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Abstract: In this study, we aim to clarify the structural characteristics and deformation process of the Changning anticline.
We carefully interpret 38 two-dimensional (2D) seismic profiles in the study area and establish three-dimensional (3D)
geometric and quantitative kinematic models of the Changning anticline. This study shows that the basement fault controls
the formation of the Changning anticline. The fault slope of the main fault in the basement shows ‘steep in the upper and
gentle in the lower’ structural characteristics vertically, possessing obvious segmentary characteristics transversely and
presents the overall characteristics of ‘steep in the east and gentle in the west’. Further analysis shows that the Changning
anticline proceeds west and terminates at the boundary defined by current surface features but gradually disappears
westward across the Mt. Huaying fault zone. Furthermore, we identified that deformation of the Changning anticline began
during the early Yanshanian movement period. Under compressional stress from the southeast, the anticline slid forward
along the basement fault until the end of the Yanshanian movement period, when the dominant WNW–ESE structure
gradually emerged. Since the Himalayan movement period, a series of NE-trending structures have been formed in the
anticline, owing to multi-directional compressive stress.
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1 Introduction
With the development of shale gas and frequent seismic
activity in the southern Sichuan Basin, discussions
regarding the relationship between earthquakes and
industrial activities have heightened. Changning is the
most prominent area for this shale gas development in the
southern Sichuan Basin, with several medium–strong
earthquakes having occurred in recent years, making it
critical to clarify the structural characteristics of the
Changning area (He et al., 2019). Analysis of the
structural characteristics of the Changning anticline and
accurate characterisation of the spatial distribution
characteristics of the fault system in the anticline can
provide a geological basis for seismogenic mechanism
analyses of the Changning earthquakes and provide a
reference for the avoidance of risk in the industrial
development of the Changning shale gas zone.
Furthermore, the location of the Changning anticline, in
the basin–mountain transition zone of the Sichuan Basin,
makes its study important in the context of exploring the
geological structure and genetic mechanisms of the basin–
mountain transition zone, as well as the model and laws
governing progressive mountain–basin deformation in the
southern Sichuan region.
Currently, there is a lack of research on the structural
characteristics of the Changning anticline, most fault
characterisations being based on the focal mechanisms,
* Corresponding author. E-mail: hedengfa282@263.net

surface stress mechanisms, interferometric synthetic
aperture radar (InSAR), surface GPS, crustal velocity and
other geophysical data analyses of conceptual conclusions,
but lacking deep seismic data constraints (Yang, 2001;
Sun et al., 2017; Qi et al., 2018; Tan, 2018; Zhang, 2018;
Lei et al., 2019; He et al., 2019; Yin et al., 2019; Jia et al.,
2020; Jiang et al., 2020; Liu and Jiří, 2020; Long et al.,
2020; Wang et al., 2020; Yang et al., 2020; Zhang, 2020a,
b; Zhu, 2020; Hu et al., 2021; Zhao et al., 2021). In the
realm of deep seismic data studies, there are also disputes
over the characterisation of the main fault of the
Changning anticline (Yao et al., 2017; Lu et al., 2021;
Zhang et al., 2021). Some researchers believe that it is a
deep and large basement fault that breaks upwards to the
shallow cap layer (Yao et al., 2017; Zhang et al., 2021),
while others contend that it is a basement thrust fault (He
et al., 2019), others still arguing that the anticline is
controlled by a set of complex fault systems (Lu et al.,
2021). Based only on a small number of seismic profiles,
these studies only provide the tectonic deformation model
of the Changning area, but do not systematically or
quantitatively analyse the geometric and kinematic
characteristics of the anticline, lacking detailed
characterisations of the spatial distribution characteristics
of the fault system in the anticline area and discussions of
the tectonic evolutionary process of the anticline (Wei et
al., 2012; Zhang and Li, 2016; Yao et al., 2017).
To solve these problems, clearly evaluate the
Changning anticline structural morphology and fracture
distribution characteristics, as well as quantitatively
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analyse the tectonic evolutionary characteristics of the
Changning anticline, this study integrates seismic, logging
and superficial geological data of the studied area in
article 38. It consists of 29 main survey lines in NE–SW
direction and 9 connecting survey lines in NW–SE
direction. These lines cover the three-dimensional (3D)
mapping area of the study. This results in the
establishment of an analysis of the seismic profile and
three-dimensional (3D) geometric model of the Changning
anticline through the fine interpretation of the twodimensional (2D) seismic survey line, first via synthetic
seismograms and shallow geological data for horizon
calibration and tracking, then by utilising the theory of
fault-related folds. Finally, a quantitative kinematic model
of the Changning anticline is established, using a balanced
section technique.
2 Geological Setting
2.1 Tectonic setting
The Changning anticline, in the southern margin of the
Sichuan Basin, is the transitional position between the low
and gentle fold belts in the southern Sichuan Basin and the
Diliangshan–Dalou Mountain fold belt (He et al., 2019).
On the north side, there are a series of E–W strip-like
structural units in the Sichuan Basin, while the south side
has E–W or NE–SW complex structural units represented
by the Zhaotong–Taiyang anticline. The west side of this
anticline is limited by the NE–SW Huayingshan fault (Fig.
1), whereas the Jianwu and Luochang synclines are
located on the south side of the anticline. The Changning
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anticline formation is affected by the superposition of
multiphase tectonic movements (Yang, 2001; Liu and Jiří,
2020; Zhang, 2020a, b; Zhu, 2020), including the orogenic
movement of the Dalou Mountains in the south, the
Longmenshan thrust nappe and Huayingshan fault zone
forces in the west, the Xuefengshan west push extrusion
stress in the east and the sinistrolateral strike–slip
compression stress in the Daliangshan orogenic belt
(Tapponnier and Molnar, 1976; Zhang et al., 2004; Zhang
et al., 2011; Wei et al., 2012; Zhang and Li, 2016; Yao et
al., 2017; Wu et al., 2017; He et al., 2019).
The Changning anticline in Gongxian–Wenxin County,
Yibin City, reaches eastward into the Xuyong area and
covers an approximate area of 680 km2. The anticlinal axis
points towards the northwest, with an axial length of
approximately 58 km, controlling the present east–west
wide and narrow surface characteristics. The development
of the western anticline has created a series of secondary
anticline structures to the northeast, such as the Tenglong
and Dengganba anticlines.
2.2 Stratigraphic characteristics and detachment layer
distribution
The strata in the Changning area are primarily
sedimentary cover layers developed on the basement of
the metamorphic mixed complex prior to the Sinian,
including the marine sedimentary strata of the Sinian,
Cambrian, Ordovician, Silurian, middle and lower
Permian and continental sedimentary strata of the upper
Permian, Triassic and Jurassic, with thicknesses of 6000–
11000 m (Fig. 2). In the study area, the sedimentary

Fig. 1. Structural outline of the Changning area in the southern Sichuan Basin.
1The western segment of the Changning anticline; 2first mid-section of the Changning anticline; 3second mid-section of the Changning anticline; 4
eastern segment of the Changning anticline.
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Fig. 2. Composite column of the Changning area in the southern Sichuan Basin.

thickness of the Sinian system varies from formation to
formation. At 1000 m, the Doushantuo Formation
developed medium sand and mudstone assemblages at the
bottom, within the Dengying Formation developing thick
dolostone and salt rocks at the top. Carbonaceous shale is
developed in the lower part of the Cambrian, sand,
mudstone and limestone are developed in the upper part,
with thick paste rock being developed in the upper part.
The Ordovician is primarily composed of mud shale,
while the Silurian contains mudstone intercalated with
limestone and sandy shale. The Permian primarily
developed limestone and shale, with coal seams at the top
(Fig. 3a). Shale, sandy shale, sandstone and calcareous
dolomite are concentrated in the Lower Triassic, gypsum
rocks being contained in the Jialingjiang and Leikoupo
formations, with coal seams in the Xujiahe Formation.
The Jurassic lithology is predominantly interbedded sand

and mudstone, including medium sandstone, siltstone,
sandy mudstone, argillaceous sandstone and mudstone.
Notably, there is a microangular unconformity between
the Cretaceous and the Jurassic, the overlying Cretaceous
lithology being mainly quartz sandstone, mudstone and
conglomerate.
The continuity of the strata in the study area was good,
with minor exceptions. The thickness of the strata, other
than that of the Sinian, showed little change in the study
area (Fig. 4); however, the Carboniferous and Devonian
systems were missing from the study area and the
Cretaceous strata were mainly distributed at the north and
east sides of the anticline.
There are several sets of detachment layers in the
basement of the study area, including in the Sinian,
Cambrian, Ordovician, Silurian, Permian and Triassic
layers. Among them, there are four sets of detachment
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Fig. 3. Surface characteristics of strata in the Changning anticline of the southern Sichuan Basin.
(a) Surface features of the forelimb of the Changning anticline; (b) surface features model of the forelimb of the Changning anticline; (c) surface features
of the rear wing of the Changning anticline; (d) surface features model of the rear wing of the Changning anticline.

layers which play an important role in the formation of the
anticline: pre–Sinian metamorphic rock D1 (220 m thick),
Sinian salt rock D2 (300–400 m thick), Cambrian gypsum
rock D3 (130–290 m thick) and Ordovician shale rock D4
(30–70 m thick). It can be observed from the interwell
section that these sets of detachment layers are regional
detachment layers, the thickness distribution in the study
area being relatively uniform (Fig. 4).
3 Materials and Methods
To describe the spatial distribution characteristics of
strata and faults in the Changning anticline area, a
systematic and accurate interpretation of the present
seismic profiles was conducted. The data sources of the
3D model used in this study were 38 2D seismic lines,
including 33 NE–SW sections and 5 NW–SE sections,
covering an approximate area of 2900 km2. First, the
synthetic seismic records of six wells, including Ning 201
and Ning 203, were made in Landmark software, the
profile being accurately calibrated and tracked by
combining digital elevation model (DEM) data and
shallow surface data. Then, axial plane analyses were
conducted using the fault-related fold theory. The faults in

the study area were explained in fine detail, with the
relevant development positions, geometric shapes and
fault distances of key horizons being determined. Finally,
the data were imported into Petrel software to conduct 3D
modelling of the fault system and each key horizon.
Based on the established 3D geological model,
kinematic simulations of 20 NE–SW sections that pass
through the core of the Changning anticline were
conducted, using balanced profile restoration technology.
As the deformation of the study area occurred after the
sedimentary period, the kinematic simulations mostly used
fault reconstruction technology, including inversion and
forward modelling. Inversion was performed to determine
the stratigraphic shortening of each section in different
evolutionary stages, by removing the fault distances one
by one, according to the deformation order and
deformation rate, gradually obtaining the developmental
characteristics of the Changning anticline during each
period and prior to deformation. Forward modelling
simulates the development of a fault by providing the
relevant data of the original sedimentary strata and faults,
which can verify the rationality of the structural
interpretation and intuitively show the degree of
deformation of each part of the anticline through a strain

Fig. 4. Well profile of Ning209–Ning208–Ning2–Ning210.
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ellipse.
Through these procedures, the geometric shape and
distribution characteristics of faults in the study area were
described, a 3D structural model of the stratigraphic and
fault systems was established and the tectonic evolution
process was analysed. There is a deformation mechanism
of layered detachment deformation in the vertical direction
of the Changning anticline, which has overlapping
structural characteristics, the Changning anticline
additionally having segmented deformation characteristics
along the strike, which can be divided into four structural
units: the east, middle 1st, middle 2nd, and west sections
(Fig. 1). The structural characteristics of each section were
different.
4 Results
4.1 Characteristics of subsection geological structure
4.1.1 Characteristics of geological structure in the
eastern section
Section AA' is in the eastern section of the Changning
anticline, which passes from south to north through the
Jianwu syncline, Changning anticline and Wangju

syncline. The core of the anticline is exposed to the
Ordovician system; the width of the shallow surface core
was 12 km, the width of the deep Cambrian was 26 km
and the uplifted height was 4.2 km. The forelimb of the
anticline is steep, approximately 8 km wide, the dip angle
of the formation being up to 32°. It gradually decreases
forward and transitions to the Wangju syncline, where the
boundary of the Cretaceous is nearly horizontal. The
anticlinal flat roof is approximately 5.6 km long, the rear
wing being relatively gentle, with a width of
approximately 12.3 km and a dip angle of 7°–11°. The
Jianwu syncline developed in the rear wing of the anticline
and the core of the syncline exposes the Triassic system.
The strata in the core of the Jianwu syncline are gentle, the
occurrence of the Jurassic strata on the surface being 2°,
which is significantly higher than that of the Wangju
syncline. The height difference between the two lower
Cambrian boundaries was up to 1800 m.
From the interpretation of the section results, it can be
seen that the deformation of the eastern anticline is
relatively intense, having a layered deformation
characteristic (Fig. 5). The deformation of the caprock was
primarily shear deformation, caused by transverse

Fig. 5. Geometric model of Section AA’ (NE–SW striking) in the eastern segment of the Changning anticline.
(a) Interpretive version; (b) geological model.
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extrusion, the uplift mechanism of the anticline being
located in the basement. In the deep strata, the Sinian
gypsum and salt layers defined by detachment layers D1
and D2 and part of the basement have undergone plastic
flow under compression, the clear thickening phenomenon
having occurred in the anticline core, which decouples the
structure from the shallow part of the anticline. Below
detachment layer D2, basement fault F1, whose fault slope
underwent a transition, developed. The wave resistance
characteristics of the upper wall and footwall fault slopes
of F1 showed a clear-cutting phenomenon. The dip angle
of the fault slope above the F1 transition zone was 12.9°,
while the dip angle of the fault slope below was 6.7°, the
fault distance being 15.8 km. This fault is the main cause
of the Changning anticline deformation, the turning of this
section being the primary reason for the elevation of the
rear limb strata.
There are two thrust faults under the Zhaotong–
Tangyang anticline on the south side of the Changning
anticline. These faults trend to the southwest and converge
upward to detachment layer D1, which controls the

development of the overlying structure.
4.1.2 Characteristics of geological structure in the
middle section
Section BB' is in the middle part of the anticline,
passing from south to north through the Jianwu syncline,
Changning anticline and Wangju syncline. The core of the
shallow exposed part has a width of 16.7 km, the width of
the deep Cambrian strata was 37 km and the uplifted
height was 5.36 km. The stratigraphic distribution
characteristics of the anticline here differed from those of
the eastern section, which was mainly reflected in the front
wing. The front wing of the anticline was steep and
narrow with a width of 11 km. The boundary of the
Silurian Shiniulan Formation is close to horizontal,
whereas the maximum dip angle of the Permian Maokou
Formation is as high as 82°, that is, nearly vertical (Fig. 6).
The width of the flat top was shorter than that of the
eastern section, with a width of 5.6 km. The rear wing of
the anticline is relatively wide and gentle, with a width of
20.1 km and a dip angle of 7°–10°.

Fig. 6. Geometric model of Section BB’ (NE–SW striking) in the middle segment of the Changning anticline.
(a) Interpretive version; (b) geological model.
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In the cap layer, fault F2 converges downward to
detachment layer D2, the Sinian, Cambrian and Ordovician
strata being cut upward before finally converging at
detachment layer D4 in the Ordovician. A fault transition
fold was formed on the upper wall of the fault, the strata in
front of the fold being nearly horizontal. Fault F3
converges downward to detachment layer D4, cuts
upwards through parts of the Ordovician and Silurian
strata, and converges at the Silurian shale. Fault
propagation folds are formed in the upper wall of the fault,
the phenomenon of the Silurian near the horizontal being
formed by the superposition of faults F2 and F3. Fault F4
converges downward into the Silurian mudshale and
breaks through the surface upwards, with a steep section
and a dip angle of 73°.
The main geological structure of the middle anticline is
similar to that of the eastern anticline. The paste salt layer
between detachment layers D1 and D2 is thickened in the
anticline core. Anticline tectonic deformation was
controlled by the basement thrust fault F1. The crosssection in the turning angle was 12.4° with the above, the
following angle being 6.5°, F1 here slipped for 17 km east
of the anticline. The axial surface analyses showed that the
anticline in this section entered a period of expansion, with
the visible anticline having a higher degree of deformation
in the mid-east, which is also confirmed by a series of
tensional faults that are developed in the shallow surface
of the anticline nucleus.

4.1.3 Characteristics of geological structure in the
western section
Section CC' is in the western section of the Changning
anticline and passes from south to north through the
Zhaotong–Taiyang
anticline,
Luochang
syncline,
Changning anticline and the Laowengchang syncline.
There are many differences between the eastern section
and the other sections, including the exposure, generation
and distribution of the arch core. The western core had a
width of 7.3 km, the deep Cambrian base width was 25 km
and the height of uplift was 3.7 km, all of which are
smaller than their equivalents in the central and eastern
anticlines. The forelimb of the anticline is steep and
narrow with a width of 4.5 km, the rear wing being wide
and gentle with a width of 18.9 km. The anticlinal front
wing has undergone several turns, with three equidipangle domains of 50°, 34° and 14° dips, which were less
than 1/3 of the width of the rear wing (Fig. 7). The width
of the flat roof of the anticline was 1.7 km, with a high
steepness recoil fault F5 with a dip angle of 56° developed
in the forewing cap. It converged downward to
detachment layer D2 and upward to detachment layer D3
through parts of the Sinian and Cambrian strata. Owing to
the difference in the development of the forewing faults,
the forewing cover in the western section was at a more
gentle angle than in the middle section. The strata of the
rear wing of the anticline are relatively gentle, with a dip
angle of 10°–16°. The dip angle of the Jurassic Suining

Fig. 7. Geometric model of Section CC’ (NE–SW striking) in the western segment of the Changning anticline.
(a) Interpretive version; (b) geological model.
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Formation in the core of the Luochang syncline was 5°–
8°. The strata are nearly horizontal and the elevation of the
rear wing strata is not obvious, compared to that of the
front wing strata.
At the position of section CC', the slope of fault F1 also
underwent a turning point. The dip angle of the section
above this turning zone was 17°, the dip angle of the
section below it was 5.4°, the fault distance being 6.2 km.
Based on a comprehensive analysis of the distribution
characteristics of the front and rear wings of the anticline,
it can be concluded that the Changning anticline is
currently developing here. The variation in the dip angles
of the section under the transition zone is the primary
reason for the low elevation of the rear wing of the
western anticline. Owing to the small fault distance of F1,
the low degree of development of the anticline and the
influence of F2, the surface width of the core of the eastern
anticline does not differ from that of the deep part.

Two thrust faults developed beneath the Tongzhao–
Taiyang anticline, forming a thrust imbricate structure that
controlled the formation of the overlying structure.
4.2 Three-dimensional geological structural characteristics
4.2.1 Three-dimensional structural characteristics of
main fault F1
The F1 dip of the main fault of the Changning anticline
was SSW, the overall strike was ESE, the extension length
approximately 60 km and the maximum slip 17 km (Fig.
8a). Its geometric structure is characterised by
segmentation in the transverse direction and a ‘steep in the
east and gentle in the west’ pattern. In the vertical
direction, it is characterised by steep and gentle slopes in
the upper and lower directions, respectively. The upper
wall strata under its control form a fault-turning fold, that
is, the Changning anticline.
The 3D structural model shows the structural

Fig. 8. 3D Structural model of main fault F1 of the Changning anticline.

(a) Three-dimensional structural model of fault F1; (b) dip plane projection of fault F1; (c) dip azimuth projection of fault F1.
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characteristics of fault F1. In the vertical direction, the
overall structural features are steep up and gentle down.
Comprehensive analyses of various geological data in the
study area using fault-related fold theory revealed that the
fault slope extends backwards to the south of the Zhaotong
–Taiyang anticline on the south side of the Changning
anticline, which is weakly curved and zigzagged in the
transverse direction. The overall trend of the fault is
approximately 300° and it has obvious segmental
characteristics, bounded by three upward-raised vertical
axial planes. From west to east, it is divided into four
concave arc-shaped structures: the western segment (36.4
km), the first segment (13.6 km), the second segment
(14.1 km) and the eastern segment (24.4 km). The concave
phenomenon of the two arc-shaped structures in the
middle segments was not evident, their segmentation
characteristics being correlated with the segmentation of
the anticline. This lateral difference was reflected in the
distribution difference of the upper flat and the geometric
shape differences of the slope along the strike of the fault.
The vertical difference in fault F1 is mainly reflected in
the depth characteristics of the upward convergent
detachment layer and the difference in fault slope
characteristics. In terms of the depth characteristics of
upward convergence on the detachment layer, the western
segment of F1 converges upward to detachment layer D2
and the middle and eastern segments converge to
detachment layer D1. The depth increases step-by-step
from west to east, but it is relatively stable inside each
segment.
The longitudinal changes in the characteristics of the F1
fault slope break can be divided into two classes (Fig. 8b),
presented by anticline east. The middle class of the twist
belt above the fault is relatively flat and the transition band
under the section is a relatively gentle flat type. This fault
has a dip angle, with the above section, of 7°–12° and,
with the following section, of 2°–7°. The other is the high
and steep upper fault slope in the western segment of the
anticline, which flattens out quickly at the turning point of
the fault slope. In the western segment of the fault, the
concave phenomenon is clearest and the dip angle varies
from 7° to 18° above the transition zone and from 1° to 4°
below the transition zone.
The dip of fault F1 is predominantly distributed in the
range of 100°–280° (Fig. 8c), which is not perpendicular
to the axial direction of the anticline, but is similar to the
axial direction to some extent. The distribution
characteristics of the in-plane dip can be divided into two
categories: either the 100°–170° dip or the 170°–260° dip.
Along the anticlinal axis, the dips in these categories
appear alternately in different units with changes in the
concave and convex characteristics of the fault. In the west
and first segments, the convex axis of the fault was taken
as the boundary and the dip range of the section to the
west of the axial plane was 250°–280°, which had a small
angle with the overall strike of the fault, making the
section with a larger fault arc more inclined. The section
east of the axial plane is relatively smooth and its arc
characteristics were not obvious. The dip range was 150°–
200°, which is closer to the overall dip of the fault. This
results in the two arc elements showing ‘east flat and west
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oblique’ characteristics. The characteristics of the middle
and eastern members are opposite to those of the western
side. The arc element was defined as ‘east inclined and
west flat’, the dip range of the section to the west of the
raised axis was 170°–250°, and the dip range of the
section to the east being 100°–170°.
4.2.2 Three-dimensional characteristics of the fault
system in the anticline region
The main faults that developed in the Changning
anticline are thrust faults that are widely distributed in the
cap and basement. According to the depth characteristics,
they can be divided into cap fault systems and basement
main faults.
The faults in the cap fault system are mainly distributed
in the deep cap below the Silurian system, with shallow
and small faults with poor ductility being mainly
developed in the shallow cap (Fig. 1).
Faults developed on the anticline include F2, F3, F5 and
F6. Faults F2 and F3 were distributed in the front wing of
the eastern anticline, trending north. Fault F2 is below F3
and cuts through part of the Ordovician and Silurian strata
from bottom to top, with a long extension range covering
the entire middle section (Fig. 9d). Fault F3 is in the
middle section and cuts through parts of the Silurian and
Permian strata (Fig. 9c). Fault F5 is located in the front
wing of the western segment of the anticline (Fig. 9e) and
is a high and steep recoil fault that runs laterally through
the western segment of the anticline, converging laterally
and downwards in the Sinian system and laterally in the
Cambrian gypsum rock formation. Fault F6 is a small
thrust fault that develops north of the western anticline
core (Fig. 9d).
Fault F7 is part of the Huayingshan fracture. It
underneath the Jiacunxi anticline is a high and steep thrust
fault (Fig. 9 c, d, e), which is tends to the south-eastand
throughout the Jiacunxi anticline. Fault F7 downward
convergence on the Sinian salt detachment, bottom–up
cutting wear top of the Sinian system, at the bottom of the
Cambrian, Ordovician and Silurian strata, converging
upwards to the Silurian shale detachment layer.
The faults on the south side of the Changning anticline
include faults F8, F9, F10, F11 and F12. Faults F8, F9 and F10
are on the eastern margin of the Luochang syncline. Fault
F8 is below the Yuhe anticline, dipping to the southeast
(Fig. 9e, f), terminating upwards in the Ordovician shale,
cutting down through the Cambrian and Sinian as it
extends into the basement. The dip angle of fault F8 varies
greatly and is ‘steep in the north and gentle in the south’,
which makes the lateral development of fault F8 different
from that of the Sinian. Fault F8 is the primary reason for
the ‘high in the east and low in the west’ syncline south of
the Changning anticline. Faults F9 and F10 limit the
extension of small raised structures to the north and west
of the southern margin of the Luochang syncline (Fig. 9d,
e).
Fault F11 is located at the eastern edge of the Jianwu
syncline and tends to the southeast, with a gentle section.
It converges upwards into the Cambrian gypsum rock and
extends downwards to the basement, which defines the
eastern boundary of the Jianwu syncline (Fig. 9f).
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Fig. 9. Tectonic map of main strata in the Changning anticline area.
(a) Structural map of the base of the Triassic; (b) structural map of the base of the Permian ; (c) Silurian underside structural map; (d) structural map of
the base of the Ordovician; (e) Cambrian underside structural map; (f) structural map of the base of the Sinian.

4.2.3 Spatial distribution characteristics of the caprock
The spatial distribution characteristics of each anticline
cap showed little change, the height difference of each
stratum being between 3000–4000 m in the longitudinal
distribution range and the distribution characteristics in the
plane were also relatively consistent (Fig. 9).
The depth of the Triassic was 0–4000 m, the forelimb
dip angle was 14°–83° and the rear limb dip angle was 2°–
21°, the anticlinal area being 680 km2. The strata were
completely denuded at the anticline core. The deepest part
of the southern anticline was located at the core of the
Luochang syncline at a depth of approximately 3500 m,
while the deepest part of the northern anticline was at the
Wangju syncline at a depth of approximately 3700 m.
The depth of the Permian was 0–4300 m, the forelimb dip
angle was 15°–83°, the rear limb dip angle was 5°–22° and
the defined anticlinal area was 648 km2. The strata were
severely denuded in the anticlinal core. The depth of the

southern anticline was approximately 3800 m in the core of
the Luochang syncline and the depth of the northern
anticline was approximately 4200 m in the Wangju syncline.
The depth of the Silurian was 0–4800 m, the forewing
angle was 10°–52°, the rear wing angle was 5°–22° and
the anticline area was 610 km2. The denudation of the
strata in the anticlinal core was reduced; however, the high
point was still denuded. The deepest part of the southern
anticline was in the core of the Luochang Syncline at a
depth of approximately 4500 m, while the deepest part of
the northern anticline is located in the Wangju syncline at
a depth of approximately 4530 m.
The depth of the Ordovician was 0–4900 m, the
forewing dip angle was 15°–49°, the rear wing dip angle
was 5°–20° and the defined anticline area was 596 km2.
There was slight denudation in the anticline core and the
highest point of the anticline was located approximately
14 km east of the Ning 208 well. The deepest layer of the
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southern anticline was in the core of the Luochang
syncline at a depth of approximately 4580 m, while the
deepest layer of the northern anticline was in the Wangju
syncline at a depth of approximately 4620 m.
The depth of the Cambrian was 0–5900 m, the forewing
angle was 10°–40°, the rear wing angle was 4°–18° and
the defined anticlinal area was approximately 540 km2.
The Cambrian strata were partially denuded in the
anticline core, their highest point being located 14 km
northeast of the Ning 2 and Ning 208 wells. The deepest
part of the southern anticline was in the Luochang
syncline core, at a depth of approximately 5600 m, the
deepest part of the northern anticline being located in the
Wangju syncline at a depth of approximately 5800 m.
The depth of the Sinian system was 1200–7400 m, the
forewing dip angle was 8°–36°, the rear wing dip angle
was 5°–22° and the anticlinal area was 510 km2. The
highest point of the Sinian anticline was located at the
Ning 2 well, the deepest part of the southern anticline was
located at the core of the Luochang syncline, with a depth
of approximately 7320 m and the deepest part of the
northern anticline was located at the Wangju syncline,
with a depth of approximately 7360 m.
Generally, the front wing of an anticline is steep and
narrow, whereas the rear wing is gentle and wide. The two
high points of the anticline were located approximately 12
km northwest of the Ning 206 well in the middle part of
the anticline and approximately 15 km east of the Ning
208 well in the eastern part of the anticline. Along the
anticline strike, the contour lines of the forewing were the
densest in the middle part of the anticline and sparsest in
the eastern part. The forewing was steepest in the middle
part of the anticline with a dip angle of 27°–83°, followed
by the western part with a dip angle of 16°–39° and the
eastern part with a dip angle of 12°–29°. In contrast, the
rear wing was steep on both sides and gentle in the
middle, with a minimum dip angle of 2° in the middle and
a dip angle of 6°–19° in the west. The steepest part of the
formation was at the southeast angle of the anticline, with
a dip angle of 17°–22°.
In the core of the anticline, there were a series of NE
strip-like anticlines, such as the Dengganba and Jiacunxi
anticlines on the west side of the Changning anticline,
which were mainly developed in the caprock. The Yuhe
anticline in the NE direction in the middle of the rear wing
of the anticline divides the syncline region on the south
side of the Changning anticline into the Jianwu syncline to
the east and the Luochang syncline to the west. The
eastern margin of the Luochang syncline was restricted by
the NW-trending scarp on the western side of the Yuhe
anticline, the strata being approximately 1500–2000 m
deeper than that of the Jianwu syncline. The development
degree of the Jianwu syncline gradually decreased from
shallow to deep, presenting overall ‘high in the east and
low in the west’ characteristics.
4.3 Kinematic model
4.3.1 Piecewise kinematic characteristics of the anticline
The kinematic characteristics of the eastern segment of
the anticline were relatively simple. As there are no
obvious faults developed in the caprock, the movement of
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the anticline was mainly controlled by the basement thrust
fault F1 (Fig. 10). Deformation along the section direction
of the Changning anticline primarily occurred during the
Yanshanian movement. In the kinematic model of section
AA', the formation shortening due to the two basement
faults on the south side of the anticline was 5.0 km, while
the shortening caused by fault F1 was 10.6 km.
Detachment layer D1 in the anticlinal core thickened
during the F1 movement.
Owing to the development of faults F2, F3 and F4, the
kinematics characteristics of the middle anticline were
more complex than those of the eastern segment (Fig. 11).
Section BB' was shortened by 17.0 km. Due to the
resistance of the strata in the basin, three recoil faults F2,
F3 and F4 were successively generated in the front wing of
the anticline in the shallow cap layer. The footwall strata
of the fault wedged between the section and the floordetachment layer, resulting in uplift of the footwall strata
of the fault.
The kinematic characteristics of the western Changing
anticline significantly differed from those of the middle
and eastern anticlines, which is reflected in the shortening
of the strata (Fig. 12). The shortening of the strata in the
eastern Changing anticline is much smaller than in the
middle and western anticlines.
4.3.2 Displacement–distance characteristics of main
fault F1
In the kinematic simulation results of the Changning
anticline, 20 sample points were selected along the
anticline axis, each at a distance of 3 km, to calculate the
displacement of the fault (Fig. 13).
The displacement of the main fault F1 of the Changning
anticline showed segmentary characteristics in the
transverse direction and had the characteristics of four
sections from east to west, which is consistent with the
segmentation of the fault and anticline. The maximum
displacement of the anticline was 17 km at the transitional
position between its first and second members. The
displacement of the fault was largely east of this point and
could be subdivided into two sections. The boundaries of
the two sections coincide with the boundary of the fault
and the eastern and middle sections of the anticline. The
displacement of the middle section was large, ranging
from 14.5 to 17 km, while that of the western section was
slightly smaller, ranging from 8.5 to 14 km. The
displacement of fault F1 decreases sharply from the
highest point to the west and, according to its changing
trend, it can be divided into fast-changing and stable
intervals. The boundaries of the two intervals also
coincide with the boundaries of the west and first
segments. The displacement of the western segment was
small and stable within 4–6 km. The displacement of the
first section increased rapidly from west to east, with a
variation range of 6–17 km. The displacement of the
section at the eastern end of the anticline was 8.62 km,
with that at the western end being 4 km.
5 Discussion
Numerous cryogenic thermochronology experiments
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Fig. 10. Kinematics model of the eastern segment of the Changning anticline (along section AA' striking NE–SW).
(a) The original profile; (b) kinematic simulation profile of the Zhaotong–Taiyang anticline; (c) Fault F1 kinematic simulation profile; (d) current profile.

have been carried out in the southern Sichuan region and
the uplift history of the southern Sichuan region has been
systematically studied. In this study, apatite fission track
data of the Changning anticline were statistically analysed
(Fig. 14). According to the results of apatite annealing, the
uplift of the Changning area began at approximately 96–

90 Ma and, before that, the entire Changning area was in a
phase of subsidence and burial. Since then, the Changning
anticline has experienced rapid uplift from the time of the
middle Yanshanian movement to the early Himalayan
movement (90–62 Ma), slow uplift from the early
Himalayan movement to the middle Himalayan movement
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Fig. 11. Kinematics model of the middle segment of the Changning anticline (along section BB' striking NE–SW).
(a) The original profile; (b) kinematics simulation profile of fault F1; (c) kinematics simulation section of faults in caprock; (d) current profile.

(62–29 Ma) and rapid uplift from the middle Himalayan
movement to the present (29–0 Ma). Therefore, the
tectonic evolution of the Changning anticline can be
divided into the following four stages (Yao et al., 2017;
Yin et al., 2019; He et al., 2019; Zhang, 2020a):
(1) Indosinian NNW–SSE extrusion deformation stage
(> 90 Ma)
Since the early Indosinian movement, influenced by
orogeny, the periphery of the Sichuan Basin has begun to
fold and uplift. The southern Sichuan Basin also began to
deform because of the orogenic movement in the southern
margin of the basin. Owing to the gradual attenuation of

the tectonic compressional stress from the basin margin
towards the basin, the southern Sichuan region showed a
progressive deformation evolution mode from south to
north. Due to the gradual attenuation of stress from the
orogenic belt to the basin margin, the stress transmitted to
the Changning anticline at this stage was insufficient to
cause uplift and deformation, but some small faults
without an obvious east–west direction were generated in
the anticline. These faults were uplifted, denuded and
partially exposed to the surface, with subsequent tectonic
deformation. This is also the why the pre-Yanshanian
movement pre-existing faults can be observed in the core
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Fig. 12. Kinematics model of the western segment of the Changning anticline (along section CC' striking NE–SW).
(a) The original profile; (b) kinematic simulation profile of the Zhaotong–Yangyang anticline; (c) kinematic simulation section of the Changning anticline;
(d) current profile.

of the Changning anticline. During this period, the E–W
trending structure of the southern Sichuan Basin margin
orogenic belt gradually formed.
(2) The NS compressional transformation stage in the
middle and late Yanshanian movement (90–62 Ma)
The orogeny during the Indosinian movement continued
smoothly until the Yanshanian movement and the
beginning of the Dalou Mountain Orogeny, which caused
the Changning area to enter the first period of intense
tectonic deformation. In this stage, the southern
compressional stress caused by the Daloushan Orogeny
led to the development of a series of E–W anticlinal
structural units in the basin margin and basin, their
deformation gradually shifting from south to north to
shallow strata. A southward-trending section (fault F1) was

formed in the basement beneath the Changning anticline,
along which the hanging wall strata slid upwards under the
action of the stress. In the process of sliding, the anticline
of the front wing and rear suspension covered several
small thrust faults, north of the anticline in shallow
basement and cover, also generating new faults, the fault
as the main fault slip’s final activity, absorbing the cover
part of the displacement, while in the north of the
Changning anticline it formed the Liuhechang anticline,
the old west anticline where multiple faults ran E–W to
anticlinal structural belts. Owing to the obstruction of the
middle segment uplift of the Sichuan Basin and the impact
of the nappe force from north to south of the GOB, the
step progressive deformation from south to north in the
southern Sichuan Basin ended at the E–W anticline unit
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Fig. 13. Displacement–distance profile of fault F1.

Fig. 14. Statistics of apatite fission track results in the southern
Sichuan Basin.
The location of some experimental data is shown in Fig. 1, where the thick
black line represents the experimental results of the apatite fission track in
the core of the eastern segment of the Changning anticline.

located in the Naxi anticline. The structural deformation
lasted until the end of the Yanshanian movement, forming
the main E–W-trending structure of the changing anticline.
(3) The early and middle Himalayan movement period
is a nearly EW-trending weak extrusion stage (62–29 Ma)
With the termination of the Dalou Mountain orogenic
activity in the Yanshanian movement, the development of
the E–W trending structure in southern Sichuan stopped.
Since the early Himalayan movement period (62 Ma),
stress from the Tibetan Plateau began to act on the plateau
(Cheng et al., 2012; Hao, 2013; Li et al., 2013; Wang et
al., 2013; Chang et al., 2016; Wang et al., 2017; Gao et al.,
2018; Ye et al., 2018; Gao et al., 2020; Yang, 2021).
During this period, the Himalayan orogeny caused by
the Eurasian continental plate and Indian Ocean plate
gradually began to form the Tibetan Plateau. During the
formation of the Qinghai–Tibet Plateau, the compressive
stress on its east side gradually affected the southern
Sichuan region, which made the Changning region
continuously subject to weak NW compressive stress at
this time. Specifically, it is the superposition of the thrust
nappe force (Cheng et al., 2012; Hao, 2013; Li et al.,
2013; Wang et al., 2013) from the Longmenshan fault
zone and strike-slip compression stress (Wang et al., 2013;
Ye et al., 2018) from the Daliangshan fault zone in
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different periods. At the same time, it is also affected by
the southwest–oriented thrust nappe force (Gao et al.,
2020; Yang, 2021) generated by the Daba Mountain
orogeny in eastern Sichuan and the westward-oriented
thrust stress (Chang et al., 2016; Wang et al., 2017; Ye et
al., 2018) generated by the Xuefengshan Orogeny. The
overall stress direction was NW. This led to the gradual
development of the NE–SW secondary structure of the
Changning anticline and slightly changed the axial
direction of the Changning anticline. The Sinian soft layer
in the core of the Changning anticline also thickened
plastically at this stage.
(4) In the middle and late Himalayan movement, the
EW-trending intense extrusion and superposition
transformation stage (29–0 Ma)
At this phase, the deformation mode of the Changning
anticline showed no obvious change from that of the
previous phase, and the difference is mainly reflected in
the deformation rate. Since the middle Himalayan
movement period, with the increasing lateral overflow of
the eastern margin of the Qinghai–Tibet Plateau, the
southern Sichuan area has been subjected to strong
compressive stress from the NW direction under the
superposition of the compressive stress generated by the
sinistrolateral strike–slip movement of the Daliangshan
rift zone and the thrust nappe stress of the Longmenshan
Thrust. In this stage, the rate of secondary structure and
fault activity in the NE–SW direction of the Changning
anticline increased and the rate of reconstruction of preexisting structures also increased.
Once upon a time people research results can be seen,
Changning area of today's horizontal in-situ stress
direction for the E–W. This conclusion is mainly based on
the following understanding: Changning anticline of
surface rupture stress direction is E–W to more; The
direction of surface GPS movement is nearly E–W (Chang
et al., 2016; Wang et al., 2017; Wu et al., 2017; Yao et al.,
2017; Gao et al., 2018; Ye et al., 2018; Gao et al., 2020;
Yang, 2021); at this stage in Changning district in recent
years the focal mechanism of earthquake activity analysis
can be seen that the focal mechanism solution of E–W to
more high and steep fault (Qin et al., 2005; Guo et al.,
2009; Cheng et al., 2012; Hao, 2013; Li et al., 2013; Wang
et al., 2013; Ding et al., 2020; Zhao et al., 2021) .
These results indicate that the tectonic deformation of
the Changning anticline in the Himalayan movement
period has continued until now, as part of the process of
superimposed transformation of the Changning anticline.
This continuous deformation process finally formed the
complex tectonic pattern of the Changning anticline.
According to our analysis, the lateral geometry and
kinematics of the main fault F1 in the Changning anticline
have obvious segmentary characteristics, which are very
similar to the structural segmentary characteristics of the
Changning anticline. The variation in the fault
morphology along the strike is also consistent with the
variation characteristics of the anticlinal structural trace,
which confirms the rationality of the fault model. Fault F1
and the rest of the convergence of different slip-up layers,
as well as the transition zone, in the above section is far
less than the length of the eastern, greater than the dip
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Fig. 15. The forward model of fault F1.

(a) Forward modelling of fault F1 in the eastern Changning anticline; (b) forward modelling of fault F1 in the middle Changning anticline; (c) forward modelling of fault F1 in the western Changning anticline.

angle in the east, but turns in the following section to
become significantly shallower compared to other
locations, presenting ‘gentle east–west steep’ section
characteristics, important in fault horizontal differences.
The lateral difference of fault F1 results in a lateral
difference in anticline deformation (Fig. 15). As can be seen
from the strain ellipse in the forward model of fault F1, the
deformation in the western and middle sections was the
strongest, whereas the deformation in the eastern section was
weaker, with differences in the deformation modes of each
section. At the same time, the similarity of the fault structure
makes the main geological structure of the middle and eastern
anticlines similar, the difference between the middle and
eastern anticlines mainly being based on the variation in the
depth of the upper fault flat and the difference between the
front and back of the fault slope. Thus, it can be concluded
that fault F1 is composed of multiple faults. The characteristic
of ‘steep in the west and gentle in the east’ presented by fault
F1 and the difference in displacement along the strike are the
main reasons for the lateral difference in anticlinal geological
structure characteristics.
For the Changning anticline and its main controlling
fault F1 along the strike on the border, as a result of the
limitation of the seismic data, previous related research
achievements are pointing to a corollary: the Changning
anticline on the east side of the arch structure limits its

eastward extension, while the Mt. Huaying fault zone
limits the extension to the west (Qi et al., 2018; Tan, 2018;
Zhang, 2018, 2020b; Qiu et al., 2019; Yin et al, 2019;
Zhu, 2020; Jiang et al., 2020; Wang et al., 2020; Liu et al.,
2021).
According to this study, the anticline structure in the
southeast of the Changning anticline restricted the
development of the Changning anticline, but it went west
and stopped abruptly at the boundary defined by the
current surface features, gradually disappearing westwards
across the Mt. Huaying fault zone.
In the seismic profile explained in this study, the
western end of the Changning anticline still has a large
displacement (Fig. 13), so fault F1 has not died out in the
Jiacunxi anticline. According to the variation trend of the
displacement, it can be inferred that the fault should
extend to the west over a long distance. From the
depiction of the Mt. Huaying fault zone above the Jiacunxi
anticline, the Mt. Huaying fault zone only develops in the
cover layer in the study area, there being no intersecting
relationship with fault F1 developed in the basement.
Additionally, the tectonic evolution of the Changning
anticline indicates that the main body of the Changning
anticline was formed before the NE-trending structure.
This evidence indicates that the Changning anticline has
gradually crossed the Mt. Huaying fault zone westward to
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the gentle syncline area inside the basin.
6 Conclusions
The Changning anticline has a deformation mechanism
of delamination detachment deformation and deformation
characteristics of overlap in the vertical direction. The
deformation of the Changning anticline is controlled by
the basement fault F1. The deformation in the caprock was
primarily bedding shear deformation, several small thrust
faults being developed. The structural style of the
Changning anticline was fault-turning fold, formed under
the control of fault F1.
Master fault F1 in vertical view presents the structural
features of ‘up steep down gently’ during its transverse
aspect and has obvious stage characteristics, overall. The
‘west east steep gentle’ characteristics based on the section
change tendency, is bounded by three vertical projection
axes from west to east and divided in the second section
for the western and eastern four arc areas. Its segmental
characteristics are consistent with those of the Changning
anticline.
The deformation of the Changning anticline began during
the Yanshanian movement. From the time of the
Yanshanian movement to the present, the anticline
underwent two stages of tectonic activity: the first stage
began in the early Yanshanian movement and ended during
the late Yanshanian movement, which was the formation
stage of the Changning anticline main body, which took
shape under the action of southwest compressive stress; the
second period lasts from the early Himalayan movement
period to the present, which is the reconstruction period of
the anticline, when the Changning anticline continued to
rise under the joint action of multi-directional compressive
stress from the Tibetan Plateau and formed a series of ENEtrending secondary anticline structures. The deformation of
the anticline continues today.
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