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ABSTRACT

Lacustrine shale oil reservoirs of the Upper Triassic Chang 7 Member in the Ordos Basin have demon-
strated significant potential for hydrocarbon resources. Natural fractures play a crucial role in hydro-
carbon enrichment and production. Outcrops, cores, borehole image logs, thin sections, and FE-SEM
images were used to investigate the types and characteristics of natural fractures in the Chang 7 Member.
The factors controlling fracture development and the mechanisms of bedding-parallel fracture formation
were revealed by integrating TOC analysis, XRD analysis, and rock pyrolysis. Results show that natural
fractures in the study area include high-angle tectonic fractures and nearly horizontal bedding-parallel
fractures. Brittle minerals and bed thickness control the occurrence and attributes of tectonic frac-
tures. High TOC content and thermal maturity positively affect the development of bedding-parallel
fractures, formed through the conversion of organic matter to hydrocarbons or the smectite-to-illite
transformation. Additionally, the dominant orientations of tectonic fractures intersect the present-day
maximum horizontal principal stress at a small angle, resulting in large apertures and good effective-
ness. Bedding-parallel fractures contribute to enhance porosity and provide favorable pathways for
lateral hydrocarbon migration. Collectively, this study could provide valuable insights for finding
promising exploration areas in lacustrine shale oil reservoirs in the Ordos Basin and worldwide.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

the development of shale oil economically challenging, with nat-
ural fractures playing a significant role in hydrocarbon enrichment

Lacustrine shales widely present in China have garnered sig-
nificant attention in the field of unconventional energy (e.g., Zou
et al., 2013; Yang et al., 2015, 2019; Li et al.,, 2019; Ju et al., 2020;
Sun et al., 2021; Hou et al., 2022; Cao et al., 2023; Wang et al.,
2023a, b; Zeng et al., 2023b), characterized by low porosity
(<10%) and ultra-low permeability (<0.1 mD) (e.g., Jin et al., 2021;
Liu et al,, 2021d; Du et al., 20233, b; Cao et al., 2024). The limited
reservoir space and fluid conduits provided by matrix pores make
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and production. Much work has documented natural fractures in
tight sandstones, carbonate, and marine shales due to their influ-
ence on subsurface fluid flow and the response to hydraulic stim-
ulation (Curtis, 2002; Cooke et al., 2006; Bowker, 2007; Gale et al.,
2007, 2014; Ghosh and Mitra, 2009; Laubach et al., 2009; Ding et al.,
2012; Jarvie, 2012; Gottardi and Mason, 2018; Lyu et al., 2019; Liu
et al., 2020a, 2020Db, 2021a, b, c, d).

Outcrops, cores, and borehole images are commonly used to
identify fractures and measure their key attributes, such as fracture
abundance, orientation, size (height, length, and aperture), and
spatial distribution (Cooke et al., 2006; Laubach et al., 2009; Hooker
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et al.,, 2013; Gale et al., 2014; Gong et al., 2019; Lyu et al., 2019; Shi
et al, 2020, 2023). A growing body of work has recently been
published on the dominant controlling factors and formation
mechanisms of natural fractures in marine shales. Numerous
scholars have highlighted geological factors like sedimentation,
diagenesis, and tectonics as the main controls on the development
and distribution of fractures (Ding et al., 2012; Gale et al., 2014;
Zeng et al., 2016; Zhang et al., 2020; Gong et al., 2021). The origin of
fractures is generally attributed to regional and local stress changes
associated with tectonic events (e.g., Gale et al., 2014), differential
compaction during burial (e.g., Anders et al., 2014), hydrocarbon
generation (e.g., Lash and Engelder, 2005), as well as uplift and
exhumation (e.g., English, 2012). Despite these studies, systematic
investigations have yet to be attempted regarding the characteris-
tics, controlling factors, and mechanisms of natural fractures across
lacustrine shale oil reservoirs, particularly concerning bedding-
parallel fractures.

Significant progress has been made in shale oil exploration in
the Chang 7 Member of the Ordos Basin (e.g., Yang et al., 2015; Cui
et al, 2019; Ju et al.,, 2020). Exploration practices have demon-
strated that the widespread natural fractures provide essential
storage space and play a critical role in shale oil enrichment (Zhang
et al, 2017; Fu et al.,, 2020). Although insights from the fractures in
sandstones of the Yanchang Formation are relevant (e.g., Zeng et al.,
2010; Zhao and Hou, 2017; Lyu et al., 2019), few studies have
focused explicitly on fractures in lacustrine Chang 7 shales. Zhao
and Hou (2017) established the relative timing of two fracture
sets in the Yanchang Formation, showing that fractures developed
in multiple orientations under different stress fields since the Late
Triassic. Additionally, Zhang et al. (2017) identified three types of
fractures in the Chang 7 Member and pointed out that micro-
fractures are the predominant storage space for shale oil. However,
there is still a lack of comprehensive studies on fracture charac-
teristics and the factors governing fracture occurrence and attri-
butes in the Chang 7 Member. Furthermore, different mechanisms
of bedding-parallel fracture formation need more thorough inves-
tigation. Notably, several mechanisms of bedding-parallel fracture
formation may act independently or in combination to cause frac-
ture initiation, whereas they still need to be added to the best of our
knowledge. A thorough understanding of fracture systems in the
Chang 7 Member is crucial for effectively evaluating shale oil sweet
spots within the Ordos Basin.

In this study, we identified and characterized two types of
fractures using various datasets, including outcrops, cores, thin
sections, borehole image logs, and field emission-scanning electron
microscopy (FE-SEM). By integrating total organic carbon (TOC), X-
ray diffraction (XRD) analysis, and rock pyrolysis data, we system-
atically demonstrated the main factors controlling fracture devel-
opment. On this basis, we further discuss two mechanisms of
bedding-parallel fracture formation and fracture effectiveness.
The findings of this study could help delineate prolific regions and
support the efficient development of lacustrine shale oil reservoirs
within the Ordos Basin and globally.

2. Geological setting

The Ordos Basin, located in central China, is a typical multi-cycle
superimposed petroliferous basin with abundant oil and gas re-
sources (Zhang et al., 2017; Li et al., 2019; Jiu et al., 2022). It is
surrounded by the Hetao Basin to the north, the North Qinlin
Mountain to the south, the Helan Mountain and Liupan Mountain
to the west, and the Lvliang Mountain to the east (Fig. 1(a)) (Lyu
et al,, 2019; Liu et al,, 2021d). The overall shape of the basin is
rectangular, covering an area of approximately 25 x 10% km? (Li
et al, 2019; Jiu et al, 2022). Based on the current tectonic
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pattern, the Ordos Basin can be divided into six secondary tectonic
units: the Western thrust belt, the Tianhuan Depression, the
Yimeng Uplift, the Yishan Slope, the Jinxi fault-fold belt, and the
Weibei Uplift (Fig. 1(a)) (Li et al., 2019; Xi et al., 2020; Liu et al.,
2021b).

Due to the Indosinian movement in the late Triassic, the Yangtze
Plate collided with the North China Plate, forming a large-scale
inland depression in the Ordos Basin (Fu et al., 2020). The Ordos
Block has undergone two tectonic events from the Late Mesozoic to
the Cenozoic, leading to different tectonic regimes. From the Early
Jurassic to the Late Cretaceous, the long-distance effects of sub-
duction of the Izanagi Plate resulted in an NWW-trending stress
field. Since the Paleogene, the collision between the Indian and
Eurasian plates generated an NE-trending stress field (Zhao et al.,
2016). Although the margin of the basin has undergone strong
tectonic activities, the central part is relatively stable, characterized
by small nose-shaped uplifts and an absence of faults and folds (Liu
et al.,, 2021b; Ju et al., 2020).

The Upper Triassic Yanchang Formation consists of fluvial-
lacustrine-delta terrigenous clastic sedimentary systems influ-
enced by sediment sources from the southwest and northeast,
which can be divided into Chang 1 Member to Chang 10 Member
(Fuetal., 2020; Xi et al., 2020). The Chang 7 Member was deposited
during the maximum flooding period and represents a semi-deep
and deep lake area covering 6.5 x 10% km? (Fig. 1(a)) (Li et al,,
2019; Fu et al., 2020; Liu et al., 2021d). Based on the sedimentary
cycle and lithological features, the Chang 7 Member can be further
divided into three sub-members from top to bottom, namely the
Chang 7;, Chang 7,, and Chang 75 (Fig. 1(b)) (Liu et al., 2021a,
2021d). The Chang 7 Member holds significant shale oil resources
and is the primary target for oil exploration in the Ordos Basin.

3. Databases and methods
3.1. Sample sources

In this study, 30 shale cores were collected from the Chang 7
Member of Well A, with continuous coring of 60 m (burial depth
190-250 m). The well is located in the Weibei Uplift of the Ordos
Basin, northwest of Tongchuan City (Fig. 1(a)). All samples were
analyzed for X-ray diffraction (XRD), total organic carbon (TOC)
content and rock pyrolysis. Representative samples were selected
for thin section and field emission-scanning electron microscopy
(FE-SEM) observation. Additionally, the PetroChina Research Insti-
tute of Petroleum Exploration and Development provided detailed
clay mineral composition data for Well A, spanning the Chang 4 + 5
Member to the Chang 9 Member. We also used published R, and
porosity data from previous studies (Wang et al., 2023a).

3.2. Field emission-scanning electron microscopy (FE-SEM)

FE-SEM observation was performed using an FEI Quanta 650 FEG
with a maximum resolution of 10 nm, equipped with both second-
ary electron (SE) and backscattered electron (BSE) detectors. Initially,
small pieces of rock samples (about 1 cm x 0.8 cm x 0.5 cm) were
cut along the vertical bedding direction. The surface to be observed
was then mechanically polished to the desired roughness and
further polished for 1 h using a TechnoorgSC-100 argon-ion cross-
section polisher. Subsequently, the polished surface was covered
with gold and attached to the sample holder with conductive tape to
enhance conductivity. Finally, an accelerating voltage of 25 kV, a
9—11 mm working distance, and a beam spot of 5.5 pm were used for
further observations. The experiment was carried out at 20 °C and 40
% humidity.
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Fig. 1. (a) Tectonic units of the Ordos Basin, modified from Li et al. (2019) and Wang et al. (2023b). (b) Stratigraphic column of the Chang 7 Member in the Ordos Basin, modified

from Fu et al. (2021).

3.3. X-ray diffraction (XRD) analysis

XRD analysis was performed using a Rigaku TTR X-ray diffrac-
tometer to quantitatively analyze the compositions of whole-rock
and clay minerals. All testing procedures followed the Chinese Oil
and Gas Industry Standard SY/T 5163-2010. The relative mineral
percentage of the rock sample was determined by calculating the
area under the curve of the main peak of each mineral and applying
corrections for the Lorentz polarization (Chalmers et al., 2012).

3.4. Total organic carbon (TOC) analysis and Rock-Eval pyrolysis

TOC analysis was determined with a LECO CS230 carbon and
sulfur analyzer. The experiments were conducted according to the
Chinese National Standard GB/T 19145-2003. Pyrolysis analysis was
performed using the Rock-Eval 6 instrument. Initially, the sample
was heated at a constant temperature of 300 °C for 3 min to obtain
S1 (free hydrocarbons). Then, the temperature was increased at
25 °C/min up to 650 °C to obtain S, (pyrolysis hydrocarbons) and
Tmax (temperature of maximum pyrolysis yield), in accordance with
the Chinese Standard GB/T 18602-2012.

3.5. Fracture characterization

Facture characterization was conducted using various datasets
of outcrops, cores, borehole image logs, and thin sections. The
outcrop is located in Niejiahe Village, Yaoqu Town, Tongchuan City,
Shaanxi Province (Fig. 1(a)). Since weathered fractures in the
outcrop must be excluded, only straight, evenly spaced, and
extensively propagated fractures were selected for investigation.
Core observation was conducted at the core library of PetroChina
Changgqing Oilfield Company. Borehole image interpretation of Well
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B was performed using Schlumberger's Techlog software. Thin
section observation was conducted at the Institute of Energy,
Peking University, using a LEICA DM4P polarizing microscope.

We identified and characterized the multi-scale fractures in the
Chang 7 Member based on different datasets. Outcrops, cores, and
borehole images were used to study the macroscopic characteris-
tics of the fractures, while thin sections and scanning electron
micrographs were prepared for microanalysis. Generally, fractures
observed in outcrops range from centimeters to meters in height. In
contrast, fractures in cores and borehole images are typically at the
centimeter scale, while those in thin sections and FE-SEM images
are at the micron scale.

Fracture attributes, including orientation, dip angle, height,
filling, and density, were determined using the abovementioned
data. Fracture orientation and dip angle were derived from bore-
hole image log interpretation. Fracture height in cores was
measured using a meter ruler. Considering borehole image logs, the
well was drilled with conductive mud. Thus, fractures appear bright
when they contain minerals and dark when open and not filled
(e.g., Aghli et al., 2019; Lyu et al., 2019). Fracture density is defined
as the number of fractures per unit length (e.g., Ortega et al., 2006),
using the vertical wellbore as scanlines.

4. Results
4.1. Lithology and mineralogy

Through detailed core observation and thin section analysis, five
lithologies are identified in the Chang 7 Member: fine sandstone,
siltstone, muddy siltstone, silty mudstone, and mudstone. The
Chang 71 and Chang 7, sub-members are dominated by sandstones,
which are vertically interbedded with source rocks and exhibit
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good oil content. In contrast, the Chang 73 sub-member is pre-
dominantly composed of mudstone.

XRD data indicates that the Chang 7 Member is rich in clay
minerals and quartz, with an average content of 34.00 w.t.% and
27.80 w.t.%, respectively (Fig. 2(a)). Clay minerals are dominated by
mixed-layer illite/smectite (I/S), with an average content of 80.17
w.t.%, followed by small amounts of illite, chlorite and kaolinite
(Fig. 2(b)), indicating that the diagenesis sequence is in the middle
diagenetic stages. Furthermore, pyrite comprises a relatively high
proportion, with an average content of 17.90 w.t.%. The contents of
feldspar and carbonate minerals are relatively low, with average
contents lower than 10 w.t.% (Fig. 2(a) and (c)).

4.2. TOC content and Rock-Eval pyrolysis

TOC values of all samples range from 0.62 w.t.% to 26.90 w.t.%,
with an average of 9.34 w.t.% (Fig. 2(d)). Rock-Eval Tpax values range
from 434 to 447 °C (avg. 439 °C), with 93% of values below 450 °C.
The hydrogen index (HI) varies from 66 mg HC/g TOC to 540 mg HC/
g TOC (avg. 345 mg HC/g TOC), showing a general decreasing trend
with increasing Tnax (Fig. 3). Therefore, the studied samples are in
low-maturity to maturity stage. The Tnax versus hydrogen index
(HI) cross-plot was utilized to evaluate the organic matter types.
The result shows that the samples primarily comprise type II
kerogen, with type II; and type II; accounting for 53% and 30%,
respectively. Type I kerogen represents only 17% (Fig. 3). Thus, the
Chang 7 shales are characterized by mixed kerogen types with oil-
prone generation potential.
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4.3. Fracture types and characteristics

Observations confirm that natural fractures are widespread in
the Chang 7 Member of the Ordos Basin. Based on geological
characteristics and distribution features, natural fractures can be
classified into high-angle tectonic fractures and nearly horizontal
bedding-parallel fractures (Figs. 4—8). Our study focuses on these
two fracture types.

4.3.1. Tectonic fractures

Numerous tectonic fractures perpendicular to bedding are pre-
sent in outcrops, cores, and borehole images (Figs. 4—6), formed
under paleotectonic stress fields during various geologic times.
Fractures in outcrops usually terminate at bedding planes and are
evenly spaced, with varying degrees of development across
different strata (Fig. 4(a)). The majority of fractures in cores are
nearly vertical or inclined at angles of 60°—80° relative to bedding
(Fig. 5(a)—(e)), and multiple groups of fractures intersect each other
(Fig. 5(d) and (e)). Some fractures are filled with minerals such as
calcite and quartz (Fig. 5(c)). Additionally, crude oil can be observed
on some fracture surfaces, denoting that these fractures played a
significant role in hydrocarbon migration and accumulation
(Fig. 5(a)).

Borehole image log interpretations show that NE-SW striking
fractures are the most abundant, with a few fractures oriented in
other directions also present (Fig. 6(a)). The dip angles of tectonic
fractures mainly range from 70° to 90°, accounting for a total per-
centage of 96% (Fig. 6(b)). Tectonic fractures are generally minor in
size, with core fracture heights typically less than 10 cm (Fig. 6(c)).
The degree of fracture development in the Chang 7 Member is
relatively high, with a fracture density of 2.65 m~' in Well B.
Furthermore, tectonic fractures in the Chang 7; Member and Chang
7, Member are more developed vertically than those in the Chang
73 Member (Fig. 6), with fracture densities of 4.92, 3.23, and
0.80 m !, respectively.

4.3.2. Bedding-parallel fractures

Bedding-parallel fractures are abundant in the Chang 7 shale oil
reservoirs. This study defines bedding-parallel fractures as natural
fractures that occur along or nearly parallel to the sedimentary
bedding planes. Bedding-parallel fractures in cores are typically
roughly parallel to the bedding planes. Each fracture has a short
lateral extension and a discontinuous distribution, usually less than
the width of the core (Fig. 5(f)—(i)). Due to the small apertures, it is
often necessary to wet the core surface to observe them clearly
(Fig. 5(g) and (i)). In sandstone, bedding-parallel fractures are
relatively less developed and exhibit a straight, horizontal distri-
bution. Different fractures are arranged in parallel with varying

Petroleum Science 22 (2025) 1391—-1406

lateral extensions, typically within a few centimeters. In muddy
siltstone, the orientation of bedding-parallel fractures varies
significantly, often displaying a curved pattern along the laminae.
These fractures are more commonly found near organic matter
laminae and are more extensively developed. Mudstone has the
highest development of bedding-parallel fractures, with some filled
with minerals. Fig. 5(h) shows bedding-parallel fractures filled with
fibrous calcite, where the calcite veins are thick but poorly
continuous, locally appearing in en-echelon arrays.

Bedding-parallel fractures are mostly curved in thin sections
and mainly develop around hard mineral grains and along grain
edges (Fig. 7(a)—(e)). They usually occur at the boundaries or within
organic-rich laminae (Fig. 7(a)—(e)), with apertures of less than
10 pum (Fig. 7(a)—(d)). Some bedding-parallel fractures are also
mineral-filled, presenting lenticular shapes that taper from the
center towards the edges (Fig. 7(f)). FE-SEM images show bedding-
parallel fractures near organic matter or within clay minerals, dis-
playing features such as branching, bending, or pinching out
(Fig. 8). Additionally, they tend to be more prevalent at boundaries
between organic matter and inorganic minerals (especially pyrite
framboids) (Fig. 8(b)—(e), (h) and (i)). Notably, numerous bedding-
parallel fractures are present in the organoclay complexes of Chang
7 shales (Fig. 8(d)). Single bedding-parallel fractures usually have
limited extension and pinch out away from organic matter
(Fig. 8(b)—(d), and (i)). The development of bedding-parallel frac-
tures in shale oil reservoirs exhibits strong heterogeneity, with
apertures varying significantly, sometimes differing by several or-
ders of magnitude across fractures or even along the same fracture.
The maximum aperture can reach several tens of micrometers
(Fig. 7(e)), while the minimum aperture is only a few hundred
nanometers (Fig. 8(b)—(d), (f), (h) and (i)). Nevertheless, bedding-
parallel fracture apertures are larger than the macropore size
standard, making them effective storage spaces and flow channels
for hydrocarbons. Bedding-parallel fracture surfaces observed in
cores are rough and uneven, with visible residual oil indicating they
were open and effective underground (Fig. 5(j)).

5. Discussion
5.1. Factors controlling fracture development

5.1.1. Lithology and mineral composition

Studies have demonstrated that rock composition affects the
development of natural fractures (e.g., Ding et al., 2012; Gale et al.,
2014; Ghosh et al., 2018; Jiang et al., 2023). The relationship be-
tween brittle mineral content and tectonic fracture density was
diagrammed. It is evident that fractures occur in the Chang 7
Member when the brittle mineral content exceeds 70 w.t.%, with

Fig. 4. Tectonic fractures of the Chang 7 Member in the outcrop near Niejiahe Village, Yaoqu Town. (a) Intralayer fractures. (b) Trans-layer fractures.
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Fig. 5. Natural fractures in cores in the Chang 7 Member of the Ordos Basin. (a) Crude oil can be observed on the surface of nearly vertical tectonic fractures. (b) Nearly vertical
tectonic fractures terminate in mudstone. (c) Tectonic fracture is partially filled with calcite. (d) Two sets of tectonic fractures. (e) Two sets of tectonic fractures. (f) Bedding-parallel
fractures in sandstone. (g) Bedding-parallel fractures in mudstone. (h) Bedding-parallel fractures are filled with fibrous calcite veins arranged in en-echelon patterns in some areas.
(i) Bedding-parallel fractures in silty mudstone. (j) Crude oil can be observed on the surface of bedding-parallel fractures.

fracture density positively correlated with the mass percentage of
brittle minerals (Fig. 9(a)). Shales with high brittle content (such as
quartz, feldspar, and carbonate) have higher Young's modulus and
lower Poisson's ratio, making them more likely to fracture under
external forces (Gale et al.,, 2014; Du et al.,, 2023a). Conversely,
shales containing a high proportion of clay minerals or organic
matter tend to display more ductile behavior and relatively high
strain at failure, which make them less prone to fracture (Altindag,
2010).

Outcrop and core observations show that tectonic fractures tend
to be concentrated in fine sandstone and siltstone. This can be
attributed to the high brittle mineral content in sandstone. Silt-
stone exhibits the highest degree of fracture development among
all lithologies, with a fracture density of 1.88 m~! (Fig. 10(a)). This is
because siltstone is not only rich in brittle mineral but is also
strongly cemented by calcite (Fig. 10(b)). Additionally, a general
tendency is evident that brittle mineral grains in contact are likely
to have a more significant effect on increasing brittleness than
isolated grains (Gale et al., 2014). Compared to siltstone, fine
sandstone displays a lower abundance of fractures correspondingly
(Fig. 10(a)), likely due to its larger grain size and higher porosity. An
increase in rock porosity leads to a rise in strain at failure and, ul-
timately decreasing brittleness (Heidari et al., 2013). In addition,
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due to the high content of brittle minerals, the tectonic fractures are
more developed in the Chang 7; Member and Chang 7, Member,
which are dominated by sandstone (Fig. 9(b)).

5.1.2. Mechanical stratigraphy

Shales are typically layered sedimentary rocks with marked
mechanical anisotropy due to thin beds, laminae, and bedding-
parallel fabric (i.e., oriented alignment of plate-like clay minerals)
(Day-Stirrat et al., 2008; Gale et al., 2014; Du et al., 2023a). Me-
chanical stratigraphy refers to the subdivision of rock into discrete
intervals with similar mechanical properties (i.e., brittleness, elastic
stiffness, tensile strength, and fracture mechanics) governed by
depositional, diagenetic, and structural settings (Cooke et al., 2006;
Laubach et al., 2009; McGinnis et al., 2017). Mechanical stratigraphy
controls the deformation behavior of the rock and determines its
response to applied forces, which in turn affects natural fracture
development. Thus, fracture attributes depend on mechanical
stratigraphy. Outcrops show that tectonic fractures typically occur
within individual rock layers and terminate at rock interfaces
(Fig. 4(a)). Cores also show that fractures extend in siltstone (brittle
layer) and terminate at mudstone (ductile layer) (Fig. 5(b)).

Different rock interfaces and types constitute mechanically
distinct boundaries and intervals. We use the height hierarchy
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classification proposed by Hooker et al. (2013, their Fig. 5), which
categorizes fractures based on their configuration relative to bed
boundaries. Results show that fracture heights in the Chang 7
Member generally follow hierarchical patterns. This arrangement
arises because fractures are bounded by a variety of interbedded
layers, resulting in a series of vertical fractures. The fracture tips
with specific heights terminate at specific interfaces, while arrays of
fractures with varying heights overlap in nested layers. Further-
more, we found that fracture abundance is controlled by bed
thickness. A negative correlation exists between fracture density
and bed thickness, following a power function in the Chang 7
Member (Fig. 11). A possible explanation for this pattern is that the
thinner rock layers are more prone to fracture under equivalent
applied forces. The excellent relationship between fracture spacing
and bed thickness, as described by Laubach et al. (2009), further
supports this observation.

Additionally, some small-scale faults or trans-layer fractures
observed in outcrops cut through multiple rock layers (Fig. 4(b)),
which were unaffected by mechanical layers. These trans-layer
fractures are fault-related fractures, formed in conjunction with
the faults. The significant local tectonic stress around the faults
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resulted in larger-scale fractures with greater extension, thus
allowing them to span multiple strata.

5.1.3. TOC content and thermal maturity

TOC content is a critical factor influencing the development of
bedding-parallel fractures under the same tectonic setting and
sedimentary environment (Ding et al., 2012; Ougier-Simonin et al.,
2016; Wang et al., 2016). The TOC content of the Chang 7 shales is
relatively high compared to other continental shales in China,
reaching up to 26.9 w.t.%. Higher TOC content corresponds to a
greater density of bedding-parallel fractures (Fig. 12(a)), indicating
that high TOC promotes the development of bedding-parallel frac-
tures. This phenomenon is related to the local overpressure caused
by organic-rich shales during hydrocarbon generation, which will be
discussed in detail in Section 5.2. Additionally, we found that when
the TOC content is below 5 w.t.%, the density of bedding-parallel
fractures increases rapidly with rising TOC content. However, once
the TOC content exceeds 5 w.t.%, the increase rate in fracture density
gradually slows down. When the TOC content surpasses 20%, the
fracture density stabilizes at about 100 m~ .

Thermal maturity is another key factor affecting the
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100 pm

Fig. 7. Bedding-parallel fractures in thin sections in the Chang 7 Member of the Ordos Basin. (a) Bedding-parallel fractures along the edges of organic-rich laminae. (b) Bedding-
parallel fractures within organic-rich laminae. (c) Bedding-parallel fractures within organic-rich laminae. (d) Bedding-parallel fractures within clay laminae. (e) Bedding-parallel

fractures bypassing hard mineral particles. (f) Filled bedding-parallel fractures.

development of bedding-parallel fractures. To avoid the impact of
TOC content, we introduced the normalized bedding-parallel
fracture density (100 x original bedding-parallel fracture density/
TOC content). When the Tpax values are below 438 °C, the
normalized bedding-parallel fracture density is less than 10 m~".
However, when the Ty« values exceed 438 °C, the fracture density
begins to increase significantly and shows a positive correlation
with Tpay, indicating that the thermal evolution of organic matter
promotes fracture formation (Fig. 12(b)). Additionally, the fitting
curve between TOC content and bedding-parallel fracture density
reveals a clear trend: initially steep, then gradually leveling off
(Fig. 12(a)). This occurs because samples with TOC values below 5
w.t.% have higher maturity (average Tpax of 442 °C), whereas
samples with TOC values above 5 w.t.% have lower maturity
(average Tpax of 437 °C).

Furthermore, statistical analysis shows a strong positive corre-
lation between organic carbon abundance and pyrite content. This
relationship arises because pyrite indicates a highly reducing,
anoxic environment during the deposition of the Chang 7 Member,
characterized by high primary productivity, low sedimentation
rates, volcanic activity, and hydrothermal processes (Chen et al.,

1398

2020; Liu et al., 2021a). These factors significantly contributed to
organic matter enrichment. Consequently, the density of bedding-
parallel fractures is positively correlated with pyrite content.

5.1.4. Laminae type

Studies have pointed out a strong association between bedding-
parallel fractures and laminae (e.g., Lai et al.,, 2022; Pang et al,,
2023; Zeng et al., 2023a). The Chang 7 Member exhibits various
types of laminae, including organic-rich, clay, tuff-rich, and
feldspar-quartz laminae. Bedding-parallel fractures observed in
cores, thin sections, and FE-SEM images are typically oriented
approximately parallel to the laminae interfaces and are more
developed in densely laminated layers (Fig. 13(a) and (b)). A
possible explanation might be that different laminae have the
distinct physical and chemical properties that create mechanical
discontinuities at the contact interface (Lash and Engelder, 2005).
Such a change in interlayer atomic bonds creates contrasting stress
fields (Ougier-Simonin et al., 2016), making the laminae interfaces
favorable sites for initiating bedding-parallel fractures. Further-
more, the presence of bedding-parallel fractures in different
laminae was examined. Result reveals that bedding-parallel
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fractures are most likely to appear in organic-rich laminae (ac-
counting for 51%), followed by clay laminae (accounting for 28%).
However, fewer bedding-parallel fractures occur in tuff-rich and
feldspar-quartz lamina, with percentages of 13% and 8%, respec-
tively. This is attributed to the high TOC content in the organic-rich
laminae, which are frequently interbedded with clay laminae
(Fig. 13(c) and (d)).

5.2. Mechanisms of bedding-parallel fractures

5.2.1. The conversion of organic matter to hydrocarbons

Many nearly horizontal bedding-parallel fractures are observed
in cores, thin sections, and FE-SEM images (Figs. 5(f)—(i), 7(a)—(e)
and 14(a)—(b)). High-magnification images reveal that these
bedding-parallel fractures are composed of multiple microfractures
developed near the organic matter at the microscopic level
(Figs. 8(b)—(d), (f) and 14(c)). This suggests that the formation of
bedding-parallel fractures is closely associated with the presence of
organic matter. Our findings align with recent studies. The Chang 7
shales exhibit a very high TOC content, with kerogen predomi-
nantly of types II; and II,, along with a small amount of type I
(Fig. 3), indicating excellent potential for hydrocarbon generation
(Yang et al., 2015; Fu et al, 2020). Furthermore, the thermal
maturity of the source rocks is moderate, with vitrinite reflectance
(Ro) exceeding 0.5% (Fig. 3), suggesting the shales have just entered
the oil window. The thermal evolution of organic matter in Chang 7
shales promotes the formation of bedding-parallel fractures.
Therefore, we found that bedding-parallel fractures are positively
correlated with thermal maturity (Tmax) (Fig. 12(b)).

As the organic matter matures, the conversion of high-density
solid kerogen to lower-density liquid oil leads to local volume
expansion due to the significant increase in fluid production
exceeding the volume reduction of kerogen, generating abnormally
high pressure (Fig. 14(e)) (Momper, 1979; Fan et al., 2010; Ougier-
Simonin et al., 2016; Yang and Mavko, 2018; Meng et al., 2021).
Previous studies have documented overpressure in the Chang7
Member, with residual pressures ranging from 8 to 16 MPa (Yao
et al., 2018; Fu et al., 2020; Liu et al., 2021c). These local over-
pressures partially relieve the overlying load, reducing the effective
stress within the solid framework. When the pore-fluid pressure
balances the lithostatic stress of the overlying strata, all effective
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Bottom

%7

Fig. 13. Laminae types and bedding-parallel fractures of the Chang 7 Member in the Ordos Basin. ((a)—(b)) Bedding-parallel fractures in cores, red triangles indicating bedding-

parallel fractures. ((c)—(d)) Bedding-parallel fractures in thin sections.

stresses are eliminated. With even greater overpressure, the ver-
tical effective stress transforms into tensile stress.

The flattened shape of kerogen particles and the strength
anisotropy of laminated shale promote the decoupling between
lenticular kerogen and surrounding mineral particles (Lash and
Engelder, 2005; Ougier-Simonin et al., 2016), facilitating the initi-
ation of horizontal microfractures along weak bedding surface.
Additionally, due to the extremely low fracture toughness of the
organic matter (Vernik, 1994), microfractures tend to initiate at the
boundaries between kerogen or kerogen-clay minerals when pore
pressure slightly exceeds vertical stress. Once the Mohr circle in-
tersects the failure envelope, rock failure occurs, leading to the
formation of horizontal microfractures (Cobbold et al., 2013). These
multiple microfractures interconnect horizontally, eventually
forming bedding-parallel fractures within the shale (Fig. 14(d) and
().

5.2.2. The transformation of smectite to illite

Numerous studies have suggested that bedding-parallel frac-
tures may be linked to the transformation of clay minerals during
diagenesis (Powers, 1967; Bruce, 1984; Zhao and He, 2012; Ougier-
Simonin et al., 2016; Wang et al.,, 2016; Yang and Mavko, 2018;
Meng et al., 2021). The vertical distribution of clay minerals in Well
A shows that the proportion of mixed-layer illite/smectite in the
Chang 7 Member is significantly increased, while the contents of
illite, kaolinite and chlorite are relatively low (Fig. 15). Based on the
composition and proportion of clay minerals, as well as the thermal
maturity, the diagenetic evolution of the Chang 7 Member has
reached the middle diagenetic stage A (Zhao and He, 2012). Sta-
tistical analysis shows a positive correlation between bedding-
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parallel fractures and the proportion of mixed-layer illite/smectite
(Fig. 16), indicating that clay mineral transformations promote the
formation of bedding-parallel fractures. Two mechanisms may
explain this phenomenon. First, the transformation of smectite to
illite during diagenesis converts bound water into free water. Since
bound water has a higher density than free water, this trans-
formation leads to an increase in fluid volume, contributing to
overpressure in shale reservoirs (Powers, 1967; Bruce, 1984; Zhao
and He, 2012; Qin et al., 2019; Meng et al., 2021).

Furthermore, the burial process significantly alters the compo-
sition and structure of clay minerals in shales (Bruce, 1984;
Capuano, 1993; Zhao and He, 2012; Meng et al., 2021). As under-
ground temperature and pressure increase, smectite undergoes
chemical reactions such as dehydration and ion exchange (Al-
Ramadan, 2013; Qin et al., 2019), gradually transforming into
plate-like illite. The weak electrostatic interactions between hy-
drated ions and other metal ions in the interlayer of smectite result
in larger basal layer spacing. In contrast, the stronger hydrogen
bonding and van der Waals forces in illite result in reduced inter-
layer spacing within the plate-like structure. Consequently, this
change in crystal structure causes a reduction in volume. The
smectite-to-illite transformation in shales leads to volumetric
contraction, which generates localized tensile stresses and even-
tually small-scale tensile fractures. When multiple independent
tensile fractures expand, propagate, and interconnect, they form
bedding-parallel fractures. These bedding-parallel fractures of this
origin typically exhibit short extensions and variable apertures and
are often distributed around mineral particles such as pyrite
(Fig. 8(d) and (i)).
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Fig. 15. Vertical distribution of rock density and clay minerals in Well A of the Ordos Basin.

5.3. Effectiveness of natural fractures

Natural fractures under formation conditions must remain open
to serve as effective fractures, providing fluid storage space and
flow pathways (Gong et al., 2021; Liu et al., 2020a). Previous studies

have shown that the present-day tectonic stress field influences the
aperture and effectiveness of tectonic fractures, affecting reservoir
quality and hydrocarbon production (Du et al., 2023b). The fast
shear-wave azimuth in Well B stabilizes at 60°—70°, indicating that
the present-day maximum horizontal principal stress (SHmax) is
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oriented in the ENE-WSW direction (Fig. 17). The dominant orien-
tation of high-angle tectonic fractures in Well B is NE-SW,
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intersecting SHpmax at a small angle (less than 30°), which favors
fracture aperture retention. As a result, the tectonic fractures in the
study area exhibit good connectivity and permeability.

To assess the contribution of bedding-parallel fractures to the
reservoir, we used the test results of organic-rich shale from Well A,
as reported by Wang et al. (2023a; their Tables 1 and 3). In these
samples, the TOC content exceeded 10 w.t.%. The results show that
porosity positively correlates with thermal maturity (R,), with R,
values ranging from 0.67% to 0.77% and porosity rangig from 0.35%
to 3.10% (Fig. 18). When R, exceeds 0.7%, porosity increases signif-
icantly, peaking at 3.10% at the thermal maturity of 0.77%. We
attribute this increase in porosity to the maturation of organic
matter, which promotes the formation of bedding-parallel frac-
tures. This finding aligns with our earlier discussion that high T2«
values enhance the development of bedding-parallel fractures.
Furthermore, thin section and SEM observations show that the
majority of bedding-parallel fractures are unfilled, with apertures
ranging from several hundred nanometers to tens of micrometers.
Wang et al. (2023a) further demonstrated through gas adsorption
and mercury injection experiments that samples with high thermal
evolution exhibit larger mesopore and macropore volumes, along
with favorable pore-throat configurations (their Fig. 9 and Table 3).
Therefore, bedding-parallel fractures can improve pore structure,
increase effective porosity, and provide favorable pathways for
lateral hydrocarbon migration, thereby enhancing reservoir quality.
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Fig. 18. Relationship between thermal maturity and porosity of the Chang 7 Member,
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6. Conclusions

Natural fractures in the Chang 7 Member can be categorized into
high-angle tectonic fractures and nearly horizontal bedding-
parallel fractures. Tectonic fractures typically exhibit high dip an-
gles exceeding 70° and are highly developed, with a single-well
fracture density of 2.65 m~l Bedding-parallel fractures have
limited lateral continuity and connectivity, displaying features like
branching, bending, or pinching out. Their apertures vary signifi-
cantly, ranging from hundreds of nanometers to tens of
micrometers.

The development of natural fractures is affected by many fac-
tors. Siltstone has the highest degree of tectonic fracture develop-
ment. Which is rich in brittle minerals and strongly cemented by
calcite. Tectonic fractures typically occur within the mechanical
layers, and their densities are inversely correlated with bed thick-
ness. In contrast, bedding-parallel fractures are primarily found in
mudstone. High TOC content and thermal maturity promote the
development of bedding-parallel fractures, which are more prev-
alent in organic-rich and clay lamina. Additionally, the formation of
bedding-parallel fractures is attributed to two mechanisms: the
conversion of organic matter to hydrocarbons or the trans-
formation of smectite into illite.

Both types of fractures contribute positively to reservoir quality.
High-angle tectonic fractures intersect the present-day maximum
horizontal principal stress at a small angle, with large apertures and
good effectiveness. Bedding-parallel fractures improve pore struc-
ture, increase effective porosity, and provide favorable pathways for
lateral hydrocarbon migration.
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