts are present. (l) Photomicrographs of antitaxial fibrous 
calcite with coarse, curved fibers and a thin inward-growing quartz rim on vein margins, from Oppaminda Creek, Arkaroola, South Australia (Bons et al., 2012). (m) 
Syntaxial calcite vein from Pure, Spain, showing strong competitive growth in the propagation direction. (n) Organic-rich shale with an asymmetric, centripetal cone- 
in-cone calcite vein, from 3303.5 m depth in Well L67 in Shahejie Member 3, Jiyang Depression, Bohai Bay Basin (Bons et al., 2012). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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laminae rich in organic matter or brittle minerals, and their apertures 
vary smoothly along strike; induced fractures cut indiscriminately across 
lithological boundaries and have uniform aperture (Rybalcenko, 2017). 
(3) In 3D reconstructions, natural BPFs display systematic terminations 
against rigid grains (pyrite nodules, carbonate concretions) and may be 
cross-cut by younger tectonic fractures; induced fractures propagate 
through grains without deflection (Fu et al., 2025). Thus, natural BPFs 
are part of a genetically related network, whereas induced fractures are 
isolated and randomly oriented. Integration of CT with SEM-EDS on 
companion samples can confirm the presence of authigenic cements, 
providing definitive evidence for a natural origin.

Quantitative analyses reveal substantial variability in aperture size, 
with widths of mostly 15–30 μm and tortuosity values of ~34.24–46.57, 
indicating sinuous flow paths. In two-dimensional sections and three- 
dimensional reconstructions, areal or volumetric porosity attributable 
to fractures can be as high as 40%, highlighting their central role in 
hydrocarbon storage. Critically, BPFs often link isolated macropores in 
the matrix and intersect other structural fractures to form an efficient 
flow network. This connectivity integrates otherwise discrete clusters of 
organic material-hosted pores, increases the absolute permeability, and 

provides efficient pathways for hydrocarbon accumulation and 
transport.

2.2. Geophysical identification of BPFs

Fractures can be identified indirectly from well logs and seismic data. 
Well logs play a central role in identifying and quantifying BPFs in shale, 
and are commonly divided into conventional and imaging techniques. 
Conventional well logs, including caliper, dual laterolog, micro
resistivity, acoustic transit time, spontaneous potential, and gamma-ray 
spectroscopy logs, exploit anomalies produced when fractures modify 
the pore structure, fluid distribution, and electrical properties of the 
rock. After mud invasion, open fractures typically fill with conductive 
mud and yield low-resistivity excursions, whereas closed or mineral- 
filled fractures often register as sharp high-resistivity peaks (Fig. S1). 
Microresistivity tools are especially sensitive, showing pronounced low- 
resistivity spikes at open fractures and the opposite response at closed 
fractures. Sonic logs exhibit reduced P- and S-wave velocities where 
wavefronts encounter fracture swarms oriented sub-perpendicular to the 
borehole. Density logs commonly display low-density anomalies over 

μ μ

Fig. 4. Computed tomography (CT) characteristics of BPFs. (a) 3D CT image showing pronounced laminations, from 3297.24 m depth in Well NY1 in Shahejie 
Member 3 (lower submember), Jiyang Depression, Bohai Bay Basin. (b) Plan view CT image of alternating fibrous calcite veins and calcite laminae, from 3297.24 m 
depth in Well NY1. (c) Reconstructed 3D pore network model from 3297.24 m depth in Well NY1, showing markedly stronger along-bedding connectivity in fractures 
than in the matrix. (d) 3D CT image of multiple calcite-filled and unfilled BPFs, from 3798.3 m depth in Well W206 in the Wufeng–Longmaxi Formation, southern 
Sichuan Basin. (e) Digital rock reconstruction showing a long unfilled BPF with smooth walls and strong continuity, from 3798.3 m depth in Well W206. (f) 3D digital 
rock model showing unfilled BPFs that intersect high-angle to vertical shear fractures to form a three-dimensional network, from 3268.5 m depth in Well F120 in 
Shahejie Member 3, Jiyang Depression. (g) Segmented pore image produced from CT data, from 1879.56 m depth in Well YS6 in the Lianggaoshan Formation, 
northeastern Sichuan Basin (He et al., 2024). (h) Reconstructed pore network showing two bedding-parallel fractures, from 1879.56 m depth in Well YS6 (He et al., 
2024). (i) Segmented pore image produced from CT data, from 1975.23 m depth in Well YS6 (He et al., 2024). (j) Unfilled bedding-parallel fracture with an aperture 
and connectivity that clearly exceed those of the surrounding matrix pores (He et al., 2024), from 1975.23 m depth in Well YS6.
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fractures or vugs, and neutron–density crossplots show elevated 
apparent porosity where fractures are abundant (Nelson et al., 2000; Lai 
et al., 2018a, 2018b). In summary, BPFs are characterized on conven
tional logs by low resistivity, low density, slower acoustic velocities, and 
higher neutron and density porosities (Fig. S1). However, the charac
teristic “low resistivity, low density, slow sonic” signature applies 
strictly to effective bedding-parallel fractures that remain hydraulically 
conductive; sealed fractures exhibit the opposite or no clear anomalies. 
This distinction must be respected to avoid misinterpretation in fracture 
characterization (Laongsakul and Dürrast, 2011). The resolution of well 
logs is limited, however, and responses depend on mud properties, the 
electrical behavior of the formation, and borehole conditions. Small or 
fully closed BPFs may be weakly expressed, reducing the accuracy of 
interpretations (Laongsakul and Dürrast, 2011). Borehole image logs 
provide the highest resolution for orienting individual filled or open 
fractures and quantifying their aperture and density; seismic methods, 
especially azimuthal anisotropy and frequency-dependent attributes, 
are indispensable for mapping regional-scale fracture corridors where 
BPFs occur as dense swarms below seismic resolution (Lai et al., 2022).

In contrast, borehole images provide higher precision and resolution 
for BPF characterization and are an effective complement to conven
tional logs. Resistivity images are two-dimensional wall images acquired 
using electrode arrays, and fracture geometry can be seen directly. BPFs 
typically appear as continuous parallel anomalies, due to the differences 
in conductivity between conductive open mud-filled fractures and 
resistive cemented or closed fractures. Reflections and scattering pro
duce alternating bright and dark bands at fracture locations in acoustic 
images, which delineate the geometry and spatial distribution of the 
fractures (Gou et al., 2020). Imaging tools can resolve millimeter-scale 
features, and the dip, azimuth, length, line density, and connectivity 
of fractures can be extracted with high reliability, providing essential 
inputs for quantitative description and mechanical modeling. This 
approach is comparatively costly, however, and performance is sensitive 
to borehole conditions. Enlarged holes, wall collapse, and heavy mud 
caking degrade image quality and reduce the accuracy of 
interpretations.

A common challenge in resistivity image interpretation is dis
tinguishing calcite-filled BPFs from primary calcite-rich laminae. 
Several diagnostic features aid this distinction. First, fracture-fill calcite 
usually appears as continuous or segmented high-resistivity bands with 
sharply defined, often planar boundaries; sedimentary calcite laminae 
exhibit gradational contacts and diffuse internal textures (Fang et al., 
2016). Second, In dynamically normalized images, filled fractures often 
display a central low-resistivity streak (residual micro-porosity or fluid 
inclusion bands) not seen in pure laminae (Wang et al., 2025). Third, 
when multiple image logs are available in the same well, filled BPFs 
show consistent dip azimuth parallel to regional stress indicators, 
whereas sedimentary laminae follow depositional dip (Wu et al., 2025b, 
2025a). While these diagnostic criteria provide a robust framework for 
differentiation, their practical application remains contingent upon 
image resolution, borehole conditions, and the degree of diagenetic 
overprint—factors that continue to motivate ongoing methodological 
refinement and the integration of emerging high-definition logging 
technologies.

In summary, conventional logs are economic, rapid, and have broad 
applicability, but their ability to resolve fine details is limited. Imaging 
logs have high resolution, providing intuitive visualization and quanti
tative measurements, making them central to the identification and 
quantitative description of BPFs.

Seismic methods can be used to infer fracture distributions from 
three-dimensional wave propagation. Discontinuity indicators, 
including copolarization coefficients, curvature, fault likelihood, and 
surface tracking, delineate stratigraphic breaks that may host fractures. 
BPFs in shale are thin, shallowly dipping, laterally persistent bundles 
with small individual apertures and variable cementation, which yield 
weak responses to conventional seismic methods based on fault 

divergence or macroscopic reflector breaks (Ba et al., 2017; Guo and 
Gurevich, 2020; Gou et al., 2020). Consequently, seismic methods are 
most effective at the regional scale for detecting thick fracture intervals, 
and resolving BPFs generally requires high-quality 3D data. With a 
typical vertical resolution of at least ~10 m, conventional surveys 
cannot capture micron- to millimeter-scale features and primarily image 
zones of high fracture intensity. Standard prestack attributes are also 
insensitive to BPF sets and often lack clear azimuthal signatures. Three 
approaches have proven useful for addressing weak reflections and weak 
azimuths in the Changning–Weiyuan, Barnett, Marcellus, and Vaca 
Muerta basins, as follows. (1) Azimuthal prestack inversion (AVOaz) 
exploits elliptical variations in P-wave or normal moveout velocities 
with azimuth to predict the orientation and density of BPFs (Shang et al., 
2021). (2) Frequency-dependent anisotropy and dispersion due to 
coupling between laminae, microfractures, and wavelengths can be used 
to map millimeter-scale fracture swarms, as shown in the Longmaxi and 
Barnett basins (Delle Piane et al., 2014; Gou et al., 2020). (3) 
High-resolution volumetric attributes, including curvature, coherence, 
and spectral-decomposition attenuation gradients can reveal banded 
low-coherence or high-curvature anomalies parallel to bedding, and 
enabled the delineation of fracture-rich corridors in the Marcellus Basin 
and in key production areas of the Sichuan Basin (Zhang et al., 2024; Fan 
et al., 2024b; Liu et al., 2024b,a). Despite these advances, performance is 
constrained by the cost of wide-azimuth acquisition, limited bandwidth, 
attribute non-uniqueness, and sparse calibration wells (Niu et al., 2024). 
Future workflows should integrate azimuthal prestack anisotropy, 
frequency-dependent anisotropy, and target volumetric attributes, and 
use cross-validation to improve the predictive accuracy for BPFs.

2.3. AI-based identification of BPFs

Identifying BPFs is pivotal for the efficient development of shale 
petroleum resources, yet manual interpretation is labor intensive and 
often inconsistent. Recent studies have applied artificial intelligence to 
well logs and core images, enabling automated detection and classifi
cation. Supervised and self-supervised learning pipelines built on con
volutional neural networks, U-Net-like segmentation, and transformer 
backbones, together with classical machine-learning approaches, 
including support vector-machine and random-forest approaches, 
deliver markedly higher throughput and accuracy than conventional 
workflows. Deployed at scale, these models can standardize interpre
tation, reduce bias, and provide reproducible fracture maps that directly 
inform stimulation design and production forecasts. AI-based work
flows, particularly deep learning segmentation of core photos, CT vol
umes, and image logs, excel at high-throughput, reproducible detection 
of subtle, small-aperture microfractures that are easily overlooked by 
human analysts, and are increasingly capable of distinguishing fracture 
types from textural and contextual features.

Traditional machine-learning approaches typically classify or regress 
fractures from log curves or derived attributes. Common models include 
support vector machines (SVMs), decision trees and random forests 
(RFs), artificial neural networks (ANNs), multilayer perceptrons (MLPs), 
and extreme learning machines (ELMs) (Deng et al., 2023; Dong et al., 
2023; Ismail et al., 2023). SVMs separate fractured intervals from 
unfractured intervals by locating an optimal hyperplane in high- 
dimensional feature space. Decision trees partition log parameters 
using thresholds to distinguish fractured from intact sections, and RF 
ensembles improve robustness through majority voting (Lai et al., 2021; 
Ismail et al., 2023). ANNs learn fracture-relevant features via multilayer 
nonlinear mapping. These methods generally require feature engineer
ing or dimensionality reduction, use numerical log data (e.g., resistivity, 
acoustic slowness, and density) as inputs, and, after training, yield 
discriminative predictors of BPFs or other fracture types.

Illustrative applications include the fracture signature function (FSF) 
derived solely from conventional well logs, which, coupled with a 
feedforward neural network, identifies natural fractures in shale without 
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FMIs or cores and performs well under class imbalance (Ismail et al., 
2023). Deng et al. (2023) combined conventional and high-resolution 
logs and used a particle swarm-optimized ELM to improve the identifi
cation of thin interbeds, achieving 10%–30% higher accuracy than 
baseline methods. Azizi and Reza (2021) combined lithology and image 
logs from eight wells, trained decision trees, RFs, SVMs, and deep 
learning classifiers, and integrated outputs through ordered weighted 
averaging to increase detection accuracy. Overall, classical ML models 
are relatively simple, fast to train, and effective for small to medium 
datasets. They depend on hand-crafted features, have limited capacity to 
encode complex spatial contexts, assume some prior stationarity when 
generalizing to new data, and can be sensitive to hyperparameter 
choices (Lai et al., 2021).

Deep learning enables end-to-end feature learning and can ingest 
raw log curves, images, and seismic attributes. Representative archi
tectures include convolutional neural networks (CNNs), recurrent neu
ral networks (RNNs) such as long short-term memory (LSTM), 
transformer models (transformer and DETR), and object detectors such 
as YOLO and Faster R-CNN. CNNs excel on images, extracting spatial 
features from CT scans, core photographs, and borehole images and 
multilog data converted to images to delineate bedding orientation and 

fracture traces (Wu et al., 2024). RNNs capture sequential dependencies 
in depth-ordered logs, allowing the detection of fracture-induced 
anomalies. Object detectors, a computer vision technique, can localize 
and classify targets after log panels or resistivity images are cast as 2D 
inputs, enabling the automatic tagging of fractured intervals (Dong 
et al., 2023). DETR reframes detection as set prediction, producing N 
candidates that are matched to the ground truth via the Hungarian al
gorithm, which improves the recognition of thin features, including 
BPFs and fracture bands (Nasim et al., 2025).

The application of these methods is already showing clear gains. Ao 
et al. (2023) combined U-Net with attention to identify fractures in 
borehole images, recovering complex networks with high reliability. 
Dong et al. (2024) introduced FISY, which creates log images using a 
sliding window and applies YOLO-X and is more accurate than SMOTE 
with SVM or RF baselines. Nasim et al. (2025) developed GeoBFDT, a 
transformer-based framework that jointly identifies bedding and frac
tures on FMI and CMI resistivity images. Deep machine learning models 
learn discriminative patterns automatically, scale to large image data
sets, and are more efficient and accurate than classical machine learning 
approaches. The remaining challenges include heterogeneous and 
sometimes unreliable labels, limited generalizability across basins, and 

Fig. 5. (a) Triaxial Mohr diagram for the weak-plane reactivation criterion. Line ‘a’ represents the failure envelope for homogeneous intact rock, which is consistent 
with the Mohr–Coulomb criterion. Line ‘b’ denotes the weak-plane failure envelope, which is defined by the slope (μw) and intercept (Cw). Line ‘c’ is the fault 
reactivation line. (b) Mohr diagram for diagenetic BPFs. The contraction-stress envelope represents the tensile strength of the rock (σT, intercept on the horizontal 
axis). The circle is centered on the mean stress point, but diagenetic contraction reduces the effective minimum principal stress (σ3), which may even become 
negative, shifting the circle leftward. The bedding plane orientations are indicated, and the contraction stress (σs) is expressed as the extension of the Mohr circle into 
the negative σn domain. When the circle is tangential to the tensile envelope in the σn < 0 region, tensile fractures are predicted to form. (c) Formation of hydrocarbon 
overpressure BPFs. The initial Mohr circle, centered at [(σ1 + σ3)/2, 0], reflects a stress state dominated by compression. With increasing pore pressure (Pp), the 
effective stress decreases, and the circle shifts leftward to [(σ'1 + σ'3)/2, 0], where σ' = σ − Pp, accompanied by a reduction in the radius. The failure envelope consists 
of the Griffith envelope in the negative σn domain and the Coulomb line in the positive σn domain. When elevated pore pressure drives σ'3 negative, the Mohr circle 
becomes tangential to the Griffith envelope, marking the onset of tensile fracturing (σn ≈ − σT). The diagram also shows the quantitative effect of an increase in pore 
pressure (ΔPp) on fracture initiation. (d) Formation of unloading BPFs. Initially, the overburden stress (G) is high and the Mohr circle is centered in the positive σn 
domain. Following unloading, a reduction in G shifts the circle leftward with little change in the radius. The Griffith envelope is tangential to the Mohr circle when σn 
is negative, indicating the onset of tensile fracturing. The diagram shows the magnitude of unloading (ΔG) and residual stress (σr), illustrating the trajectory of the 
circle. Fracture development occurs when the circle becomes tangential to the envelope.
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modest multimodal fusion. With continued advances in transformers, 
attention mechanisms, and self-supervision, coupled with larger high- 
quality training sets, AI-based fracture mapping is poised to achieve 
more accurate detection and quantitative characterization of shale 
reservoirs.

Nevertheless, several bottlenecks remain. First, Small-sample 
learning: high-quality labeled datasets (cores, image logs) are scarce 
and expensive to acquire, limiting supervised training (Sun et al., 2025a, 
2025b). Second, Cross-basin generalization: models trained on one basin 
often fail when transferred to another due to differences in lithology, 
diagenesis, and stress regimes. Third, Multimodal data fusion: inte
grating diverse inputs (logs, images, seismic, core descriptions) effec
tively is still an open challenge (Mishra et al., 2022). Future advances 
may leverage few-shot/self-supervised learning to reduce annotation 
dependence, physics-informed neural networks to enforce geological 
consistency, and transformer-based multimodal architectures that 
jointly process numerical logs and high-resolution images.

3. Mechanical formation mechanisms of BPFs

Based on the dominant driving mechanisms, shale BPFs are classified 
into four genetic types: (1) Tectonic BPFs – formed by reactivation of 
pre-existing weak planes under regional compressive or shear stress; 
fluids sourced from open-system basin brines or, when magmatism is 
coeval, from hydrothermal systems (Cobbold et al., 2013; Su et al., 2022; 
Zhang et al., 2024, 2025). (2) Fluid-overpressure BPFs – generated by 
internal pore-pressure buildup during organic matter cracking in a 
closed to semi-closed system; cements precipitate from expelled for
mation fluids, not external fluids (Hoyt and Hooker, 2020; Liu et al., 
2022). (3) Diagenetic BPFs – induced by differential volumetric 
contraction during compaction, primarily dehydration of clay minerals 
and densification of organic matter; occur in relatively closed systems at 
shallow-intermediate burial (Liu et al., 2022; Fu et al., 2023). (4) 
Unloading BPFs – created by reduction of overburden stress during uplift 
and erosion, often reactivating earlier sealed fractures; filled by low- 
temperature meteoric or shallow formation waters (Nelson, 2001). 
This classification integrates dynamic fluid sources with mechanical 
failure processes, providing a genetic-mechanism-driven framework 
that differs from descriptive classifications based solely on geometric 
attributes.

3.1. Tectonic BPFs

Tectonic BPFs arise when regional stresses reactivate preexisting 
weak planes in shale, including lamination or interlayer slip surfaces. 
The compositional and grain size heterogeneity produced during depo
sition and diagenesis yields bands of reduced shear strength and cohe
sion along these planes, which have lower internal friction than the 
surrounding rock. These weak zones concentrate stress and are prefer
ential sites for failure (Anderson, 1981; Gale et al., 2014). Under 
compressive or shear stress, a weak plane experiences a combination of 
shear stress (τn) and normal stress (σn; Zoback, 2010; Zoback and Kohli, 
2019). Shear failure occurs when τn exceeds the shear strength (τc), 
producing fractures that are mechanically concordant with bedding 
rather than creating new surfaces in the host rock (Fossen, 2016; Fossen 
and Rotevatn, 2016). The stresses on a plane at an angle θ with σ1 (θ + α 
= 90◦ if α is measured relative to σ3) are controlled by the magnitude 
and orientation of the principal stresses (σ1, σ2, and σ3; Griffith, 1921). 
For a plane in the σ1–σ3 principal plane (Fig. 5a), the resolved stresses 
can be written as follows: 

σn =
σ1 + σ3

2
+

σ1 − σ3

2
cos(2θ)

τn =
σ1 − σ3

2
sin(2θ)

Failure initiates and propagates when the resolved shear stress on the 
weak plane exceeds its shear strength. If a plane is weaker than the host 
rock (τc < C0) and has a low internal friction coefficient (μw), it will fail 
preferentially, promoting BPF formation.

To quantify the propensity of tectonic stress to rupture a weak plane, 
we define the weak-plane failure coefficient as follows: 

faw =
τn

[τn]

where τn is the resolved shear stress on the bedding plane (MPa), and 
[τn] is the corresponding failure shear stress under the same normal 
stress (MPa). When faw > 1, the shear stress exceeds the failure threshold 
and fractures can may preferentially nucleate and propagate along the 
bedding-parallel weak surfaces. When faw < 1, the shear stress is 
insufficient for failure, and no fractures are expected to develop. In 
summary, this mechanical framework shows how regional tectonic 
stresses are concentrated in preexisting weak layers, promoting prefer
ential rupture along bedding and the formation of BPFs, providing a 
quantitative basis for predicting the spatial distribution of tectonic 
fractures.

Under a triaxial principal stress state (σ1 ≥ σ2 ≥ σ3; Fig. 5a), the 
normal and shear stresses acting on the bedding plane can be expressed 
as follows: 

σn =
(
σ1sin2θ+ σ2cos2θcos2α+ σ3cos2θsin2α

)

τn =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σ2 − σ2
n

√

where θ is the angle between the bedding plane and the maximum 
principal stress σ1 (◦) and α is the angle between the bedding plane and 
σ3 within the σ2–σ3 plane (◦). If the shear strength of the bedding plane is 
σCw and the friction coefficient is μw, the critical shear stress for fracture 
initiation can be expressed as follows: 

[τn] = σCw + μW × σn 

Accordingly, the fracture coefficient of any weak plane can be 
expressed as 

faw =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ2 − σ2

n

√

σCw + μW × σn 

Using this equation, the development of tectonically induced BPFs 
can be evaluated quantitatively for a given stress state and bedding- 
plane orientation, and the failure site and criterion can be visualized 
on a Mohr diagram. When the stress state, orientation of the weak plane, 
shear strength, and friction coefficient are known, the fracture coeffi
cient can be calculated. A value of ≥1 indicates fractures will develop. In 
the special case where σCw = σC (homogeneous rock), the equation re
duces to the Coulomb criterion, τn = σC + tanφ × σn, where φ is the 
internal friction angle. This demonstrates that tectonic BPFs arise as 
manifestations of preexisting weak planes. The equation provides a 
systematic solution for the failure of weak planes under tectonic stress 
and offers a robust basis for predicting the distribution of BPFs.

Furthermore, if the stress state, shear strength, friction coefficient, 
and orientation of preexisting weak zones are known, the corresponding 
fracture coefficient can be calculated directly.

When σCw = 0 and μw is replaced by the friction factor (fF), the ac
tivity coefficient of preexisting faults (faF) can be written as 

faF =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ2 − σ2

n

√

fF × σn 

The equation above equates faF with faw. Collectively, these values 
are referred to as the activity coefficient of preexisting structures (faS).

When σCw = σC (equivalent to a homogeneous medium), the shaded 
region in Fig. 5 collapses to a single point (A), where the section forms an 
angle θ = 45◦ − φ/2 with σ1 and is perpendicular to σ3 (α = 90◦). 
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Figure XX shows that only point A yields an activity coefficient of 1, 
whereas at all other points the activity coefficient is <1. Substituting the 
conditions for point A (α = 90◦, θ = 45◦ − φ/2) and for a homogeneous 
case (σCw = C, μw = tanφ) gives 

faw =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
σ2

1sin2θ + σ2
3cos2θ

)
−
(
σ1sin2θ + σ3cos2θ

)2
√

C + tanφ ×
(
σ1sin2θ + σ3cos2θ

) = 1 

Further simplification yields 

τn = C+ tanφ× σn 

Where 

τn =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
σ2

1sin2θ + σ2
3cos2θ

)
−
(
σ1sin2θ + σ3cos2θ

)2
√

σn = σ1sin2θ+ σ3cos2θ 

The Coulomb–Mohr criterion for homogeneous media clearly rep
resents a special case of the failure criterion. The equation above pro
vides a solution for rock failure in geological bodies containing 
preexisting weak planes, offering critical insights into the origin of BPFs 
and clarifying the mechanisms governing their formation under tectonic 
stress.

3.2. Hydrocarbon fluids overpressure BPFs

Hydrocarbon-generated overpressure BPFs are secondary fractures 
that develop during basin evolution when anomalously high-pressure 
fluids generated by the decomposition of organic matter (e.g., kerogen 
cracking) accumulate in closed or semi-closed systems. The resulting 
increase in pore pressure (Pp) drives fracture initiation and propagation 
along bedding planes. These fractures develop widely in deeply buried 
shales, mudstones, and tight sandstones, where they increase the 
permeability and fluid transport substantially, forming a critical 
geological mechanism for hydrocarbon enrichment and high-yield 
wells.

In closed systems, including organic-rich mudstone and tight sand
stone intervals, increasing burial depth and temperature promote the 
generation of large volumes of fluid (oil, gas, and water) from the 
decomposition of organic matter. If fluid expulsion is inhibited, the pore 
pressure continues to rise (Kravchenko et al., 2014; Lander and Laubach, 
2015). Once the pore pressure becomes sufficiently high, the effective 
stress (σ') in the rock decreases significantly. According to the effective 
stress principle (Fig. 5b), the effect of pore pressure on the effective 
stress (σ'n) can be expressed as 

σ́ n = σn − Pp 

Using the modified Coulomb criterion, faw can be written as 

faw = τn/(σcw + μW × σ́ n)

Alternatively, using the Griffith fracture criterion when σ'n < 0, faw 
can be expressed as 

faw = |σ́ n|/σT 

In extensional settings, hydrocarbon generation overpressure occurs 
when Pp > σ3 + σT, at which point σ'3 < 0 and tensile fractures develop 
(Fig. 5b). By further refining this equation, the magnitude of hydro
carbon overpressure (ΔPp) can be estimated as follows: 

ΔPp =
(
Vg⋅R⋅T

)/
(φ⋅β)

where Vg is the volume of generated hydrocarbons (m3), R is the molar 
gas constant (dimensionless), T is the temperature (◦C), ϕ is the porosity 
(%), and β is the compressibility coefficient (dimensionless).

This equation can be used to predict transitions in fracture type; e.g., 
when the pore pressure (Pp) increases by 10 MPa, the Mohr circle shifts 

leftward, and the probability of tensile fracturing increases. Therefore, 
hydrocarbon-generated overpressure is a key driver of BPFs, particularly 
in shale gas reservoirs.

The formation of overpressure BPFs can be divided into three stages. 
Stage 1 involves the build-up of pore pressure, where the cracking of 
organic matter generates large volumes of fluid that cannot be expelled, 
leading to a progressive increase in pore pressure. Stage 2 is a reduction 
in the effective stress. Elevated pore pressure reduces the effective stress 
sharply. The minimum principal stress can potentially become negative, 
placing the system in a tensile or extensional-shear regime. Stage 3 is the 
activation and propagation of fractures. Once the Mohr circle becomes 
tangential to the failure envelope, fractures initiate along bedding 
planes and subsequently propagate under continued hydrocarbon 
overpressure and regional tectonic stress.

These fractures develop widely in shale gas, tight oil and gas reser
voirs, and deeply buried source rocks. They typically occur as dense 
clusters of fractures aligned with bedding planes, forming microfracture 
networks that increase the effective porosity and permeability sub
stantially, enhancing hydrocarbon migration and accumulation.

In summary, the formation of overpressure BPFs is driven by the 
generation of anomalously high pore pressure during hydrocarbon 
generation, which reduces the effective stress and triggers tensile or 
extensional-shear failure along weak bedding planes. This mechanism 
provides a robust mechanical basis for predicting fracture development 
and enrichment patterns in shale and tight hydrocarbon reservoirs.

3.3. Diagenetic BPFs

Diagenetic BPFs are induced mainly by differential shrinkage during 
sedimentary diagenesis. They represent a secondary fracture type that 
develops along bedding planes as a result of volumetric contraction and 
stress concentration during compaction, pressure solution, and mineral 
transformation (Morley et al., 1990; Liu et al., 2017a, 2017b). During 
diagenesis, variations in grain size, mineral composition, and hydration 
state generate pronounced mechanical heterogeneities across bedding 
planes (Zahid et al., 2016). Critically, the volumetric contraction that 
drives fracture opening is primarily associated with clay-mineral dehy
dration (e.g., smectite-to-illite transformation), the thermal maturation 
of organic matter (kerogen to oil/gas), and the collapse of hydrated 
interlayers (Luo et al., 2021). In contrast, rigid grains such as quartz, 
feldspar, and carbonate typically undergo negligible thermal or chemi
cal shrinkage under diagenetic conditions (Du et al., 2021).

During diagenetic compaction, the overburden stress (G) increases 
progressively as the geothermal gradient increases, enhancing pore 
water expulsion and mineral recrystallization and driving bulk volu
metric contraction of the rock (Peacock et al., 2000; Ren et al., 2019). 
Because mineral compositions and physicochemical shrinkage differ 
above and below bedding planes, differential contraction develops along 
these interfaces, generating localized tensile stress (σs). When σs exceeds 
the tensile strength of the rock (σT), tensile BPFs initiate along me
chanically weak bedding surfaces.

These fractures are common in siltstone, tuff, and silty mudstone 
reservoirs. They are typically discontinuous or curved features along 
bedding planes and, in some cases, have feather-like branches. BPF 
densities range from a few to several tens per meter, with individual 
apertures of generally <60 μm. Although they are narrow and limited in 
length, their high density enhances the microscale permeability of the 
host rock substantially.

From a mechanical perspective, the formation of diagenetic BPFs can 
be divided into two stages. During the residual stress accumulation 
stage, differences in mineral composition and grain size above and 
below bedding planes cause uneven shrinkage during compaction and 
diagenesis, generating a residual tensile stress field (σr) parallel to the 
bedding plane (Hooker et al., 2018). During the fracture propagation 
stage, the residual tensile stress increases and eventually reaches or 
exceeds the tensile strength of the rock, initiating tensile failure along 
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mechanically weak bedding planes and driving fracture propagation 
(Fig. 5c).

The shrinkage stress is assumed to be given by 

σs = k⋅(ΔV/V)⋅E 

where k is the shrinkage coefficient (controlled by mineralogical dif
ferences, typically 0.1–0.5), ΔV/V is the volumetric shrinkage ratio, and 
E is the elastic modulus of the rock (MPa).

Fracture formation follows the Griffith criterion; i.e., fractures 
develop when the driving stress (σd) exceeds the tensile strength: 

σd = σs + σr − G 

faw = σd/σT 

where σr is the residual stress due to the diagenetic history (MPa) and G 
is the overburden pressure (MPa). When faw ≥ 1, diagenetic bedding 
fractures are expected to form.

Extending the equation above, the spacing (d) of diagenetic bedding 
fractures can be estimated as follows (Fig. 5c): 

d = kt⋅(T/σs)

where kt is the diagenetic factor, which reflects bedding type and ranges 
from 0 to 1 (0.5 for parallel bedding and 1.0 for cross bedding).

Diagenetic contraction typically occurs at depth, generating stress 
parallel to the bedding planes and producing fractures aligned with 
them. On a Mohr diagram, this process is expressed as a leftward shift of 
the circle under tensile stress, with tensile fractures forming once the 
rock's tensile strength is exceeded. The formation of diagenetic BPFs 
reflects the concentration of tensile stress along mechanically weak 
bedding surfaces, driven by differential shrinkage during compaction 
and mineral transformation. This mechanism provides a robust me
chanical basis for interpreting microfracture density in reservoirs and its 
influence on fluid flow.

3.4. Unloading BPFs

Unloading BPFs form primarily during uplift and erosion, when the 
reduction in overburden pressure releases residual stress and generates a 
driving stress (Wang et al., 2021). When σd exceeds the tensile strength 
of the rock, tensile fractures develop preferentially along bedding 
planes. This mechanism is common in outcrops or shallow interval, with 
the fracture scale controlled by the magnitude of unloading (Laubach 
et al., 2010).

The overburden pressure decreases during uplift, whereas residual 
stresses retained from earlier tectonic or diagenetic processes and hy
drostatic pressure (P) remain unchanged, resulting in net tensile stress 
(Olson et al., 2009). The driving stress, defined as σd = σr + P − G, 
promotes fracture propagation along bedding planes. As unloading re
duces the minimum principal stress (σ3; Fig. 5d), the Mohr circle shifts 
leftward, and tensile fractures initiate when the circle becomes 
tangential to the Griffith envelope in the negative σn domain (Zeng et al., 
2023).

This mechanism follows the Griffith criterion, highlighting the 
dominance of tensile failure during unloading: 

σd = σr +Pp − G 

When the driving stress exceeds the tensile strength of the rock, 
tensile failure occurs along mechanically weak bedding planes, forming 
extensional fractures. These fractures are widely developed in outcrops, 
shallow reservoirs, and regions of large-scale uplift and erosion, with 
their scale, density, and intensity controlled by the magnitude (ΔG) and 
rate of unloading (Fig. 5d).

From a mechanical perspective, unloading reduces σ3 progressively, 
and the rock mass enters a tensile regime once σ3 becomes negative. On 

a Mohr diagram, unloading shifts the circle leftward, and tensile frac
tures initiate when it becomes tangential to the Griffith envelope in the 
negative σn domain. Uplift and erosion reduce overburden stress, in
crease the relative importance of pore pressure, and release residual 
stress, producing a tensile stress state. Unloading BPFs develop when σd 
≥ σT and stress release drives tensile failure along bedding planes. The 
formation of unloading BPFs can be divided into three stages. Stage 1 is 
uplift and unloading, when progressive uplift and erosion reduce the 
overburden stress. During stage 2, residual stress and hydrostatic pres
sure dominate and remain relatively stable over short timescales, 
generating a net tensile driving stress. During stage 3, fractures initiate 
and propagate. Once σd exceeds the tensile strength of the rock, fractures 
initiate along bedding planes and propagate outward.

To quantitatively assess the driving capacity of stress release for 
fracture development, we introduce the unloading fracture activation 
coefficient: 

faw = σd/σT 

When faw ≥ 1, BPFs are expected to develop. The residual stress can 
be estimated from historical stress models as follows: 

σr = (1 − μ)⋅σt/E 

where μ is Poisson's ratio and σt is the maximum paleostress (MPa).
By further refining the equation, the spacing of unloading-induced 

fractures (L) can be related to the magnitude of unloading as follows: 

L = Ku⋅(1 − μ)⋅
(

σT

σd

)

where Ku is the unloading coefficient (0.2–1.0).
In areas of uplift and erosion, when ΔG reaches 20 MPa, σd increases, 

leading to a corresponding increase in the fracture density. This mech
anism explains the origin of surface BPFs and has practical value for 
reservoir modeling.

Unloading BPFs are important in reservoir engineering and predict
ing natural fractures. Their formation increases reservoir permeability, 
provides pathways for hydrocarbon migration, and facilitates the 
extension of hydraulic fracture networks during the formation of shale 
gas, coalbed methane, and deep tight reservoirs.

In summary, unloading BPFs originate during uplift and erosion, 
when the reduction in overburden stress generates a net tensile driving 
stress that exceeds the tensile strength of the rock, leading to tensile 
failure along mechanically weak bedding planes. This mechanism pro
vides a robust mechanical basis for analyzing and predicting fracture 
distributions under uplift and erosion regimes.

Therefore, to fully decipher the origin of a given BPF set, mechanical 
analysis must be complemented by geochemical and geochronological 
interrogation of the fracture cements. We need to examine the petro
graphic, fluid-inclusion, isotopic, and chronological signatures that 
fingerprint the fluid regime and absolute timing of cementation, thereby 
converting a generic “tectonic” or “overpressure” mechanism into a 
specific, testable geological history.

4. Cements in BPFs

4.1. Tectonic BPFs

Cements in tectonic BPFs are not only blocky, but often are fibrous or 
elongated (Bons et al., 2012; Quandt et al., 2021; Zhao and Li, 2022). 
Fibrous veins typically form in closed or semi-closed fracture systems 
where fracture opening and mineral growth occur synchronously, 
consistent with a crack–seal mechanism (Hilgers et al., 1997; Wiltschko 
and Morse, 2001; Virgo et al., 2016). Under a stable stress field, 
particularly with a low σ3, fractures open incrementally and are 
immediately invaded by fluid. Minerals precipitate along the walls to 
produce fibers oriented approximately normal to the vein walls (Elburg 
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et al., 2002; Zhang et al., 2015). Repeated cycles of opening and sealing 
yield well-ordered fibrous veins with the long axes of the crystals 

aligning with the opening direction, preserving a microstructural record 
of the stress history (Urai et al., 1991; Hilgers et al., 1997; Bons et al., 

Fig. 6. Histogram of homogenization temperatures (Th) for calcite cement in BPFs. (a–r) Fluid inclusions in BPF cements. (a–f) Hydrocarbon-generation-related BPF 
cements with coexisting aqueous and hydrocarbon inclusions. (g–l) BPF cements dominated by aqueous inclusions, indicating basin-fluid infill associated with 
tectonic activity. (m–r) BPF cements dominated by aqueous inclusions, indicating infill by high-temperature fluids generated during tectonic activity. Data from 
Jochum et al. (1995), Wang (2016), Li (2018), Lu et al. (2021), Wu et al. (2022), Luo et al. (2021), Su et al. (2022), Wang et al. (2022), Zhang et al. (2022), and Sun 
et al. (2023), together with unpublished data.

Fig. 7. Rare earth element patterns of fracture-filling cements in BPFs with different origins. Hydrothermal fluids from (a) the Lucaogou Formation, Junggar Basin; 
(b) the Wufeng–Longmaxi Formation, Sichuan Basin; and (c) the Fengcheng Formation, Junggar Basin. Basin fluids from (d) the Lucaogou Formation, Junggar Basin; 
(e) the Wufeng–Longmaxi Formation, Sichuan Basin; and (f) the Qiongzhusi Formation, Sichuan Basin. Hydrocarbon-derived fluids from (g) the Lucaogou Formation, 
Junggar Basin; (h) the Wufeng–Longmaxi Formation, Sichuan Basin; and (i) the Qiongzhusi Formation, Sichuan Basin. Data from Luo et al. (2021), Yuan (2022), Fan 
et al. (2023), and Zhang et al. (2025), together with unpublished data.
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2012; Virgo et al., 2016).
Elongated ribbon-like fills commonly reflect discontinuous opening 

and variable fluid activity (Quandt et al., 2021; Zhao and Li, 2022). In 
settings with complex stress perturbations or near fault boundaries, 
localized stress concentrations, lithologic heterogeneities, or preexisting 
weaknesses promote partial non-throughgoing dilation (Gaboury and 
Daigneault, 2000; Zhang et al., 2015). Fluids are then introduced in 
pulses, and minerals precipitate only in favorable microenvironments, 
forming lenses or banded bodies with irregular shapes and large varia
tions in thickness (Oliver and Bons, 2001; Zhao and Li, 2022). These 
veins commonly contain blocky or granular crystals with poorly devel
oped preferred growth directions, indicating complex hydrodynamic 
conditions and rapid unstable crystallization (Elburg et al., 2002). Some 
fibrous veins exhibit S- or C-type geometries, recording syn-crystalline 
shortening and shear (Hilgers et al., 1997; Zhao and Li, 2022).

When tectonic activity does not trigger magmatism or when mag
matic–hydrothermal fluids fail to penetrate BPFs, fracture cements are 
sourced predominantly from basin fluids (Gleeson et al., 2003; Su et al., 
2022; Yu et al., 2023). In these cases, chemical and isotopic composi
tions, together with fluid inclusion signatures, reflect open-system basin 
fluid characteristics (Fig. 6g–l; Haller et al., 2010; Yu et al., 2023). The 
fluids may be derived locally from the host rocks bordering the fractures 

(Wang et al., 2015; Su et al., 2022), or tectonic pumping and enhanced 
connectivity can introduce fluids from overlying or underlying strata 
(Suchy et al., 2002; Gleeson et al., 2003; Fusswinkel et al., 2014). 
Consequently, both the geochemical compositions of the cements and 
inclusion assemblages inherit the diagnostic signatures of the basin- 
derived fluids (Fig. 6; Dix and Robinson, 2003; Su et al., 2022).

A second end-member occurs where tectonic activity is coupled with 
magmatism, allowing hydrothermal fluids to infiltrate BPFs network 
and impart a distinct hydrothermal signature to the cements (Warmada 
et al., 2007; Morishita and Takeno, 2010; Li et al., 2025b, 2025a). In 
these settings, fluid inclusions commonly record homogenization tem
peratures (Th) that are higher than the expected formation temperatures 
of the enclosing strata (Fig. 6m–r), consistent with an external, high- 
enthalpy fluid source (Warmada et al., 2007; Fan et al., 2012). A posi
tive Eu anomaly is a key geochemical indicator (Li et al., 2025b, 2025a). 
Under reducing high-temperature conditions, Eu3+ is partially reduced 
to Eu2+. As the larger ionic radius of Eu2+ limits its incorporation into 
rock-forming minerals, the retention of Eu in the fluid phase is favored. 
During cooling and carbonate precipitation, Eu2+ reoxidizes to Eu3+, 
whose ionic radius closely matches that of Ca2+, enabling substitution 
into calcite and producing a positive Eu anomaly in hydrothermal car
bonates (Fig. 7a–c; Warmada et al., 2007; Sahoo et al., 2022; Li et al., 

Fig. 8. C–O–Sr–Nd isotopic compositions of fracture-filling cements in bedding-parallel fractures. (a) C–O isotopic compositions, (b) 87Sr/86Sr ratios, and (c) O–Nd 
compositions of shale fracture cements from different basins. Data for the Lucaogou Formation, Junggar Basin, are from Zhang et al. (2025); for the Qingshankou 
Formation, Songliao Basin, are from Zhang et al. (2023); for the Paleogene shales of the Subei Basin are from Su et al. (2022); for the Paleogene shales of the Bohai 
Bay Basin are from Jin et al. (2007); for the Longmaxi Formation, Sichuan Basin, are from Wu et al. (2021); for the Qiongzhusi Formation, Sichuan Basin, are 
unpublished; and for Upper Triassic shales in Canada are from Al-Aasm et al. (1995).
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2025b, 2025a).
Isotopic compositions are sensitive tracers of hydrothermal input 

(Yang et al., 2013). Carbon isotopes in volcanic–hydrothermal or deep 
magmatic fluids commonly yield broad ranges of δ13C values (Moussa 
et al., 2019). Oxygen isotopic compositions reflect both fluid sources and 
crystallization temperatures: elevated temperatures typically result in 
lower δ18O values (Hall et al., 1989; Morohashi et al., 2008). Thus, δ18O 
values of fracture cement that are markedly lower than those of the host 
rock indicate precipitation from high-temperature hydrothermal fluids 
or from deep-sourced fluids mixed with formation water (Fig. 8a; Horton 
et al., 2003; Ren et al., 2021). These signatures are documented in 
calcite cements from BPFs in the Lucaogou Formation in the Junggar 
Basin (linked to Permian post-collisional magmatism), the 
Wufeng–Longmaxi succession in the Sichuan Basin (associated with the 
Emeishan large igneous province), and the Bohai Bay Basin (related to 
Cenozoic subduction magmatism), all of which yield δ18O values lower 
than those of adjacent host rocks (Fig. 8a). More generally, δ18O values 
can be used to estimate the initial isotopic composition of diagenetic or 
hydrothermal fluids and constrain fluid temperatures and evolution 
paths (Banner and Hanson, 1990; Taylor, 1974).

Strontium isotopic compositions are conservative in hydrothermal 
systems and exhibit minimal fractionation, so fluids from different 
sources, including seawater, formation water, magmatic and hydro
thermal fluids, and crustal fluids, carry distinct signatures (Nadeau 
et al., 2018; Quandt et al., 2019; Chandra et al., 2024). Anomalous shifts 
in the 87Sr/86Sr ratios of cements, therefore, provide key evidence for 
external hydrothermal input (Zhao et al., 2015). In closed diagenetic 
settings, the Sr isotopic compositions of the cements typically track 
coeval seawater or the host carbonate, reflecting formation water buff
ered by slow exchange with the wall rock (Katz and Bullen, 1996; Fanlo 
et al., 1998; Clauer et al., 2017). Systematic departures from this 
background, such as abrupt increases or decreases accompanied by 
enrichment in trace elements or REEs (Fig. 8b), indicate hydrothermal 
incursion (Savelieva et al., 2008; Wind et al., 2023). Two end-member 
signals are common. First, high 87Sr/86Sr ratios point to crust-derived 
fluids that interact with Rb-rich lithologies, such as granites or meta
pelites (Fig. 8b), which drive the 87Sr/86Sr ratios of the cement above 
that of seawater (Zhao et al., 2015; Wind et al., 2023; Chandra et al., 
2024). Second, low 87Sr/86Sr ratios indicate mantle-derived or 
magmatic inputs, particularly where fluids equilibrate with basaltic or 
ultramafic rocks (Hoernle, 1998; Quandt et al., 2019; Schwarzenbach 
et al., 2021).

Neodymium isotopic compositions are well suited for resolving 
subtle deep-sourced inputs in complex, multistage hydrothermal sys
tems (Uysal et al., 2007; Barker et al., 2009). Although Nd contents in 
carbonates are low and often require solution enrichment or laser 
ablation–multicollector–inductively coupled plasma–mass spectrometry 
for precise determination, robust εNd(t) values are highly diagnostic 
(Barker et al., 2009; Henjes-Kunst et al., 2014). Crust-derived fluids, 
particularly those that have interacted with ancient continental crust, 
typically yield negative εNd(t) values and low 143Nd/144Nd ratios, 
whereas mantle-derived fluids or fluids related to mafic or ultramafic 
rocks retain more primitive signatures with higher 143Nd/144Nd ratios 
(Bell et al., 1989; Voicu et al., 2000). Joint Sr–Nd isotopic compositions 
are especially powerful for reconstructing fracture-fluid histories and 
sources (Uysal et al., 2007; Barker et al., 2009; Laubach et al., 2010). In 
tectonic fracture systems, low εNd(t) values in cements together with 
radiogenic Sr isotopic compositions (87Sr/86Sr > 0.718) indicate 
extensive interactions with upper-crustal Al- and Si-rich lithologies 
during fluid migration (Fig. 7a; Uysal et al., 2007; Barker et al., 2009). 
This is similar to the isotopic compositions of deep magmatic fluids. 
These signatures are common where fractures tap deep crustal conduits, 
fault zones, or basement rocks, highlighting their role in channeling 
mass transfer from deep to shallow levels (Laubach et al., 2010, 2019). 
Conversely, calcite with εNd(t) values near those of the mantle (e.g., εNd 
(t) > − 2) suggest direct contributions from magmatic–hydrothermal or 

mantle-degassing fluids (Bell et al., 1989; Voicu et al., 2000; Louvel 
et al., 2022). This pattern is widespread along the margins of igneous 
provinces, vent systems, and fracture zones influenced by intrusions 
(Barker et al., 2009; Louvel et al., 2022). Illustrative cases include 
bedding-parallel calcite cements in the Lucaogou Formation in the 
Junggar Basin and in the Wufeng–Longmaxi succession in the Sichuan 
Basin, both of which are related to Permian magmatism and have rela
tively high εNd(t) values (>7), consistent with regional igneous rocks 
(Fig. 8c). These εNd(t) values commonly coexist with low 87Sr/86Sr ra
tios, low δ13C and δ18O values, positive Eu anomalies, and high- 
temperature fluid inclusions, which together are indicative of deep hy
drothermal inputs (Drake et al., 2015; Louvel et al., 2022).

4.2. Fluid overpressure BPFs

During hydrocarbon generation, early generated oil occupies pore 
space and increases the pore-fluid pressure (Tingay et al., 2013; Fall 
et al., 2015). Continued generation drives the pressures higher until it 
exceeds the tensile strength of weak laminae in shale, initiating BPFs 
that are then charged with hydrocarbons (Becker et al., 2010; Fall et al., 
2015; Williams et al., 2017). The petrography of veins differs between 
the oil and gas windows. Bedding-parallel fibrous cement-filled fractures 
can be attributed to crystal growth rates that outpace the vertical 
propagation of the fracture, consistent with crack–seal growth during 
the main stage of liquid-hydrocarbon generation, when lithostatic 
pressures are reached only episodically and sublithostatic fluid over
pressures generally prevail (Osborne and Swarbrick, 1997; Bons, 2001; 
Laubach et al., 2004; Lash and Engelder, 2005; Gasparrini et al., 2014). 
In contrast, blocky-filled BPFs commonly form during peak gas gener
ation, when oil cracking to gas produces volumetric expansion by a 
factor of ~500, rapidly opening fractures. Under these conditions, 
superlithostatic pressures in CH4-saturated fluids can persist and widen 
fracture faster than cements can precipitate (Barker, 1990; Wang et al., 
2023).

Analyzing fluid inclusions in fracture cements is a primary diagnostic 
method for overpressure-driven hydrocarbon-related BPFs (Laubach 
et al., 2004; Gasparrini et al., 2014). During crystallization, cements trap 
coeval fluids. The presence of liquid or gaseous hydrocarbons (e.g., oil or 
methane; Fig. 6a–c) demonstrates that hydrocarbon-charged fluids 
entered the fracture system and participated in mineral precipitation 
(Fisher and Brantley, 1992; Jochum et al., 1995). Two or three phases 
are typically visible in hydrocarbon inclusions under transmitted light: 
pale yellow to brown liquid oil and prominent vapor bubbles. Under 
fluorescence microscopy, they emit blue, green, or orange fluorescence 
depending on their composition and maturity, providing a robust indi
cation of hydrocarbon charging (George et al., 2001; Ping et al., 2019; 
He et al., 2022). The homogenization temperature (Th) provides thermal 
constraints on timing. Homogenization temperatures concentrated 
around 60–130 ◦C together with liquid hydrocarbons (Fig. 6) indicate 
cement growth in the oil window, whereas CH4-only inclusions 
(Fig. 6d–f) and Th greater than ~180 ◦C point to late cracking and gas- 
dominant charging (Liu et al., 2009; Chi et al., 2020; Wang et al., 2022; 
Nandakumar et al., 2024). Thus, stage-specific Th distributions resolve 
the sequence of hydrocarbon charging and distinguish fracture cements 
precipitated in the oil window from those precipitated in the gas win
dow (Gasparrini et al., 2014; Nandakumar et al., 2024). Critically, 
capture pressures recorded by inclusions in overpressure-related veins 
exceed hydrostatic pressure and can approach or surpass the lithostatic 
pressure, as documented for calcite cements in BPFs in the Lucaogou and 
Wufeng–Longmaxi formations in the Sichuan Basin (Fig. 9; Li et al., 
2023b, 2023a; Zhang et al., 2025).

The geochemical signatures of fracture cements also reveal 
overpressure-driven hydrocarbon-related BPFs. These fractures typi
cally form in closed systems, where immobile formation fluids enable 
diffusive transfer of dissolved ions from the host shales into the fracture 
(Hooker et al., 2015; Wang et al., 2020; Gao et al., 2019). Under these 
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conditions, isotopic exchange between solutes and water leads to little 
long-term compositional difference between the host rock and cement 
(Fall et al., 2015; Fan et al., 2024a). Consequently, the major and trace 
element contents and C–O isotope ratios of cements commonly 
resemble those of the surrounding shale (Figs. 7g–i, 8a; Schaltegger 
et al., 1994; Schneider et al., 2002; Phan et al., 2018; Gao et al., 2020). 
Carbon isotopes are particularly informative, as the δ13C values of 
calcite primarily reflect the source of the dissolved inorganic carbon 
(Fig. 8a). Systematic negative shifts relative to the host shales (e.g., δ13C 
< − 5‰) imply inputs of CO2 generated by the thermal decomposition of 
organic matter, indicating the influence of degassing mature source 
rocks or admixtures of carbon-bearing gases (e.g., CH4 and CO2; Mozley 
and Hoernle, 1990; Ayuso et al., 2004; Peyaud et al., 2006). An addi
tional discriminator is cement age, as the precipitation of cement typi
cally coincides with hydrocarbon generation (Banner et al., 1988; 
Schaltegger et al., 1994; Gao et al., 2020).

4.3. Diagenetic BPFs

Diagenetic shrinkage-related BPF cements record early fracture ac
tivity during the evolution of sedimentary rocks, driven by clay dew
atering, the pyrolysis of organic matter, and volumetric contraction, 
which produce intrinsic fracture systems (Laubach et al., 2010, 2019; 
Meng et al., 2021). The formation of diagenetic BPFs does not require 
external tectonic stress and typically precedes, or is contemporaneous 
with, the early stages of porosity evolution during diagenesis (Loucks 
et al., 2009; Laubach et al., 2010; Gale et al., 2014).

The cements in diagenetic shrinkage fractures are dominated by 
calcite, with minor dolomite, quartz, mixed-layer illite–smectite, or 
authigenic clays in some samples (Uysal et al., 2007; Barker et al., 2009). 
The calcite is typically low-Mg, fine-grained, and well crystallized but 
irregular in shape. Quartz commonly occurs as microcrystalline to 
cryptocrystalline gel-like infill intergrown with calcite (Barker et al., 
2009). In places, mixed-layer illite–smectite shows preferential align
ment in the BPFs, indicating tight coupling between the evolution of clay 
minerals in the host rock and the fracture history during diagenesis 
(Uysal et al., 2007; Henjes-Kunst et al., 2014). Because cementation 

occurs early, cement fabrics generally lack high-temperature overprints, 
with sharp boundaries preserved and no hydrothermal signatures 
(Barker et al., 2009; Henjes-Kunst et al., 2014). These cements typify 
nontectonic fracture systems in shale and provide important pathways 
or diffusion conduits for microscale fluid migration (Drake et al., 2015; 
Laubach et al., 2019; Meng et al., 2021).

Diagenetic shrinkage-related bedding-parallel cements typically 
retain a geochemical signature close to that of sediments (Laubach et al., 
2010, 2019; Meng et al., 2021). Calcite cements commonly have δ13C 
values of approximately − 3‰ to +2‰ and δ18O values of approximately 
− 10‰ to − 4‰ on the V-PDB scale (Fig. 8a), consistent with precipita
tion in a relatively closed system governed by diagenetic formation 
water at low temperatures (Uysal et al., 2007; Barker et al., 2009). These 
isotopic compositions are similar to those of shallow basin fluids, and 
indicate the reprecipitation of carbonate dissolved in intraformational 
waters with no overprinting from external hydrothermal or deep fluids 
(Laubach et al., 2010, 2019). The Sr isotopic compositions of the ce
ments generally match those of coeval seawater or the host mudstone 
and shale (e.g., 87Sr/86Sr = ~0.707–0.709), suggesting that Sr is sourced 
from wallrock leaching mediated by diagenetic water and there is little 
to no magmatic or crustal input (Veizer, 1989; Uysal et al., 2007; Barker 
et al., 2009). REE patterns typically have negligible or slightly negative 
Eu anomalies (Fig. 7d, e; Barker et al., 2009; Louvel et al., 2022). In 
some cases, plagioclase contamination may give rise to positive Eu 
anomalies (Fig. 7f). This assemblage matches sedimentary to diagenetic 
carbonate systems and points to low-temperature, weakly reducing 
recirculated diagenetic waters with limited hydrothermal or oxidative 
modification (Barker et al., 2009; Rieger et al., 2022). Small one-phase 
liquid or two-phase liquid–vapor inclusions may occur in well-preserved 
calcite with Th usually <70–100 ◦C (Fig. 6), indicating shallow burial or 
early stage diagenesis. The inclusions are small and dense, consistent 
with stable entrapment conditions (Gasparrini et al., 2014; Henjes-Kunst 
et al., 2014; Zhang et al., 2022).

In summary, the isotopic and chemical compositions of diagenetic 
shrinkage cements provide a robust basis for distinguishing diagenetic 
conditions from hydrothermal overprints (Barker et al., 2009; Laubach 
et al., 2019). In reservoirs with multistage fracture systems, separating 

Fig. 9. Reconstruction of paleotemperature and paleopressure from vein cements in BPFs with different genetic origins. (a) Depth-dependent distribution of 
paleopressures from fracture veins. (b) Relationships between paleotemperature and paleopressure for different fracture types. Data from Wu et al. (2021), Wang 
et al. (2023), Liu et al. (2024b, 2024a), and unpublished data.
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shrinkage fractures from later tectonic fractures is essential for recon
structing the evolution of the reservoir, clarifying the origins of the 
fractures, and building reliable fracture network architecture models 
(Gale et al., 2014; Meng et al., 2021).

4.4. Unloading BPFs

Unloading BPFs form during basin uplift and erosion when over
burden removal lowers the confining pressure, prompting elastic 
rebound and stress readjustment that opens tensile cracks along bedding 
or other mechanically weak planes (Engelder, 1985; Gale et al., 2014; 
Laubach et al., 2019). These fractures typically develop late in the 
evolution of a basin. The cements record the influx of and precipitation 
from shallow fluids during unloading, and their mineralogical and ge
netic attributes distinguish them from both diagenetic and tectonic 
fractures (Barker et al., 2009; Gasparrini et al., 2014; Henjes-Kunst et al., 
2014).

At the outcrop and core scales, unloading BPFs are typically hori
zontal to subhorizontal, parallel to bedding, and laterally persistent but 
narrow; many are partially cemented or remain slightly open (Engelder, 
1985; Gale et al., 2014). The cements are dominated by calcite and 
dolomite, and commonly have fibers that grow perpendicular to the 
fracture walls, consistent with tensile opening followed by filling 
(Laubach et al., 2004; Hooker et al., 2012; Chenrai et al., 2022). Multiple 
cementation episodes are common: early fine fibrous calcite may be 
overgrown by later blocky calcite or microcrystalline quartz, resulting 
from repeated cycles of fracture opening, fluid influx, and partial sealing 
(Barker et al., 2009; Gasparrini et al., 2014; Henjes-Kunst et al., 2014).

Geochemical data indicate the presence of low-temperature shallow- 
sourced cements (Drake et al., 2014; Han et al., 2019; Chen et al., 2022). 
The δ13C values of calcite are mostly between − 3‰ and + 2‰ (V-PDB), 
consistent with mixtures of oxidized organic carbon and meteoric in
puts, whereas the δ18O values are typically negative (− 10‰ to − 16‰), 
indicating low-temperature precipitation from the surface or shallow 
percolating waters following uplift and exposure (Prosser et al., 1993; 
Smith et al., 2014; Nardini et al., 2019). Fluid inclusions yield Th of 
~60–100 ◦C, with some <50 ◦C, confirming near-surface cementation 
during late-stage cooling (Slobodník et al., 2006; Liu et al., 2017a, 
2017b). REE patterns typically show enrichment in light REEs and a 
weak negative Eu anomaly (Fig. 7e), consistent with water–rock inter
action in mildly redox or transitional settings (Cai et al., 2008; Gra
bezhev, 2010). The 87Sr/86Sr ratios of the cements are slightly higher 
than those of the host rocks, implying stronger exchange with terrige
nous detritus or weathered regolith along flow paths (Carpenter et al., 
1991; Gomes Jr et al., 2022).

Compared with hydrothermal veins, unloading BPFs lack high- 
temperature mineral assemblages, including abundant white mica, 
chlorite, and pyrite, and unloading BPFs do not yield anomalous REE 
enrichment or diagnostic hydrothermal fluid inclusions. These features 
suggests formation in a low-temperature regime with weak fluid flux 
(Liu et al., 2017a, 2017b; Han et al., 2019). Bitumen residues or oil 
staining in some fractures (Fig. 6a) indicate that hydrocarbons can seep 
along these planes even during unloading, providing evidence for late 
charging and microscale migration in unconventional reservoirs (Lash 
and Engelder, 2005; Gale et al., 2014; Gasparrini et al., 2014).

Across many petroliferous basins, extensive work on fluid inclusions, 
geochemistry, and the geochronology of cements has tightly constrained 
the origins of hydrocarbon generated overpressure-related BPFs and 
their tectonic counterparts. In contrast, cements in diagenetic shrinkage 
and unloading BPFs remain comparatively understudied. Interpretations 
of their origin are often semiqualitative and supported by limited 
quantitative datasets, leaving uncertainties in the timing, fluid sources, 
and mechanistic drivers that are critical for predictive models of fracture 
development and reservoir behavior.

4.5. Reliability and limitations of petrographic genetic discrimination

The preceding sections have documented distinct petrographic fab
rics—fibrous, blocky, elongated-blocky, crack-seal, cone-in-cone—that 
are strongly correlated with specific BPF origins. However, relying 
solely on optical or SEM petrography for genetic diagnosis carries 
inherent risks.

First, convergent evolution of textures: Antitaxial fibrous veins can 
form under both hydrocarbon-overpressure (low opening rate, contin
uous growth) and tectonic-shear (syntectonic fiber bending) conditions; 
without fluid inclusion or geochemical data, these are easily confused 
(Su et al., 2022; Zhang et al., 2025). Second, overprinting and recrys
tallization: Early diagenetic blocky calcite may be recrystallized during 
later hydrothermal activity, obliterating primary textures and inheriting 
new geochemical signatures while preserving a misleading “blocky” 
appearance (Li et al., 2023b, 2023a). Third, subjective interpretation: 
The distinction between syntaxial, antitaxial, and stretching veins can be 
ambiguous in poorly oriented thin sections. Therefore, a tiered diag
nostic workflow is recommended.

Tier 1: Petrography (core, thin section, CL) identifies candidate ge
netic types based on vein geometry, crystal habit, and paragenetic re
lationships. This step is fast, inexpensive, and applicable to every 
sampled vein.

Tier 2: Targeted microthermometry (fluid inclusions) and in-situ 
geochemistry (δ18O, δ13C, REE, Sr–Nd isotopes) are performed on a 
representative subset of veins that represent each petrographic end- 
member. These analyses resolve the fluid source, temperature, and 
redox state, providing a robust genetic assignment that can be extrap
olated to petrographically similar veins within the same basin.

Tier 3: U–Pb or Sm–Nd dating of a further subset directly links 
fracture opening to basin events (hydrocarbon generation, magmatism, 
uplift).

In practice, this approach balances scientific rigor with practical 
feasibility; it has been successfully applied in the Junggar, Sichuan, and 
Bohai Bay basins to map the spatial and temporal distribution of 
different BPF families at the reservoir scale.

5. Role of bedding parallel fractures in hydrocarbon 
accumulation

5.1. Influence of bedding parallel fractures on hydrocarbon flow and 
lateral transport

BPFs are readily opened and laterally extensive, and they constitute 
important pathways for shale oil and gas flow. Spontaneous imbibition 
experiments show that the water-uptake depth along bedding planes is 
~1.0 cm, shorter than the ~1.5 cm observed along tectonic fractures 
(Fig. 10). Despite this, the reaction zone along bedding planes experi
ences more complete imbibition than the reaction zone along tectonic 
fractures, leading to greater overall imbibition. Thus, BPFs do not have 
inherently lower imbibition capacities than tectonic fractures, and 
under suitable conditions their water uptake and stimulation efficacy 
can exceed those of tectonic fractures. When the lower bounds on oil–
water displacement properties can be neglected and the effects of 
gravity dominate, large pores on bedding planes may be less responsive; 
however, pervasive microfractures and pores can still imbibe efficiently 
and enhance the net effect of stimulation (Fig. 10d–f).

Beyond imbibition, BPFs strongly influence hydrocarbon flow and 
lateral transport. Their alignment with depositional layering creates 
relatively uniform conduits that promote even migration and distribu
tion at the microscale while offering low-resistance pathways for lateral 
flux within and between adjacent laminae, increasing reservoir sweep 
efficiency. Although the imbibition depth along bedding planes is 
slightly smaller than that of tectonic fractures, the more uniform and 
complete response along bedding planes can improve well performance 
substantially and play an important role in multiscale reservoir 
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stimulation.
Shale reservoirs possess small pore-throat systems that generate high 

capillary pressures. The ratio of capillary to gravitational forces in these 
reservoirs is large and the system is effectively closed, so oil cannot 
diffuse outward. Imbibition, therefore, proceeds counter to gravity and 
is governed primarily by capillary action. During bedding-parallel flow, 
water enters the matrix through pore throats oriented perpendicular to 

bedding and displaces the remaining oil (Fig. 11a). The pore throats are 
narrow, ingress and egress paths are long and tortuous, and compaction 
and cementation locally flatten or obliterate vertical conduits, creating 
closed segments and dead-end pores that cannot be accessed by 
imbibing water.

When tectonic fractures are present, water advances along bedding- 
parallel paths and replaces oil in laterally connected pores, and the 
principal reaction channels are relatively straight horizontal pores and 
microfractures (Fig. 11). Dead-end volumes that are not swept during 
bedding-parallel imbibition can be accessed during tectonic fracture- 
dominated imbibition. In the presence of wider microfractures or BPFs 
(Fig. 11), capillary forces in a tectonic fracture leading upward may be 
insufficient to overcome gravity, thereby suppressing imbibition; in 
contrast, downwards capillary action and gravity act in the same di
rection, and water displaces oil in microfractures and BPFs.

Overall, bedding-parallel flow paths are more tortuous, but their 
narrower throats yield higher capillary pressures, so the imbibition 
times are broadly similar to those along tectonic fractures. Because BPF 
systems contain a larger fraction of dead-end pores, their ultimate 
imbibition efficiency is typically lower than that of tectonic fractures.

In summary, the contributions of BPFs to hydrocarbon flow, lateral 
transport, and stimulation efficiency cannot be judged solely from 
imbibition depth or fracture aperture. Robust assessment should inte
grate the completeness of imbibition, pore-scale attributes, and the ge
ometry and connectivity of the microfracture network.

5.2. Influence of BPFs on hydrocarbon migration and accumulation

Analog modeling provides a powerful means to elucidate hydrocar
bon charge and trapping. By reproducing migration in a controlled 
setting, experiments can reveal mechanisms that are otherwise difficult 
to infer in situ. Building on a configuration where bedding-parallel and 
high-angle fractures coexist, Zhang et al. (2025) investigated their 
coupled roles during shale oil accumulation and compared trapping 
outcomes across fracture domains.

In the experiments, a packed model was charged with kerosene as an 
oil analog and advanced through three stages. Stage 1 simulated the oil 
generation window. Kerosene entered the matrix and saturated pores 
without immediate leakage into fractures, mirroring in situ generation 
whereby oil first fills local storage. Stage 2 simulated migration. 

Fig. 10. CT images of spontaneous imbibition in tectonic fractures and BPFs (Luo et al., 2020). (a) CT image of a tectonic fracture prior to imbibition. (b, c) CT image 
of the same fracture after imbibition. (d) CT image of a BPF prior to imbibition. (e, f) CT image of a BPF after imbibition.

Fig. 11. Imbibition patterns in BPFs and tectonic fractures (Luo et al., 2020).
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Continued injection drove both diffusive charge into the matrix and 
preferential charge along bedding-parallel and high-angle fractures, 
with the latter pathway being markedly more efficient. Stage 3 captured 
secondary diffusion from kerosene-filled fractures into the adjacent tight 
matrix once the fracture network was saturated.

The results demonstrate the contrasting functions of the two fracture 
sets and the substantial impact on charging efficiency and oil saturation 
(Fig. 12). In domain I, where both fracture families are present, the high- 
angle fractures provide vertical conduits and BPFs supply lateral path
ways and abundant storage, resulting in the highest charging efficiency 
and final oil saturation. In domain II, where only high-angle fractures 
exist, the oil fills the vertical conduits and then diffuses into the sur
rounding tight matrix. Saturation is highest near the fractures and de
clines with distance, and the overall saturation is lower than that of 
domain I. In domain III, which has only BPFs, the absence of vertical 
connectivity limits supply to slow, diffuse matrix charging before oil 
reaches the fracture-rich intervals. Collectively, high-angle fractures 
extend through the vertical reach, whereas dense bedding-parallel net
works facilitate lateral transport and storage. Their effective coupling 
substantially enhances charging efficiency and the oil saturation of the 
reservoir.

During hydrocarbon migration and trapping, BPFs act as key het
erogeneities and primary conduits (Wei et al., 2023). Unlike tectonic 
fractures, they are typically aligned with bedding, more pervasive, and 
connect intimately with primary pore systems. Lateral migration is, 
therefore, best described as a coupled relay along the fracture–pore 
network: fractures provide low-resistance pathways and pores buffer the 
flux and host local accumulations. During the trapping stage, this 
coupling becomes a joint accumulation mechanism, where fractures 
focus rapid convergence and charging, and pores provide the ultimate 
storage space (Zeng et al., 2022).

Laboratory flow experiments on tight sandstone cores with different 
laminations indicate the strength of this coupling (Liang et al., 2022). 
These experiments compared samples with well-developed BPFs, sam
ples with laminae but no fractures, and homogeneous tight samples, 
with injections oriented parallel to the BPFs, at random azimuths in the 
homogeneous material and perpendicular to the lamination. Where 
BPFs were absent, oil moved only through the pore network, yielding 
high threshold pressure gradients and low transport efficiency. In the 
coupled fracture–pore system, BPFs became preferential flow paths, 
sharply lowering the resistance and reducing the threshold gradient. For 
similar porosities, the presence of BPFs increased the effective perme
ability by roughly a factor of 5–10 (Fig. 13), underscoring their role in 
enhancing flow.

Further analysis reveals that in tight lithologies such as shale, 
nonlinear flow along BPFs reduces the threshold pressure and enables an 
early transition to linear flow. This accelerates migration and extends 
transport distances (Liu et al., 2021). Under the main charging fluid 
potential, hydrocarbons preferentially enter the coupled fracture–pore 
network, propagate laterally along well-connected pathways, and 
accumulate over long distances to form effective tight reservoirs 
(Fig. 14).

The utility of our genetic classification and diagnostic toolkit can be 
illustrated by comparing two well-studied lacustrine-marine shale sys
tems. In the Sichuan Basin (Wufeng–Longmaxi Formation), BPFs are 
predominantly tectonic-hydrothermal (Permian Emeishan plume- 
related) overprinted by late-stage unloading fractures; their high-angle 
intersections create complex 3D networks that dominate both stimula
tion and production (Liu et al., 2020). In the Junggar Basin (Lucaogou 
Formation), BPFs are mainly hydrocarbon-overpressure and diagenetic 
shrinkage types, with subordinate tectonic-hydrothermal veins linked to 
Permian post-collisional magmatism (Zhang et al., 2025). This 

Fig. 12. Photographs of the analog experiments (Song et al., 2019).
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comparison confirms that the principles derived from our integrated 
analysis are transferable across disparate geological settings, and that 
the four-fold genetic classification captures the essential spectrum of 
BPF origins globally.

Taken together, BPFs lower the entry barrier for charge into tight 
reservoirs and, through coupling with the pore system, greatly improve 
the flow capacity and transport efficiency. This highlights the composite 
nature of the fracture–pore systems in tight reservoirs and provides a 
theoretical and experimental basis for prediction in tight oil and gas 
plays.

5.3. Spatial and temporal configuration of BPFs and high-angle fractures: 
Implications for sweet spot distribution

In most shale reservoirs, BPFs and high-angle (vertical to subvertical) 
fractures coexist, forming a hierarchical fracture system. Their spatial 
and temporal configuration critically controls hydrocarbon migration 

and accumulation efficiency, and hence the distribution of “sweet spots” 
(Li et al., 2025b, 2025a; Du et al., 2025).

Where BPFs are densely developed and intersect with through-going 
high-angle fractures, a three-dimensional connected network is created 
that permits rapid vertical drainage from deep overpressured compart
ments and simultaneous lateral distribution across the reservoir. This 
configuration yields the highest oil/gas saturation and productivity. In 
contrast, where high-angle fractures are absent, BPFs form isolated, 
subhorizontal lenses that charge only by slow matrix diffusion; oil 
saturation is moderate and declines rapidly away from the fracture tips. 
Where high-angle fractures exist but BPFs are poorly developed, vertical 
migration dominates but lateral sweep is inefficient, resulting in narrow, 
chimney-like enriched zones (Ma et al., 2025).

The sequence of fracture opening is equally important. If BPFs form 
early (during oil window) and are subsequently connected by later high- 
angle fractures (formed during basin inversion or Himalayan tectonism), 
the earlier-formed BPFs serve as prefilled storage that is rapidly accessed 

Fig. 13. Simulations of hydrocarbon migration along BPFs and through matrix pores (Li et al., 2024). (a) Hydrocarbon migration along BPFs. (b) Hydrocarbon 
migration through matrix pores.
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by later fractures, promoting sustained high production. Conversely, if 
high-angle fractures open before BPF development, they may drain 
hydrocarbons prematurely or become sealed by late-stage cements, 
reducing ultimate reserves (Zhang et al., 2024).

Sweet spot prediction therefore requires not only mapping fracture 
intensity, but also discriminating fracture types, quantifying their con
nectivity, and establishing their relative timing through integrated core- 
log-geochronology correlation. The genetic classification and analytical 
framework presented in this review provide the essential tools for such 
predictions.

It must be emphasized that bedding-parallel fractures alone, despite 
their high lateral permeability, are incapable of delivering large-scale 
shale hydrocarbon accumulations unless they are connected to the 
source kitchen or overpressure compartment by vertical or oblique 
fracture conduits. Analog experiments (Zhang et al., 2025) and field 
production data consistently show that the highest productivity wells 
are those intersecting both dense BPF swarms and open, through-going 
high-angle fractures. The latter serve as “hydrocarbon elevators” that 
drain overpressured intervals hundreds of meters below the reservoir 
and feed the laterally extensive BPF network. Without such vertical 
connections, BPFs merely redistribute hydrocarbons already present 
within the same lamina and cannot sustain flow rates.

6. Conclusions

Bedding-parallel fractures (BPFs) are among the most widespread 
and influential fracture systems in shale reservoirs, reflecting the strong 
mechanical stratification and evolving fluid–stress history of sedimen
tary basins. This review highlights their structural complexity, diverse 
origins, and fundamental importance for hydrocarbon migration, accu
mulation, and production. 

(1) Four genetically distinct bedding-parallel fractures (BPFs) in 
shale are recognized: hydrocarbon fluids overpressure, tectonic, 
diagenetic, and unloading fractures. Hydrocarbon fluid over
pressure BPFs can be identified by cemented fluids derived from 
hydrocarbon expulsion and are characterized by the coexistence 
of hydrocarbon and aqueous inclusions, chemical and isotopic 

compositions that are indistinguishable from those of the host 
shale, and ages consistent with the timing of hydrocarbon gen
eration. Tectonic BPFs are sealed by hydrothermal or basin fluids 
in open systems. The hydrothermal source of the fluids is indi
cated by homogenization temperatures that are higher than the 
stratigraphic temperatures, pronounced positive Eu anomalies, 
and C–O–Sr isotopic compositions similar to those of magma
tic–hydrothermal fluids, with cement ages coinciding with 
regional magmatic events. Where tectonic activity occurred in 
the absence of magmatism, fracture cements instead inherited the 
signatures of fluids from the host rock or adjacent strata under 
open-system conditions. In contrast, diagenetic BPFs are sealed 
by fluids generated during shallow burial or early diagenesis 
under relatively closed conditions and generally lack overprints 
from external hydrothermal or deep fluids; therefore, they yield 
similar compositions to the host-shale fluids. Unloading BPFs that 
formed during late-stage uplift are filled by meteoric or shallow 
fluids, characterized by low temperatures and weak fluid activity.

(2) Fracture-filling cements provide critical diagnostic constraints on 
fracture origin and timing. Petrographic fabrics, fluid inclusion 
assemblages, REE distributions, stable and radiogenic isotope 
signatures, and U–Pb/Sm–Nd ages collectively fingerprint fluid 
sources and basin processes. These approaches transform quali
tative fracture descriptions into quantitative, testable evolu
tionary histories.

(3) BPFs exert first-order controls on shale reservoir permeability 
and hydrocarbon enrichment. Fractures can extend laterally over 
large distances and yield high imbibition efficiencies, acting as 
preferential conduits for shale oil and gas migration. Shales with 
well-developed fractures have higher permeabilities, and when 
coupled with matrix porosity during accumulation, the resulting 
interconnected pore–fracture architectures enable long-distance 
lateral transport. Consequently, BPFs not only lower the 
threshold pressure required for hydrocarbon charging but also 
substantially increase reservoir transmissivity and storage effi
ciency through coupling with the pore system, underpinning the 
high enrichment and productivity of these reservoirs.

Fig. 14. Dynamic model of the influence of BPFs on lateral hydrocarbon migration and accumulation (Jia et al., 2025).
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(4) By establishing a genetic-mechanism-driven classification 
framework and integrating multi-scale identification methodol
ogies, this synthesis provides actionable guidance for predicting 
BPF distribution and optimizing stimulation strategies in uncon
ventional petroleum systems worldwide. Future research should 
prioritize integrated multiscale and multiphysics workflows. 
Progress will depend on combining high-resolution imaging, 
geochemical dating, AI-assisted fracture detection, and basin- 
scale mechanical–fluid modeling to predict fracture distribu
tion, connectivity, and dynamic behavior during stimulation and 
production.
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