& frontiers | Frontiers in Earth Science

‘ @ Check for updates

OPEN ACCESS

EDITED AND REVIEWED BY
Alexander Kokhanovsky,
German Research Centre for
Geosciences, Germany

*CORRESPONDENCE

Hu Li,
lihu860628@126.com,
lihu@suse.edu.cn

Pengju Li,
378737466@qg.com

RECEIVED 21 October 2024
ACCEPTED 22 October 2024
PUBLISHED 05 November 2024

CITATION

Li H, Li P, Luo J, Radwan AE, Wang H and Li H
(2024) Editorial: Differences in shale oil and
gas reservoirs across various sedimentary
environments: theories and applications.
Front. Earth Sci. 12:1514734.

doi: 10.3389/feart.2024.1514734

COPYRIGHT
© 2024 Li, Li, Luo, Radwan, Wang and Li. This
is an open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that
the original publication in this journal is cited,
in accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Earth Science

TvPE Editorial
PUBLISHED 05 November 2024
pol 10.3389/feart.2024.1514734

Editorial: Differences in shale oil
and gas reservoirs across various
sedimentary environments:
theories and applications

Hu Li*#***, Pengju Li****, Ji Luo*?, Ahmed E. Radwan?®,
Haijun Wang'? and Hongying Li***

!School of Economics, Sichuan University of Science and Engineering, Zigong, China, ?Research
Center of Industrial Transformation and Innovation, Sichuan University of Science and Engineering,
Zigong, China, *Sichuan Key Provincial Research Base of Intelligent Tourism, Sichuan University of
Science and Engineering, Zigong, China, “National Key Laboratory of Oil and Gas Reservoir Geology
and Exploitation (Southwest Petroleum University), Chengdu, China, *Faculty of Geography and
Geology, Institute of Geological Sciences, Jagiellonian University, Krakow, Poland

KEYWORDS

shale oil and gas, reservoir characteristics, pore structure, geological theories,
experimental geological technology, sedimentary environment

Editorial on the Research Topic
Differences in shale oil and gas reservoirs across various sedimentary
environments: theories and applications

1 Introduction

The United States Geological Survey (USGS) classifies shale oil and gas plays as
“continuous petroleum accumulations.” These reservoirs are not discrete, conventional traps
formed by hydrocarbon migration and accumulation but rather represent widespread,
pervasive hydrocarbon resources, typically found within rocks characterized by relatively
low matrix permeability (McMahon et al., 2024). Shale oil and gas, hydrocarbons stored
within shale formations, constitute a significant unconventional resource crucial for
optimizing the global energy mix and achieving carbon peaking and neutrality goals.

The United States pioneered shale oil and gas development, completing its first
commercial natural gas well in 1825, drawing from Upper Devonian shales near
Fredonia, New York (McMahon et al., 2024). The United States possesses abundant shale
oil and gas resources, with estimated geological resources exceeding 0.246 x 10'? t of
shale oil and 290 x 10" m? of shale gas. Two decades of exploration, development, and
technological advancement have resulted in sophisticated extraction techniques, including
three-dimensional (3D) development strategies, refracturing technologies, enhanced oil
recovery (EOR) methods, and extended-reach (“U”-shaped) well designs. From 2007 to
2023, the United States shale oil and gas production surged from approximately 11.2 x
10* t/d to over 300.0 x 10* t/d, surpassing conventional oil and gas production in 2017.
By 2023, shale oil and gas accounted for over 60% of total oil and gas production and are
projected to remain a major contributor to energy production for the foreseeable future.

Inspired by the successful North American experiences in shale gas plays such as
the Barnett, Marcellus, Haynesville, Fayetteville, Woodford, and Eagle Ford, China’s shale
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gas exploration has accelerated significantly since 2005 (Li, 2023a;
LiJ. et al., 2024). Unconventional resources, particularly shale gas,
are expected to extend the productive life of Chinas oil and gas
industry. Over a decade of dedicated research, development, and
field trials has yielded significant breakthroughs in shale oil and
gas exploration and development in China, achieving commercial-
scale production from marine shale gas formations in the south
and continental shale oil resources nationwide (Chen et al., 2019;
Dang et al,, 2022). National-level demonstration zones, such as
Fuling for marine shale gas and Daqing Gulong for continental
shale oil, along with the Ordos Basin shale oil development pilot
area, have been established, marking the beginning of a shale
revolution in China (Jia et al, 2024). In 2022, global natural
gas production reached 4.03 x 10'? m®, with unconventional gas
contributing 28.62%. Shale gas production increased by 704.34 x
10 m®. According to data released by China’s National Energy
Administration, technically recoverable shale gas resources in China
are estimated at 21.80 x 10'? m’, establishing shale gas as a key
driver of future natural gas production growth (He et al., 2024).
China holds substantial shale oil resources, with 16 prospective
shale formations identified across more than ten sedimentary basins.
These predominantly lacustrine shale oil reservoirs are characterized
by strong heterogeneity, significant cumulative thickness, limited
areal extent, relatively low thermal maturity, and diverse organic
matter types. The latest resource assessment by the Ministry of
Natural Resources estimates China’s geological shale oil resource
potential at 397.46 x 10% t, with technically recoverable resources
estimated at 34.98 x 10%t. Onshore medium-to high-maturity shale
oil resources, approximated at 283 x 10%t, represent a strategically
vital area for securing China’s long-term oil supply.

Exploring unconventional resources has demonstrably proven
that the successful development of shale oil and gas hinges on
innovative geological theories and advancements in engineering
technologies. Geological innovations, spurred by breakthroughs in
laboratory analytical techniques, have laid a crucial foundation
for this success (Fan et al, 2020; Abolghasemi and Andersen,
2021). Experimental analyses focusing on shale source rock
evaluation, pore structure characterization, gas content analysis,
physical property measurements, brittleness evaluation, fluid
flow mechanisms, and geomechanical properties provide critical
scientific data supporting geological assessments, target selection,
reserve estimation, development planning, and policy formulation
(Li et al, 2023¢; Peng et al, 2024). Globally, exploration and
development efforts targeting shale oil and gas in marine-
continental transitional and terrestrial formations have yielded
significant breakthroughs, driving the development of numerous
geological theories and technologies for shale oil and gas
extraction (LiJ. et al., 2022).

To systematically summarize these global advancements in
shale oil and gas exploration and development, comprehensively
document practical achievements, further delineate exploration
directions and resource prospects, and inform policy and decision-
making, we organized this research topic entitled “Differences
in Shale Oil and Gas Reservoirs across Various Sedimentary
Environments: Theories and Applications,” soliciting high-quality
We received 30
submissions. Following a rigorous peer-review process, evaluation

contributions from researchers worldwide.

by guest associate editors, and final review by the editor-in-chief,
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eleven papers were accepted for publication, representing an
acceptance rate of 36.7%. These papers comprehensively reflect
theoretical and technological innovations in shale oil and gas
exploration and development, with a focus on shale pore structure
(three papers), hydraulic fracturing (four papers), and depositional
environments (three papers). This Research Topic provides valuable
guidance for global shale oil and gas exploration and development,
particularly in China.

2 Shale pore structure

Quantitative characterization of shale pore structure is crucial
for efficient shale gas exploration and development. In recent
years, a suite of qualitative and quantitative characterization
methods has been developed, including scanning electron
microscopy (SEM), mercury intrusion porosimetry (MIP), low-
temperature gas adsorption (LTGA), computed tomography
(CT) scanning, and nuclear magnetic resonance (NMR) analysis
(Guo et al,, 2019; Shan et al,, 2022; Wang et al., 2022). SEM
provides direct, qualitative visualization of pore morphology
and geometry. Other methods offer quantitative insights into
critical parameters such as porosity, pore size distribution, pore
volume, and specific surface area, but often lack the resolution to
differentiate these parameters by specific pore types. Three papers
on this research topic systematically investigate pore structure,
quantitatively characterizing the complexity of shale pore networks
(Figure 1A) (Li H. et al., 2024).

Leveraging organic geochemistry, mineralogy, nitrogen
adsorption, physical property analyses, and SEM, Wang etal.

(Manuscript ID: 1368326) investigated the pore structure
characteristics of Lower Cambrian shales in the southeastern
Upper Yangtze Platform. Their study reveals a strong correlation
between total organic carbon (TOC) content and the abundance
of quartz and clay minerals, underscoring the critical role of
TOC in controlling pore structure development. TOC exhibited
positive correlations with pore volume, specific surface area, and
porosity, and negative correlations with average pore diameter.
Furthermore, they observed significant variations in shale pore
structures under different gas content and preservation conditions.
Employing fractal theory to characterize pore structure complexity,
they concluded that the Lower Cambrian shales exhibit complex
pore networks, with fractal dimensions D1 and D2 negatively
correlated with average pore diameter and positively correlated
with TOC, specific surface area, and total pore volume. This
methodological framework applies to other shale plays. An etal.

(Manuscript ID: 1365516) utilized low-temperature carbon
dioxide and nitrogen adsorption, coupled with high-pressure
mercury injection, to investigate the complexity and controlling
factors of pore structure in the Shuijingtuo Formation shale,
employing a fractal dimension approach. Using the V-S, FHH,
and Menger sponge models to calculate fractal dimensions,
they determined distinct values for micropores, mesopores, and
macropores. Their results indicate positive TOC and vitrinite
reflectance (Ro) correlations with D1 and D2 and negative
correlations with D3. Similarly, pore volume and specific surface
area showed positive correlations with D1 and D2, and negative
correlations with D3.
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FIGURE 1
The main research methods involved in the research topic. (A) Shale pore structure characterization based on fractal theory (Li H. et al., 2024); (B)
Production simulation of fractured horizontal well based on an unstructured grid Xiao et al.; (C) Evaluation of shale sedimentary environment based on
elemental analysis Yang et al.

It is important to note that fractal theory is not the sole
method for characterizing the complexity of pore structures
(Li H. et al.,, 2022). Alternative techniques offer complementary
approaches, such as moment estimation, machine learning, and
deep learning algorithms. An integrated approach leveraging
multiple experimental techniques and mathematical methods
represents the future for comprehensively characterizing shale
pore structure. Recognizing the multifaceted factors influencing
shale pore characteristics, Sun etal. (Manuscript ID: 1375241)
focused on typical overpressured shale gas wells in the Yongchuan,
Luzhou, and Dazu areas. Through an integrated analysis of well
logs, fluid inclusion data, and numerical simulations, they identified
the dominant mechanisms responsible for the development of
significant overpressure and characterized the history of the
evolution of pressure from early burial to late uplift. They
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concluded that hydrocarbon generation and associated expansion
are the primary drivers of overpressure development and that
variations in organic matter pore morphology, structure, and
connectivity exist within the deep Wufeng-Longmaxi shale
(Chen et al,, 2022; Dang et al., 2022). Moreover, their findings
suggest that higher overpressure conditions are conducive to
preserving larger organic-matter-hosted pores and enhanced overall
reservoir porosity.

3 Shale hydraulic fracturing
Shale, a thinly laminated, brittle, and ultra-low permeability

rock, necessitates large-scale hydraulic fracturing to achieve
commercial gas flow rates due to the unique mechanisms governing
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natural gas adsorption and storage within its complex pore network
(Shan et al., 2021; Wang and Wang, 2021; Fan et al., 2022; Li, 2022;
2023b). The fundamental principle of hydraulic fracturing lies in
injecting high-pressure fluids to create fractures within the target
formation, establishing conductive pathways for gas migration to the
wellbore. Zhang et al. (Manuscript ID: 1326861), leveraging mineral
composition and pore structure analyses, developed a multi-mineral
equivalent model applicable to complex lithologies, enabling the
accurate calculation of compressional wave velocity (Vp) and
shear wave velocity (Vs.). These velocities serve as the foundation
for pre-stack seismic inversion and the prediction of elastic
parameters, including Poisson’s ratio and Youngs modulus. This
research demonstrated successful application in the fine-grained,
heterogeneous lithologies of the Lucaogou Formation within the
Jimsar Sag, Junggar Basin, providing essential data for optimizing
hydraulic fracture design. Recognizing the multi-faceted factors
influencing hydraulic fracture effectiveness, Wang et al. (Manuscript
ID: 1334175) simplified a layered reservoir system into a transversely
isotropic medium and developed a model to estimate borehole
deformation precisely. Based on this estimated deformation, they
constructed a predictive model for fracture initiation pressure. Their
results reveal that circular boreholes in layered reservoirs deform
into elliptical shapes under the influence of in-situ stresses, with
the ellipse’s major axis deviating from the principal stress direction.
This underscores the significant influence of rock anisotropy on
borehole deformation and subsequent fracture propagation. Xiao
et al. (Manuscript ID: 1257219) characterized fracture geometry and
complex boundary conditions using microseismic data integrated
within a discrete fracture model (Figure 1B). Subsequently, they
established a comprehensive seepage flow model for fractured wells
with complex fracture networks, based on a dual-porosity-discrete
fracture conceptualization (Yin et al., 2018; LiJ.J. et al., 2022).
Numerical solutions were obtained by combining unstructured
grids and the control volume finite element method. Furthermore, it
acknowledges the critical importance of in-situ stress and formation
pressure in shale gas development, parameters that directly
influence wellbore stability, horizontal well trajectory planning,
and hydraulic fracturing effectiveness. Zhang et al. (Manuscript
ID: 1225920) developed a sophisticated finite element simulation
model for the Longmaxi Formation shale in the Nanchuan area.
This model, informed by a comprehensive dataset of seismic,
logging, and experimental rock mechanics data, elucidates the
coupled relationships between in-situ stress, formation strain,
and formation pressure, enabling the prediction of the spatial
distribution of formation pressure and pore pressure coefficients.
This integrated approach provides valuable insights for optimizing
well design and completion strategies in challenging shale
gas reservoirs.

4 Sedimentary environment of
organic-rich shale

Shale deposition is inextricably linked to its depositional
environment, which is, in turn, governed by a complex interplay
of factors, including basin tectonics, sediment supply, paleoclimate,
water salinity, and redox conditions (Liu and Xie, 2017; Zhai et al.,
2019). Shale deposition is particularly sensitive to fluctuations
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in these environmental parameters, often preserving a record of
high-frequency variations. Yang et al. (Manuscript ID: 1391445)
investigated the Wufeng-Longmaxi Formation shales of the eastern
and southern Sichuan basin to elucidate the influence of the
depositional environment and its evolution on organic matter
content and mineral composition. Using key elemental geochemical
proxies, they reconstructed the marine depositional environment of
these shales, revealing the impact of paleoenvironmental evolution
on reservoir heterogeneity (Figure 1C). Zhang et al. contributed two
important studies to this research topic (Manuscript ID: 1403575
and 1277359), focusing on shale depositional environments. In their
first study, based on major and trace element geochemistry, they
characterized the depositional setting of the Dawuba Formation
in Well CY1 within the Middle and Upper Yangtze areas. An
index of compositional variability (ICV) value below 1, coupled
with elevated chemical index of alteration (CIA) and Th/U values,
points to deposition under warm, humid climatic conditions
characterized by intense chemical weathering. Furthermore,
V/(V+Ni), Cu/Zn, and Ce/La ratios suggest that the organic-
rich intervals of the Dawuba Formation accumulated under
predominantly dysoxic bottom-water conditions. This warm,
humid paleoclimate likely supported high biological productivity,
while the dysoxic conditions facilitated the preservation of
organic matter within the accumulating sediments. In their
second contribution, focusing on the Permian Capitanian-
Changhsingian black shales of the Nanpanjiang intra-platform
basin, they integrated geochemical data, encompassing TOC,
major, trace, and rare earth element (REE) concentrations from
62 outcrop samples, to decipher the depositional conditions
and organic matter accumulation characteristics. The integrated
approach, combining paleontological analyses, major and trace
element geochemistry, and stable carbon and oxygen isotope data,
provides a robust framework for reconstructing paleo-depositional
environments and understanding the controls on organic matter
enrichment in shales.

In addition to these contributions focused on shale, this
research topic also features a study investigating the relationship
between structural characteristic and tight gas accumulation in
sandstones. Yang etal. (Manuscript ID: 1296459), integrating
core and outcrop observations, seismic interpretations, and
burial history reconstructions, analyzed the hydrocarbon source
rocks, sedimentary characteristics, reservoir properties, and
structural framework of the Qiulin structure. Their work
explores the influence of the Yanshan-Himalayan tectonic

events on tight gas accumulation within the Shaximiao
Formation.
5 Summary

Shale oil and gas reservoirs exhibit diverse characteristics due
to their depositional environment variations. Effective development
of these resources requires a thorough understanding of how these
environments influence reservoir quality. This research topic focuses
on the variability of shale oil and gas reservoirs across diverse
depositional settings and its implications for both fundamental
geological understanding and practical applications. From marine
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to lacustrine and terrestrial environments, the depositional setting
exerts a primary control on key reservoir parameters, including
organic matter type and abundance, thermal maturity, mineralogical
composition, pore structure, and geomechanical properties,
especially brittleness (Fan et al, 2024). For example, marine
shales typically exhibit higher organic content and well-developed
lamination, whereas lacustrine shales often display more complex
lithofacies variations and a wider range of organic matter types.
These inherent differences ultimately dictate reservoir fracability,
permeability, and consequently, hydrocarbon production potential.

Accurate identification and characterization of depositional
environments are paramount for successfully evaluating and
developing shale oil and gas resources. Conventional reservoir
characterization techniques often prove inadequate for capturing
the complexities arising from variable depositional settings.
Therefore, an integrated, multidisciplinary approach incorporating
sedimentology, geochemistry, and geophysics is essential.
High-resolution sedimentological facies analysis enables more
accurate prediction of favorable reservoir distribution, while
rock physics investigations can illuminate the pore structure
and mechanical properties of shales deposited in different
environments. Integrating these diverse datasets facilitates the
optimization of horizontal well trajectories, hydraulic fracturing
designs, and other production enhancement strategies, ultimately
leading to improved hydrocarbon recovery factors and reduced
development costs.

The eleven papers comprising this research topic focus on
three key areas: characterization of shale pore structure, hydraulic
fracturing in shales, and the influence of depositional environments
on shale properties. However, these represent only a subset of
the broader research landscape necessary to comprehensively
understand shale oil and gas reservoir variability across diverse
depositional settings. Future research should prioritize the detailed
characterization of depositional environments, quantifying the
impact of these environments on reservoir properties, and
exploring how this knowledge can inform and optimize shale
gas exploration strategies. Advanced experimental techniques
coupled with sophisticated mathematical and numerical modeling
approaches are crucial for advancing our understanding and
maximizing the efficient development of shale oil and gas and
other unconventional hydrocarbon resources to meet the ever-
increasing global energy demand. To further advance this critical
area of research, we are pleased to announce a second volume of
this research topic and encourage wider participation from the
scientific community, especially contributions from international
researchers.
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