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The alteration of shale structures and properties induced by tectonic activities is an
important factor restricting the efficient utilization of shale gas resources. Predicting the
distributions of shale deformation structures is of significance for the potential evaluation
and favorable area optimization of shale resources in tectonically complex areas. Taking
the Wufeng-Longmaxi shale of the southern Sichuan Basin as the research object,
deformation observations of shale outcrops and shale core samples were conducted
to reveal the distribution patterns of shale deformation structures in fault and fold
structures. On this basis, the distribution rules of shale deformation structures in the
unexposed areas were predicted by considering the structural framework of the study
area. Our research indicated that faults can cause structural deformation in a limited area
and that the influences of reverse faults were relatively more significant. Shale near the fault
planes of reverse faults usually showed intense folding deformations, with well-developed
bedding-parallel and crumpled cleavages. Strong deformation structures (crumpled,
mylonitized, scaly, fractured-crumpled, and flaky structure) were distributed. Structural
deformations in shale near normal faults were mainly characterized by the increase of
tectonic fractures, and shale usually showed cataclastic structure. In the areas affected by
strike-slip faults, bedding-perpendicular fractures and the fractures high-angle oblique to
bedding planes were well developed. Folds can cause shale to deform in a larger area than
faults. Shale in core zones usually displayed strong deformation structures. In the
core-limb transitional areas of folds, shale mainly developed bedding-parallel and
bedding-perpendicular fractures, and shale usually displayed platy and cataclastic
structure. The observed structural deformations in fold limbs were generally weak, and
shale usually showed primary structure and weak brittle deformation structures. According
to the structural framework of the study area, it is predicted that strong deformation
structures are mainly distributed in the core zones of anticlines (especially the tight and
closed ones) and near the fault planes of large-scale reverse faults, while medium-intensity
brittle deformation structures (platy and cataclastic structure) are distributed in core-limb
transitional areas of anticlines and near the normal and strike-slip faults. In the limbs of

Frontiers in Earth Science | www.frontiersin.org 1

February 2022 | Volume 10 | Article 813074


http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.813074&domain=pdf&date_stamp=2022-02-21
https://www.frontiersin.org/articles/10.3389/feart.2022.813074/full
https://www.frontiersin.org/articles/10.3389/feart.2022.813074/full
https://www.frontiersin.org/articles/10.3389/feart.2022.813074/full
https://www.frontiersin.org/articles/10.3389/feart.2022.813074/full
https://www.frontiersin.org/articles/10.3389/feart.2022.813074/full
http://creativecommons.org/licenses/by/4.0/
mailto:jiangbo@cumt.edu.cn
https://doi.org/10.3389/feart.2022.813074
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.813074

Cheng et al.

Distribution Prediction of Shale Deformation Structures

anticlines and the areas controlled by synclines (mostly wide and gentle), shale mainly
shows primary structure and weak brittle deformation structures.

Keywords: distribution prediction, shale deformation structures, organic-rich shale, geological structures,

tectonically complex area

INTRODUCTION

With the continuous increase of proved shale gas resources and
commercial utilization in recent years, research on the structure
and physical properties of shale reservoirs is becoming a research
hotspot in the field of unconventional natural gas geology. While
evaluating the resource potential of shale gas, scholars noticed
that the shale reservoirs in tectonically complex areas usually
display structural deformation of varying properties and intensity
(Guo and Zeng, 2015; Xiao et al., 2015; Zheng et al., 2018; Cheng
etal., 2021). Moreover, porosity characterization showed that the
tectonically deformed shale (TDS) exhibits distinct fracture and
pore structures from the undeformed shale (Curtis, 2002;
Eichhubl et al.,, 2005; Guo, 2013; Liang et al., 2017; Ma et al,
2014; Zhu et al., 2018), which affects the gas storage and seepage
properties of shale reservoirs and leads to the strong
heterogeneity of shale gas distribution in tectonically complex
areas (Carey et al.,, 2015; Liang et al., 2020; Liu et al., 2012; Liu
et al., 2016).

Although researchers paid much attention to various TDS in
recent years, most of the research was independent and static and
focused on the evolution rules of mineral composition, pore, and
micro-fracture structures of various TDSs. The research objects
include the Lujiaping Formation of the Lower Cambrian and the
Livjiaping Formation of the Lower Carboniferous in the Daba
mountain fold-thrust belt of the northeastern Sichuan basin (Ma
et al,, 2014; Zhu et al,, 2018), the Longmaxi Formation of the
Lower Silurian in the peripheral regions of the Sichuan basin
(Liang et al., 2020; Li et al,, 2021; Zhu et al.,, 2021), and the
structurally complex belt of the northern Guizhou (Gu et al,
2020). The previous research generally supported the conclusion
that the structural deformation of shale (especially brittle
deformation) brought about abundant micro-fractures and
made the pre-existing pores develop to form large connected
pore structures. Thus, the pore structure connectivity and
reservoir permeability were significantly enhanced (Liang
et al., 2017; Liang et al, 2020; Zhu et al., 2018). However,
different opinions existed in the evolution rules of pore
structures of TDSs. Some scholars pointed out that tectonic
compression caused the organic micro- and mesopores to
collapse and made the intergranular pores closed, resulting in
a decrease in the total porosity and gas adsorption capacity of
TDSs (Liang et al., 2017; Ma et al,, 2020; Gou et al., 2021; Li et al,,
2021). However, it was also demonstrated that the strongly
deformed shale exhibited a more developed micro- and
mesopore structure (Ma et al., 2014; Ju et al,, 2018; Zhu et al,,
2019; Shang et al., 2020). These arguments suggest that deep and
systematical study of the deformation characteristics and genetic
mechanism of TDSs are required to reveal the true evolution rules
of pore structures of TDSs.

In the newly published TDS research, the classification and
deformation descriptions of TDSs usually referred to the relative
findings in the field of tectonite and tectonically deformed coal
(TDC). In a broad sense, scholars generally divided tectonite into
cataclastic and mylonitized series (Sibson, 1977; Chester et al.,
1985; Woodcock and Mort, 2008). Cataclastic series, or brittle
deformation series, refers to the tectonically deformed rocks
characterized by brittle fracture development and shale
fragmentation, and the enhancement of structural deformation
usually caused an increase in the density of tectonic fractures and
fragmentation degree of shale blocks (Engelder, 1974).
Mylonitized series, or ductile deformation series, is a type of
tectonite formed by intracrystalline plastic rheology
(intracrystalline and bicrystalline sliding), intergranular sliding
and rotation, dynamic recrystallization, and the formation of new
minerals (Sibson, 1977; Hatcher, 1978). The mylonitized tectonite
is characterized by the obvious fine-grained shape and flow
textures and is mostly belt-like distributed. Besides, some
scholars also put forward the concept of brittle-ductile
transitional series, which is a transitional deformation series
between cataclastic and mylonitized series. The related
concepts include “foliated cataclastic rock” and “semi-plastic
mylonitized” (Chester et al., 1985; Marshark and Mitra, 1988;
Zhong, 1994; Zhu and Wang, 1995). According to the widely
accepted TDC classification, which took the deformation
characteristics and genetic mechanism into account, TDCs
were divided into three series, namely the brittle, ductile, and
brittle-ductile transitional series (Jiang and Ju, 2004; Ju et al,
2004; Pan et al., 2015; Jiang et al., 2010; Li et al., 2019; Guoxi et al.,
2020; Cheng et al., 2020a; Cheng et al., 2020b). The three TDC
series were further divided into eight types, namely the cataclastic,
porphyritic,  granulitic, platy, scaly, crumpled, and
mylonitized coal.

Similar to the tectonite and TDC classification, previous
researchers put forward three shale deformation mechanisms:
brittle, brittle-ductile transitional, and ductile deformation series
(Maetal., 2014; Ju et al., 2018; Zhu et al., 2018; Fengli et al., 2019;
Li et al,, 2021). Brittle deformation series is mainly displayed as
the development of brittle fractures and the enhancement of shale
fragmentation, corresponding to cataclastic tectonite and the
brittle TDCs. It is worth noting that differences exist in the
deformation mechanisms of ductile TDS and mylonitized
tectonite. The study of tectonite mostly took the highly
crystallized felsic rocks as the research objects, which are
composed of large crystalline grains. However, the shale is
essentially a type of fine-grained clastic rock and composed of
fine mineral particles. As a result, under the ductile deformation
environment (mostly characterized by high-temperature, high-
confining pressure, and low strain rate), the tectonic stresses are
more likely to release by intergranular sliding and grain rotation,
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and it is difficult to maintain sufficient stress to produce obvious
intra-crystalline plastic deformation in mineral grains.
Consequently, the ductile deformed shale is mainly
characterized by the intergranular sliding of fine mineral
particles, accompanied by shale fragmentation and dynamic
recrystallization on large mineral particles. In the research of
Chen (1998), the deformation features of deformed fine-grained
clastic rocks in the ductile shear zone with low-grade
metamorphism were recorded and analyzed. Moreover, due to
the well-developed foliation structure of shale, bedding slips were
more likely to occur in shale than in other rocks under tectonic
compressions, bringing about bedding-parallel fractures and
cleavages. Thus, there are some predominated deformation
structures in TDSs, such as platy, flaky, and scaly structure,
and the strongly TDSs mostly are belt-like distributed along
bedding planes.

There are noticeable differences in shale deformation in different
structural locations, but only a few studies have been carried out to
reveal the relationship between geological structures and shale
deformation. Wang et al. (1982) recorded the deformation
variations of tectonite within the southern fault zone of the
Tancheng-Lujiang (Tan-Lu) fault belt. They found that the
intensity of shale fragmentation largely decreased from the fault
plane to the upper and lower sides, and the observed structural
deformation gradually changed from brittle deformation to ductile
deformation. Zhu et al. (2018) observed the shale deformation
variations in the Liujiaping Formation of the Daba Mountain
Thrust-fold belt (southeastern margin of the Sichuan basin). They
found that there were mainly strongly brittle TDSs near the fault
planes while the ductile TDSs were mainly distributed in the
complex fold areas, and the intensity of shale deformation
gradually decreased from core zones to limbs and from fault
planes to fault sides. Deville et al. (2020) observed the
deformation characteristics of a large-scale shale outcrop located
in the Parras Basin of northeastern Mexico and identified
deformation  mechanisms of shale: penetrative ductile
deformation and localized brittle deformation. Furthermore, they
believed that the changes in pressure conditions could lead to the
evolution of shale deformation mechanisms. In the research of Li
et al. (2021), the structural styles of shale deformation were divided
into four levels, from the weaker to the stronger, horizontal strata or
monoclinic structures, simple and wide folds, complex and closed
folds, and ductile shear zone. According to their finding, the
undeformed shale gradually transits to the strongly deformed
shale from level A to level D. To conclude, most of the research
was performed to serve the sample collection, and few efforts have
been made to predict the planar distribution of different TDSs based
on the distribution and intensity of geological structures. Based on
structural observation and modeling, Katori et al. (2021) constructed
the rock deformation distribution patterns on the sides of the
Median Tectonic Line (the largest onshore fault of Japan); their
research showed that the rock deformation transit with the pattern of
“strongly cataclasite, weakly cataclasite, ultramylonite, mylonite,
protomylonite” and the tectonite of the same type were
distributed in belts parallel to the main structural line.

As all tectonite is of tectonic origin, the formation and
distribution of tectonite are significantly controlled by
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geological structures, and their influences on shale
deformation vary with structural types and intensity. Thus, it
should be an effective way to determine the distribution rules of
shale deformation structures in unexposed areas by establishing
the relationship between geological structures and shale
deformation. A literature review shows that the current
knowledge about shale deformation and the relationship
between geological structure and shale deformation is
insufficient, and it requires further study of shale deformation
features on shale outcrops to reveal the controlling effects and
mechanisms of geological structures on TDSs’ distribution.

In this work, the southern Sichuan Basin, located in the
junction area of the southern Sichuan low-steep fold belt and
the Lou Mountain fold-thrust belt, was selected as the study area.
With abundant shale outcrops and intense shale deformation, the
southern Sichuan basin is an ideal region to study the distribution
rules of shale deformation structures. Specifically, we
systematically recorded the structural deformation features of
shale outcrops and shale core samples to summarize the micro
and macro deformation features of TDSs and reveal the
controlling mechanisms of geological structures on shale
deformation. Finally, we predicted the distribution rules of
various shale deformation structures by considering the
structural framework of the study area.

GEOLOGICAL SETTINGS

The Sichuan basin is located in the middle and east of the Sichuan
Province of China, bounded by the Mian-Lue collision belt in the
north, the Longmen Mountain fold-thrust belt in the west, the
Qiyue Mountain fault in the east, and the Lou Mountain fold-
thrust belt in the south (Figure 1A) (Burchfiel et al., 1995; Gu
etal, 2021). The study area lies in the southern Sichuan low-steep
fold belt (a secondary structural zone), which is bounded by the
Huaying Mountain fault belt in the west, the Qiyue Mountain
fault belt in the east, and the Gulin fault and its associated thrust
faults in the south.

The strata exposed in the study area include Cambrian,
Ordovician,  Silurian, Permian, Triassic, Jurassic, and
Middle-Upper Cretaceous (Figures 1B,C). There is no regionally
distributed angular unconformity observed in the study area (Wei
etal, 2019). Only two parallel unconformity systems were regionally
distributed: one between the Silurian and Permian and the other
between the Upper Jurassic and the Upper Cretaceous. The Wufeng
Formation (O3;w) of the Upper Ordovician and the Longmaxi
Formation (S;]) of the Lower Silurian were mainly exposed near
the cores and limbs of the N-S and E-W-extending anticlines in the
middle and south region of the study area, which is strictly controlled
by fold structures. The microscopic shale structure, organic
geochemical, and mineralogical characteristics of the Wufeng-
Longmaxi Formation are listed in Supplementary Appendix SA.

The southern Sichuan Basin mainly showed two structural
systems: the near-E-W-trending structures and the near-N-S-
trending structures (Cheng et al,, 2021). The near-N-S-trending
structures are mainly a series of synclines and anticlines with hinge
lines inclined to the north. The N-S§ anticlines are relatively more
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closed than the N-S synclines. The near-E-W-trending structures
are dominated by fold structures as well, and the folds distributed in
the south are noticeably more complex and intense than those in the
north. Besides, there are some near-E-W-trending strike faults
developed in the south region, which mostly lies in the limbs of
the E-W-trending anticlines.

During field surveys, we observed some structural features that
indicate the formation and evolution sequence of the E-W and
N-S compressive systems (Cheng et al.,, 2021): (a) the near-
E-W-trending folds and reverse faults are mostly cut by the near-
N-S-trending reverse faults; (b) the observed near-E-W-trending
normal faults usually show the characteristics of “early reverse
faults and later normal faults”; (c) the strata at the superposition
areas of the two structural systems mostly dip the east or west. All
these features indicate that the final finalization of the near-
E-W-trending folds was later than that of the near-N-S-trending

compressive structures. Our research team has carried out field
studies and reconstructed the burial and thermal history of the
Longmaxi Formation of the study area. The results showed that the
peak period of the horizontal tectonic compression started after the
Late Jurassic. The near-E-W-trending structures were finalized at
the end of the Late Jurassic, while the near-N-S-trending structures
were finalized at the end of the Oligocene (Cheng et al,, 2021).
These two periods of tectonic compressions generally determined
the structural framework of the study area and then controlled the
planar distribution of TDSs.

RESULTS AND DISCUSSION

We carried out shale outcrop observation during field study to
reveal the control effects of geological structures on TDSs’
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distribution. Specifically, we looked for shale outcrops with good
observation and sampling conditions, observed and recorded the
structural deformation characteristics of shale in different
locations of geological structures, collected TDS samples, and
conducted micro- and macro-deformation observations indoors,
and then we summarized the controls of geological structures on
shale deformation.

Referring to the classification scheme of tectonite and TDCs
and considering the distinct deformation characteristics and
genetic mechanisms of shale, we proposed a TDS classification
scheme to standardize the description of shale deformation and to
summarize the distribution rules of shale deformation structures.

Three deformation series and eight deformation structures were
distinguished from the collected shale samples: the brittle
deformation series (including cataclastic, porphyritic, platy,
and flaky structure), brittle-ductile transitional series
(including fractured-cataclastic and scaly structure), and
ductile series (including crumpled and mylonitized structure).
The macro and micro deformation images and deformation
characteristic descriptions of the whole series of TDSs can be
found in Supplementary Appendix SB. This classification
scheme corresponds well with the widely accepted
classification scheme of tectonite (Sibson, 1977; Zhu and
Wang, 1995) and TDCs (Jiang and Ju, 2004; Ju et al.,, 2004;
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FIGURE 3 | Differences in tectonic fractures between soft and hard sublayers. Notes: (A,B) the observation point J0407, the Leikoupo Formation of the Middle
Triassic (T2f); (C) the observation point G0813, the Shiniulan Formation of the Lower Silurian (S;s); (D) the observation point G0820, the Sys Formation.

Jiang et al, 2010; Pan et al, 2015) and takes the distinct
deformation characteristics of shale into account (Chen, 1998).
The shale deformation characteristics in shale outcrops (with
faults and/or folds exposed) were then observed and analyzed to
reveal the controlling effects of different structural types on shale
deformation. To make the distribution rules of TDSs more
prominent and clearer, we illustrated the shale deformation
characteristics on outcrops in the form of schematic diagrams.

Effects of Rock Properties and Rock
Structures on Shale Deformation

During shale deformation observation on outcrops, we
observed significant differences in shale deformation
between different shale segmentations (with differences of
mineral compositions and mechanical properties) of the same
structural location.

An S-shaped fold (composed of a chevron anticline and
syncline) was observed in the Longmaxi Formation of the
observation point G1102 (Figure 2), which is located in the
NWW limb of the Junlian-Tangba NNE-trending anticline.
There were significant differences in shale deformation of the
upper and lower shale sublayers. The thin-bedded dark shale of
the lower sublayer experienced intense and complex folding
deformation. Bedding-parallel cleavages and fractures were
well developed, indicating intense bending sliding folding
deformation. From core zones to limbs, shale deformation

gradually changed from crumpled structure to flaky structure
and then platy structure (Figures 2A-C,E-H, ). In the thick-
bedded mudstone of the upper sublayer, shale deformation was
weaker and mainly showed cataclastic and platy structure
(Figure 2D). Between the upper and lower sublayers, there
developed a slip surface that fluctuated in a broad and gentle
wave shape. The structural deformation of the shale near the slip
plane was relatively stronger and gradually weakened to the
direction away from the slip plane.

Figures 3A,B illustrate the fracture characteristics of outcrop
J0407 located in the transitional area between the Xuyong
syncline and the Taiyang anticline. The exposed strata are the
dark gray thin-bedded shale and silty mudstone with thin-bedded
calcareous dolomite of the Leikoupo Formation. The shale and
silty mudstone mainly developed bedding-parallel fractures and
fractures small-angle oblique to bedding planes, with a density of
120 m™". The fracture density in the shale near the dolomite can
reach a maximum of 148 m™". On the contrary, the calcareous
dolomite mainly developed bedding-perpendicular fractures with
a density of 16 m™". In the dark gray carbonaceous mudstone
thin-interbedded with grayish-yellow marl and limestone, there is
a small flexure structure developed (Figure 3C). Bedding-parallel
fractures were well developed in the thin-bedded mudstone, while
in the marl and limestone, two groups of bedding-perpendicular
fractures can be observed. Figure 3D showed a small bedding slip
structure observed in the Qixia Formation. The mudstone
interbedded within limestone experienced intense folding
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FIGURE 4 | Structural deformation characteristics of different sections of the Wufeng—Longmaxi Formation (observation point G1106). Notes: (A) a panorama of
the Wufeng (Osw) and Longmaxi Formation (S+/); (B) secondary strike reverse faults and interlayer folds in the Middle and Upper Ordovician (O._3) limestone; (C) the Ozw
Formation and the Lower member of the S;/ Formation; (D) bedding-parallel fractures in the Middle member of the S,/ Formation; (E) interlayer-slip structures in the
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deformation, while the limestone showed weak structural
deformation.

Figure 4 showed the structural deformations in different
sections of the Wufeng-Longmaxi Formation. Observation
point G1106 is located in the NE limb of an NW extending
closed anticline and exposed the Middle and Upper Ordovician
(0,_3), Wufeng Formation (O;w), and Longmaxi Formation (S;1).
Affected by the NW-trending anticline, the strata generally
inclined to the NE direction, and the dip angle was generally
larger than 60° (Figure 4A). There were secondary strike reverse
faults and interlayer folds developed in the O, ; limestone
(Figure 4B), indicating the intense tectonic compression from
northeast to southwest. The Wufeng Formation and the lower
member of the Longmaxi Formation mostly showed platy and
cataclastic structure (Figure 4C). The structural deformation was

mainly characterized by the bedding-parallel and bedding-
perpendicular tectonic fractures, most of which were filled with
calcite films (Figure 4D). In the calcareous shale of the upper
section of the Longmaxi Formation, which was thin-interbedded
with silty mudstone and marl, detachment structures were stably
developed and showed platy structure (Figure 4E). The structural
deformation features at the observation point G1106 indicated that
the shale deformation at fold limbs is relatively weaker and mainly
dominated by brittle deformation (tectonic fractures). In sections
with homogeneous mineral composition, shale tends to show platy
and cataclastic structure, while in the thin-interbedded sections,
tectonic compressions tend to cause bedding slips and form platy
structure.

The observation point J0705 is located near the fault plane of a
secondary reverse fault in the south limb of the NEE-trending
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deformation features of shale samples with collection locations marked in A-D.

FIGURE 5 | Shale deformation characteristics of the Wufeng-Longmaxi Formation in observation point JO705. Notes:(A) a panorama of the Wufeng (Ogw) and
Lower member of the Longmaxi Formation (S+/); (B,C) the lower member of the Ozw Formation; (D) the Upper member of the Ozw Formation; (E-J) macro and micro

uctu

o

e,

ture H 907-Y8 Platy structure

Hetaowan anticline (Figure 5). The Wufeng Formation and the
lower member of the Longmaxi Formation were exposed
(Figure 5A). The Wufeng Formation in this observation point
consists of upper and lower members, and significant differences
existed in the structural deformation characteristics of the two
members. The black thin-bedded shale of the lower member of
the Wufeng Formation showed intense structural deformation
(mainly developed flaky-and platy structure), with dense
bedding-parallel fractures stably developed (Figures 5B,C). A
sliding deformation belt was observed near the upper member of
the Wufeng Formation (usually referred to as the Guanyingiao
member), with a thickness of about 20 cm (Figure 5B). Shale in the
strong deformation belt usually showed as scaly or thin lens-shaped

blocks, which were usually covered by bright and smooth friction
surfaces (Figures 5E-H). The existence and deformation features
of the strong deformation belt indicate that a noticeable bedding-
parallel slip has occurred near the contact section of the lower and
upper members of the Wufeng Formation. The upper member of
the Wufeng Formation consists of medium-thick-bedded dark-
gray shale that showed weak structural deformation. Shale mostly
displayed cataclastic and platy structure, with bedding-parallel and
bedding-perpendicular  tectonic fractures well developed
(Figures 5D,I).

The thin-bedded shale at the bottom member of the Longmaxi
Formation mainly developed bedding-parallel fractures and less
developed bedding-perpendicular fractures (Figure 5J), and the
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micro deformation features of shale samples with collection locations marked in A-D.

FIGURE 6 | Variations in shale deformation of different segmentation of the Wufeng—Longmaxi Formation (observation point G1101). Notes: (A) a panorama of the
Wufeng (Osw) and Longmaxi (S+/) Formation; (B) the Lower member of the S/ Formation; (C,D) the Upper and Lower member of the Ozw Formation; (E-L) macro and

led structure

fracture density was higher than that of the upper member of the
Wufeng Formation.

In summary, the lower member of the Wufeng Formation and
the bottom member of the Longmaxi Formation generally
showed stronger structural deformation, which are located at
the bottom and top of the medium-thick-bedded calcareous shale
(the upper member of the Wufeng Formation). These strong
deformation belts indicated that bedding slips are more likely to
occur at the junction section of the strong sublayers (usually
thick-bedded shale with high calcium content) and weak
sublayers (thin-bedded shale with high organic content).

Observation point G1101 is located in the core-limb
transitional area of a NEE-trending closed anticline, with the

strata attitude of 347°, 87°. There is a near-E-W-trending reverse
fault developed in the core of the anticline (Figure 1), indicating
strong  N-S-trending  structural  deformations.  The
Wufeng-Longmaxi Formation exposed in this outcrop showed
strong structural deformations, but significant differences existed
in shale deformation of different sections (Figure 6A).

In the bottom member of the Wufeng Formation, the thin-
bedded shale showed intense folding deformation (Figures
6D-F): shale usually displayed as irregularly crumpled,
lenticular, and flaky blocks, and shale blocks were mostly
covered by smooth friction surfaces. There was a bedding slip
in the bottom of the Wufeng Formation. The lower member of
the Wufeng Formation was strongly deformed and mainly

Frontiers in Earth Science | www.frontiersin.org 9

February 2022 | Volume 10 | Article 813074


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Cheng et al.

Distribution Prediction of Shale Deformation Structures

Calcareous
F=—1mudstone

Strlke slip
fault

Sllt Organlc rlch
- stone E shale
V‘ Reverse Normal

fault

fault

G0811; (F) a normal fault in fracture measurement point JO705.

[ Limestone [ Marl ME@%&%&@%

Porphyrltlc
L:22. |structure

FIGURE 7 | Distribution schematic diagrams of shale deformation structures in fault structures. Notes: (A) a reverse fault in observation point GO810; (B) a reverse
fault in observation point GO703; (C) a reverse fault in observation point GO707; (D) a reverse fault in observation point GO809; (E) a strike-slip fault in observation point

V\/ VAN
AN\ Y

='.A=

Tectonic
cleavages

[~ |Scaly
structure

[~ ~]Cataclastic and
mylonitized structure

developed flaky, scaly, and crumpled structure (Figures 6D-F),
while the upper member (the Guanyingiao member) mainly
showed cataclastic structure (Figures 6C,G,H).

The lower member of the Longmaxi Formation showed
intense structural deformation as well, with dense and fine
tectonic fractures well developed. The displacement traces can
be observed on the large blocks. Shale generally showed flaky and
porphyritic structure interbedded with platy structure (Figures
6B,L,]). From the lower member of the Longmaxi Formation to
the upper member, shale gradually transited into platy and
cataclastic structure (Figures 6K,L).

To conclude, the strongest structural deformation
(porphyritic, flaky, scaly, and crumpled structure) usually
occurred in the lower member of the Wufeng Formation and
the lower member of the Longmaxi Formation, which are both
dominated by thin-bedded shale. The upper member of the
Wufeng Formation and the middle-upper member of the
Longmaxi Formation showed relatively weaker deformation
structures, such as platy, cataclastic structure.

Based on the comparative analysis of shale deformation on the
above shale outcrops and the shale cores from nine shale gas
evaluation wells in the study area (Cheng et al., 2021), it is found
that the strong deformation structures and bedding slip planes
were mainly distributed in these three sections: the bottom
member of the Wufeng Formation near the underlying
limestone, the bottom member of the Longmaxi Formation
near the upper member of the Wufeng Formation, and the
upper member of the Longmaxi Formation (thin-bedded shale
interbedded with marl and silty mudstone). Under intense
tectonic compressions, detachment structures were easier to
occur in these three sections, resulting in the ductile,
brittle-ductile transitional deformation structures (such as
crumpled, scaly, flaky structure) in the lower member of the
Wufeng Formation and the lower member of the Longmaxi
Formation. As bedding sliding deformation mostly displayed
as small-scale slip structures in the interfaces of laminas, shale
in the upper member of the Longmaxi Formation usually showed
platy structure. As for the upper member of the Wufeng
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TABLE 1 | Shale deformation characteristics in different structural locations.

Thin-bedded shale sections (the lower member of the Wufeng
Formation and the lower member of
the Longmaxi Formation)

Medium-thick-bedded shale sections (the upper member of the
Wufeng Formation and the middle and upper members of the
Longmaxi Formation)

Fold cores Crumpled, mylonitized, fractured-crumpled, scaly, and porphyritic structure ~ Dominated by platy and cataclastic structure. Stably develop bedding-
showing complex folding deformation. Shale deformation structures can parallel tectonic fractures and partially fractures perpendicular to and oblique
display two zoning patterns: vertical zoning pattern (to the direction away from  to bedding planes
the main slip surfaces, shale transited from crumpled, mylonitized, and scaly
structure to porphyritic and cataclastic structure), horizontal zoning pattern
(from axial surfaces to the outside, shale gradually changes from crumpled,
fractured-crumpled, and scaly structure to flaky and then platy structure)

Fold limbs Platy and flaky structure with bedding-parallel fractures and Weak structural deformation; dominated by weakly deformed cataclastic
compressive-shear fractures oblique to bedding planes structure and primary structure. Fractures are mostly perpendicular to or

large-angle oblique to bedding planes

Reverse Mainly develop crumpled, scaly, and flaky structure; partially develop Platy and cataclastic structure with bedding-perpendicular and bedding-

faults porphyritic structure near the fault planes of high-angle reverse faults. parallel tectonic fractures well-developed
Bedding-parallel and crumpled cleavages are well developed. As the distance
from fault planes increases, shale generally transits from ductile and
brittle—ductile transitional deformation to brittle deformation and the intensity of
brittle deformation gradually decreases

Strike-slip Cataclastic structure with tectonic fractures perpendicular to or high-angle Cataclastic and primary structure. Structural deformation is generally slighter

faults obligue to bedding planes. Influences on shale deformation are relatively than that of the thin-bedded shale sections
limited, and shale rapidly changes from cataclastic structure near the fault
planes into primary structures in two walls of strike-slip faults

Normal Cataclastic structure; mainly tensile fractures. From fault planes to two walls of ~ Cataclastic and primary structure with weak structural deformation

faults faults, shale gradually transits from cataclastic structure to primary structure
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Formation and the middle member of the Longmaxi Formation,
shale deformation was mainly characterized by developing large-
scale bedding-parallel and bedding-perpendicular tectonic
fractures, and shale usually showed cataclastic and platy
structure.

Effects of Faults on Shale Deformation
Generally, the influences of faults on shale deformation were
relatively slighter than that of folds, and the effects of reverse
faults were more significant than that of normal and strike-slip
faults.

Figure 7A (observation point J0810) illustrates a small
secondary reverse fault that lies in the core zone of the NEE-
trending Hetaowan anticline. In the ganging wall block near the
fault plane, shale generally showed the porphyritic structure. As
the distance from the fault plane increases, shale gradually
transited from porphyritic structure to crumpled, flaky, and
platy structure. Not far away from observation point J0810,
observation point G0809 (Figure 7B) showed a reverse fault
with a large dip, where gray-black thin-bedded shale, grayish-
yellow calcareous mudstone, and marl were exposed. The thin-
bedded shale near the fault plane generally showed crumpled and
mylonitized structure and gradually transited into flaky structure

and then platy structure. The calcareous mudstone and marl near
the fault plane mainly displayed porphyritic structure and less
developed crumpled structure. To the direction away from the
fault plane, shale successively showed cataclastic and platy
structure. The porphyritic structure was both observed near
the fault planes of reserved faults shown in Figures 7A,B.

In the areas controlled by low-angle reverse faults, shale
displayed different deformation characteristics. Ductile and
brittle-ductile transitional deformation structures (such as
crumpled, mylonitized, fractured-crumpled, and scaly
structure) are relatively more widely developed. Figure 7C
(observation point G0707) illustrates a series of small reverse
faults found near the E-W-trending reverse fault in the core of the
Hetaowan anticline. The shale near the fault planes showed
strong deformation (mainly crumpled, mylonitized, scaly, and
flaky structure) and gradually changed to flaky, cataclastic, and
platy structure. Figure 7D (observation point G0703) shows a
small reverse fault in silty mudstone and shale. The main fault
plane gradually changed from oblique-to-beddings to parallel-to-
bedding from the south to the north, and the medium-thick-
bedded silty mudstone in the hanging wall was pushed to the
upside of the shale in the footwall, indicating that the hanging
wall experienced long-distance movement. The silty mudstone
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showed weak structural deformation, dominated by weakly
cataclastic and primary structure. The shale near the fault
plane has experienced intense and complex folding
deformations, manifested in crumpled and mylonitized
structure. To the direction away from the fault plane, shale
gradually transited to flaky and platy structure.

In summary, the thin-bedded shale near the reverse faults
usually deformed in the form of folding deformation, bedding-
parallel and crumpled cleavages and showed crumpled,
mylonitized, fractured-crumpled, scaly, and flaky structure.
Porphyritic structure was sometimes observed near the fault
planes of high-angle reverse faults. With the increase of the
distance from fault planes, shale deformation generally
transited from ductile and brittle-ductile transitional
deformation to brittle deformation, and the deformation
intensity gradually decreased (cataclastic structure changed
into platy structure, and the density of tectonic fractures
decreased). Moreover, the shale in the hanging walls of reverse
faults generally showed stronger structural deformation. The
exception existed when there were hard sublayers near fault
planes (such as marl and silty mudstone). In this case, the
stronger structural deformation (maybe not in the hanging
wall) usually appeared in the thin-bedded shale. The relatively
hard layers, however, usually showed weak deformation
structures, such as platy and cataclastic structure.

Compared with reverse faults, strike-slip faults and normal
faults have relatively slighter influences on shale deformation.
Shale near strike-slip faults mainly showed brittle deformation
structure, characterized by tectonic fractures near perpendicular
to or high-angle oblique to bedding planes. The intensity of brittle
deformation rapidly decreased to the direction away from the
fault planes. In the observation point G0811 (Figure 7E), we
observed a strike-slip fault, where the thin-bedded shale and silty
mudstone largely exhibited the same deformation characteristics
(the shale was more significantly deformed than the silty
mudstone). From the fault plane to the fault sides, shale
gradually changed from cataclastic structure to primary structure.

In the areas near the fault planes of normal faults, shale
deformation was mainly characterized by the increase of
tectonic fractures, which is dominated by the derived tensile
fractures perpendicular to bedding planes. Shale mostly showed
cataclastic and primary structure. Figure 7F illustrated a small
normal fault, where the shale near the fault plane mainly showed
cataclastic structure and rapidly transited into primary structure
as away from the fault plane.

Effects of Folds on Shale Deformation

Folds generally caused shale deformation in a larger area than
faults, and the distribution of deformation structures usually
showed more considerable variations in different lithologic
segmentations.

The thin-bedded shale near fold cores usually showed intense
and complex longitudinal folding deformations, with bedding-
parallel and crumpled cleavages and fractures well developed.
Shale blocks mostly showed tight arc and crumpled shapes and
were covered by smooth and intact friction surfaces, forming
crumpled, scaly, fractured-crumpled, and porphyritic structure

Distribution Prediction of Shale Deformation Structures

(Figures 8A,B). Moreover, the thin-bedded shale near the hard
sublayers generally displayed the strongest deformation
structures (such as crumpled, mylonitized, and scaly
structure), and the shale migrated to structural spaces in the
form of solid rheology. Under the effects of bedding slip and
bedding flow deformations, the thin-bedded silty mudstone and
marl intercalated in the thin-bedded shale were usually
pulled apart.

Due to the differences in strata structure, the distributions of
shale deformation structures can show two zoning patterns:
horizontal distribution pattern (pattern A) and vertical
distribution pattern (pattern B).

Pattern A: The folds are tight and closed (as illustrated in
Figure 8A). In this case, the distribution of deformation
structures showed zoning characteristics from core zones to
limbs. Shale in fold cores mostly exhibited ductile and
brittle-ductile transitional deformation structures (mainly
crumpled, fractured-crumpled, and scaly structure). However,
shale in limbs usually showed platy-and flaky structure (brittle
deformation structures).

Pattern B: The folds are wider and broader, as illustrated in
Figure 8B. Under this condition, folds mostly caused shale
deformation in a significantly larger area than pattern A. The
deformation structures were distributed in belts. The distribution
belts of deformation structures were in accordance with the entire
shape of the deformation zone. To the direction away from the
slip surfaces, shale gradually changed from ductile and
brittle-ductile transitional deformation structures into brittle
ones (mainly porphyritic and cataclastic structure). Shale
deformation of the thick-bedded shale segmentations was
noticeably weaker than that of the thin-bedded shale,
characterized by the development of tectonic fractures
(dominated by bedding-parallel fractures and less developed
fractures oblique to bedding planes; Figures 8A,B).

In the limbs of fold structures, longitudinal folding
deformations were relatively slighter and mostly showed as
interlayer sliding deformations. The structural deformation of
the thin-bedded shale was usually displayed as the development
of bedding-parallel fractures, causing platy and flaky structure.
The density of tectonic fractures usually reached the maximum in
the segmentations contact with hard sublayers. Besides, in partial
areas, there developed compressive-shear fractures oblique to
bedding planes at an acute angle (Figure 3B), which were derived
from the shear stresses during bedding slips.

Figures 8C,D illustrate the deformation features of two
outcrops located in the limbs of large-scale folds, developed
with thin-interbedded shale and limestone and shale and marl,
respectively. Noticeable differences in structural deformation were
observed between the hard and weak sublayers. The thin-bedded
shale mainly experienced bedding sliding deformations, leading to
the bedding-parallel or crumpled fractures and cleavages. Shale
mainly exhibited crumpled, scaly, and flaky structure. In hard
sublayers, such as marl and limestone, shale deformations were
mainly characterized by the development of tectonic fractures
perpendicular to bedding planes, and the fracture density is
generally negatively correlated with the thickness of fractured
sublayers. In the research of Cheng et al. (2021), negative power

Frontiers in Earth Science | www.frontiersin.org

February 2022 | Volume 10 | Article 813074


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Cheng et al.

functions were observed between the density of tectonic fractures
and the thickness of fractured sublayers.

Shale Deformation Prediction Based on

Geological Structures

Geological structures truthfully recorded the direction, form, and
intensity of the experienced tectonic actions. It should be an
effective way to predict the deformation characteristics and
distribution laws of various types of TDSs in the unexposed
areas based on the relationship between geological structures and
shale deformation. In this work, we summarized the influencing
modes of geological structures on shale deformation based on
shale outcrop observations (Table 1) and then predicted the
regional and longitudinal distributions of different TDSs
(Figure 9).

The influences of normal faults and strike-slip faults on shale
deformation are relatively limited and mainly characterized by
the increase of tectonic fractures. The induced fractures are
mostly perpendicular to or oblique to bedding planes at a
large angle. Shale near the fault planes usually exhibited
cataclastic structure, and the intensity of shale deformation
rapidly decreased with the increase of distance from fault planes.

The thin-bedded shale near the fault planes of reverse faults
usually experienced folding deformations with well-developed
bedding-parallel and crumpled cleavages, showing strong
deformation structures. Strong brittle deformation structures
were observed in a small range near the fault planes of high-
angle reverse faults. With the increase of the distance from fault
planes, the structural deformation of shale generally showed the
transition trends of “from ductile and brittle-ductile deformation
to brittle deformation” and “from strong brittle deformation
structures to weak brittle deformation structures and then
primary structure.” The relatively hard layers (medium-thick-
bedded shale, silty mudstone, and marl) near reverse faults mostly
experienced weak structural deformation and showed platy and
cataclastic structure, developing mainly bedding-perpendicular
and bedding-parallel fractures and less fractures oblique to
bedding planes.

Near the core zones of folds and the superposition areas of
folds of different directions, the thin-bedded shale usually showed
complex folding deformations and displayed crumpled,
fractured-crumpled, scaly, and porphyritic structure, with
bedding-parallel and crumpled cleavages stably and densely
developed. Due to the differences in shale’s brittleness,
structural deformation structures can show two zoning
patterns. The vertical zoning pattern (shale deformation
structures zoning along bedding planes and shale transiting
from crumpled, mylonitized, and scaly structure to porphyritic
and cataclastic structure) usually occurred in shale with a high
calcium content. The shale with higher content of argillaceous
and organic matters mostly showed the horizontal zoning
pattern. From fold cores to limbs, shale gradually changed
from crumpled, fractured-crumpled, and scaly structure to
flaky and platy structure. In thick-bedded shale near core
zones of folds, structural deformations were mainly
characterized by bedding-parallel fractures, showing platy and

Distribution Prediction of Shale Deformation Structures

cataclastic structure. The structural deformations of shale in core
limbs were generally weak, and the thin-bedded shale mainly
developed bedding-parallel fractures. Shale mostly showed platy
and flaky structure.

Due to the intense tectonic compressions from south to
north and from east to west during the geological history, the
well-developed fold structures largely control the tectonic
framework of the study area, which is characterized by the
superposition of the E-W- and N-S-trending compressive
structures (Figure 1). The near E-W-trending folds gradually
weakened from south to north in terms of structural intensity
and complex degree. Among the near N-S-trending folds, the
anticlines were more closed and complex than the synclines,
forming wide-spaced anticlines.

The large-scale faults were mainly distributed in the areas
controlled by the Guanxingnan anticline and the Hetaowan
anticline. The faults in the core zone of the Guanxingnan
anticline are reverse faults. Although the faults observed in the
south limb of the Hetaowan anticline show as normal faults
nowadays, the fault planes of the main and secondary faults
usually retained structural traces of reverse faults, such as the
occurrence of fault planes, the porphyritic rock belts near the fault
planes, and the development of drag folds (Cheng et al., 2021),
indicating that the normal faults used to be reverse faults.
According to the revealed distribution rules of TDSs on
reverse faults, the shale near these faults should have
experienced intense structural deformation and mainly
displays strong deformation structures (crumpled, mylonitized,
fractured-crumpled, scaly, flaky, and porphyritic structure), with
bedding-parallel and crumpled cleavages well developed. From
the fault planes to the south limb of the Hetaowan anticline, shale
gradually transited into cataclastic and platy structure. The
distribution belts of shale deformation structures should
extend in near E-W direction.

The Guanxingnan anticline shows as a tight linear fold and is
divided into two secondary tight folds at the eastern end. There
should be strong deformation structures developed in the cores
and core-limb transitional areas. The Hetaowan anticline shows
as an anticlinorium with reverse faults and strike-slip faults well
developed in the core and south limb. Shale near the fold core and
reverse faults should display strong deformation structures. In the
limbs and the areas controlled by strike-slip faults, shale should
show medium-intensity brittle deformation  structures
(cataclastic and platy structure). The Dawuji syncline is
relatively gentle. Shale deformation should be weak and
mainly show weak brittle deformation structures and primary
structure.

In the middle and north parts of the study area, large-scale
faults are less developed and should have no considerable
influences on shale deformation. The distribution of shale
deformation structures is mainly controlled by fold structures.
The NEE-trending folds in the middle and north regions (the
Yunshanba syncline, the Taiyang anticline, and the Xuyong
syncline) are generally wide and gentle. Shale should mainly
show weak brittle deformation structures and primary
structure. There might be medium-intensity brittle
deformation structures (cataclastic and platy structure).
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As for the N-S-trending fold structures, the Zhengdong
anticline and Huangnizui anticline are significantly tight
and closed than the Luobu syncline. Shale in the cores of
the two mentioned anticlines should have experienced intense
structural deformation and show crumpled, scaly, fractured-
crumpled, and flaky structure. In the core-limb transitional
areas of anticlines, there should be near N-S-trending brittle
deformation belts, in which platy and cataclastic structure are
well developed. By contrast, shale in the N-S-trending
synclines and the limbs of N-S-trending anticlines should
mainly display primary and weak brittle
deformation structures.

structure

CONCLUSION

Systematical structural deformation observations of shale
outcrops were conducted to reveal the relationships between
geological structures and shale deformation, based on which
the distribution rules of various deformation structures were
predicted. The following conclusions are drawn:

1) Shale near reverse faults usually showed complex folding
deformations with dense and fine bedding-parallel and
crumpled cleavages. Strong deformation structures (such as
porphyritic, crumpled, mylonitized, scaly structure) were
distributed. Shale near normal and strike-slip faults usually
showed cataclastic structure. Shale deformation in areas
controlled by folds can display vertical and parallel zoning
patterns. In shale outcrops showing vertical pattern, structural
deformation belts generally distributed along with bedding
planes and shale deformation structures gradually transited
from ductile and brittle-ductile transitional series to brittle
ones from the main slip surfaces. In the shale outcrops of
horizontal zoning pattern, shale deformation structures
distributed along the axial surfaces of folds and shale
generally transited from ductile and brittle-ductile
transitional deformation structures to flaky and platy
structure to the direction away from axial surfaces.

Due to the differences in strata structure, mineral
composition, and physical properties, there were
considerable differences in shale deformation between
different shale sections of the same structural location.
Under tectonic compressions, the thin-bedded shale
(with dense and fine laminated structure) mostly showed
stronger structural deformations than the medium-thick-
bedded shale. Bedding-parallel and crumpled cleavages are
usually more developed in the thin-bedded shale sections,
resulting in strong shale deformation structures. The
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