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Abstract

As international exploration of theMeso-Neoproterozoic continues, these layers have become a
key target for deep oil and gas field exploration. The Ordos Basin exhibits considerable
sedimentary thicknesses within the Meso-Neoproterozoic. However, significant hydrocarbon
discoveries have not been forthcoming, primarily due to the complex tectonic evolution. This
paper focuses on the southern Ordos Basin, utilizing logging-seismic calibration to interpret
seismic data and elucidate Meso-Neoproterozoic tectonic features. By comparing ancient and
modern tectonic patterns, based on palaeotectonic maps retrieved through the impression
method and combining these with tectonic evolution profiles, the study clarifies the history of
tectonicmodification. Under the control of two fracture systems – basin-controlling fractures at
the margin and trough-controlling fractures – the Changchengian exhibits two categories
(single-fault and double-fault) and five sub-categories of fault depression combinations. The
study highlights significant differences between ancient and modern tectonics in the Meso-
Neoproterozoic, which are attributed to various tectonic stages, including the trough-uplift
depositional differentiation stage during the early rift-late depression of the Changchengian, the
basin-margin subsidence stage of the southwestern depression of the Jixianian, the uplift and
denudation stage of the Sinian basin’s main body and the four-stage tectonic remodelling stage
of differential uplift-subsidence in the Palaeoproterozoic. This study employs the ancient-
present tectonic pattern as a point of departure, thereby enhancing the theoretical
understanding of deep-seated tectonics in the Ordos Basin. It offers novel insights into the
exploration of Meso-Neoproterozoic gas reservoirs from a tectonic remodelling perspective.

1. Introduction

The gradual emphasis on ultra-deep oil and gas exploration in recent years has resulted in the
discovery of large Meso-Neoproterozoic gas fields in various locations, including Siberia,
Arabia, Eastern Europe, Africa, Australia and India (Wang & Han, 2011). Multiple primary oil
and gas fields were discovered in the Riphean and Vendian of the Meso-Neoproterozoic in the
Siberian Craton (Dickas, 1986; Kuznetsov, 1997; Lottaroli et al. 2009; Howard et al. 2012).
Proven recoverable reserves in Meso-Neoproterozoic siliciclastic and carbonate reservoirs are
estimated to be about 600 million tonnes of oil and more than 2700 billion cubic metres of gas
(Efimov et al. 2012). Nine Meso-Neoproterozoic carbonate reservoirs have been discovered in
the Klust area, southern Oman, with proven crude oil reserves of 350 million cubic metres (Al-
Riyami et al. 2005; O’Dell & Lamers 2005; Grosjean et al. 2009). The Velkerri Formation of the
Proterozoic Roper Group in the McArthur Basin, northern Australia, exhibits favourable
indications of oil and gas (Mukherjee & Large, 2016; Jarrett Amber et al. 2019). The study of
Meso-Neoproterozoic gas reservoirs in China mainly focuses on the Sinian in the Sichuan Basin
and the Meso-Neoproterozoic in North China (Sun et al. 1981; Zhao et al. 2023; Jiang & Cai,
2023; Yusong et al. 2024; Zhao, Jiang et al. 2024), among which the Meso-Neoproterozoic oil
seedlings in the North China Craton Rift Trough are confirmed to be derived from Meso-
Neoproterozoic sediments by stable carbon isotope comparisons (Wang et al. 2004; Wang et al.
2019; Wang & Han, 2011; Wu et al. 2016). The discovery of the Sinian Anyue mega gas field in
the Sichuan Basin, with a geological reserve of more than 1*1012m3 (Zou et al. 2014; Wei et al.
2015), provides confirmation of the potential existence of extensive oil and gas fields in the
Meso-Neoproterozoic of China’s large-scale Craton Superposition Basin (Sun & Xie 1980; Li,
Lang et al. 2011; Zhao et al. 2018; Zhang et al. 2023; Yusong et al. 2024).

TheOrdos Basin is a sedimentary basin with obvious stable subsidence, depressionmigration
and torsion.A thick layer ofMeso-Neoproterozoic is developedon the crystalline basement in the
south-central part of the basin, and the Changchengian, Jixianian and Sinian are developed from
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the bottom up. The recent display of Meso-Neoproterozoic natural
gas in theHangjinqi area (Peng, 2009), aswell as theChangchengian
hydrocarbon source rocks in the Luonan and Yongji areas (Hao
et al. 2016; Zhao et al. 2018), and the discovery of solid bitumen in
the Jixianian system (Li, Lang et al. 2011) all indicate that there is a
significant potential for natural gas exploration in the Meso-
Neoproterozoic in the southern part of the basin. Early scholars
regarded the Ordos Basin as a rift valley stage from the Middle
Neoproterozoic to the Early-Middle Cambrian, with the Qinling,
the North Qilian and the Helan Mountains constituting the
Trifurcated Rift Valley System (Tan et al. 2024; Fan, Qi et al. 2024;
Zhao, 1983). It is also believed that a series of rift troughs were
developed in the Middle and Lower Palaeozoic basins, such as the
Ansumiao-Huanxian rift trough, the Fuxian-Jingchuan rift trough
and the Rift Shoulder formed by the Early Palaeozoic rift valley
reactivation (Zhu, 1987; Lin & Zhang 1995). Recently, many
scholars through geophysical data research that the Ordos Massif
started to deposit the first set of cover layers in the Changchengian
Period of the Middle Proterozoic, and accompanied by the tensile
action of the North China Massif during the same period (Li et al.
2024), a series of ‘depression troughs’ or ‘rift troughs’ were
developed in the basin, including Helan, Ningmeng, Ganshan and
Jinshan rift troughs (Guo et al. 2016; Zhao et al. 2018). In the rift
trough, the main development of the Changchengian coastal
shallow marine terrestrial clastic deposition or clastic tidal flat
deposition is represented by theGaoshanheGroup (Gao et al. 2016;
Ouyang et al. 2020).During the sedimentary period of Jixianian, the
tectonic environment in the basin changed into depression
subsidence, and the carbonate rock deposition of shallow sea
platform facies was developed (Zhao et al. 2012; Zhang 2015; Feng
et al. 2018; Feng et al. 2020; Chen, Zhou et al. 2020; Wang et al.
2020). The Sinian period is characterized by the development of
typical glacial sedimentary products, mainly for the Luoluan or
Zhengmuguan Group moraine conglomerate (Liu et al. 2024; Cai
et al. 2013;Dong, 2018; Bao et al. 2019; Bai et al. 2020; Li et al. 2023).

Palaeotopography gives rise to variations in depositional
environments and sedimentary products, while the tectonic
modification process exerts control over differences in hydro-
carbon geological conditions. However, the current tectonic study
of the Meso-Neoproterozoic is primarily concerned with the
portrayal of the present tectonic pattern. The study of palae-
otopography during the sedimentary period remains at the
theoretical stage, and the investigation of the modification of the
Meso-Neoproterozoic in the context of tectonic evolution is still in
its infancy, giving rise to a multitude of controversies within the
field of reservoir formation theory. In this paper, seismic data
processing is employed to utilize synthetic seismic record
calibration for the interpretation of seismic data within the
specified study area. The present tectonic pattern of Meso-
Neoproterozoic systems in the study area is elucidated, and it is
proposed that five distinct fault depression system combination
styles are developed in the rift trough of the Changchengian
system. Using the impression method and 2DMOVE software for
palaeotectonic restoration and tectonic modification history
recovery, the Changchengian palaeotectonic pattern is high in
the east and low in the west, with the characteristics of ‘two troughs
and two uplifts’; the study area was a southwest-dipping slope
during the Jixianian; the main body of the Sinian basin is denuded
palaeocontinent, with local depressions along the western and
southern margins. This study has meticulously delineated the
distinctions between ancient and modern tectonic patterns,
elucidated the process of tectonic modification, augmented the

fundamental geological theories of the Meso-Neoproterozoic era
and has significant guiding value for the exploration of deep-seated
oil and gas in the Ordos Basin.

2. Geological setting

TheOrdos Basin is amulti-cycle superposed basin formed on top of
thewestern landmass of theNorthChinaCraton, and the study area
is located in the southernpart of thebasinwhere theNeoproterozoic
boundary is thickly developed, bounded by the Qingtongxia-
GuyuanFracture in thewest, theFangshan-Lishi area in the east and
the Weibei Uplift Fracture in the south (Fig. 1a). The Meso-
Neoproterozoic develops the Changchengian, Jixianian and Sinian
from the bottom up, and the depositional extent decreases
sequentially to the southwest of the study area. As the first set of
sedimentary cover overlying thebasementof thePalaeoproterozoic,
the Meso-Neoproterozoic has undergone multiple phases of
tectonic modification. In the early Miocene, under the Columbia
supercontinent rifting environment, the Ordos Basin experienced
the Lvliang tectonic movement, which wasmainly characterized by
extensional effects, resulting in the development of Intracontinental
rift troughs in the Changchengian and presenting coarse clastic
rock-filled sediments in the rift troughs. In the late Changchengian,
the extension and rifting activities weakened and entered the
depression and subsidence stage,which resulted in the depositionof
widely overlying coastal phase silty clastic rocks. Therefore, the
Changchengian shows a two-layer sedimentary structure with a
coarse lower layer and a fine upper layer. Themain bodyof the basin
was uplifted in the Jixianian, and the southwestern depression and
subsidence areawas a land surfacemarine environment, dominated
by carbonate deposition and developing various types of dolomite.
The Sinian is typical glacial deposition, developing moraine
conglomerate. After the Proterozoic, the basin experienced the
tectonic evolution process of differential uplift-depression in the
Early Palaeozoic, continental margin collision orogeny and intra-
continental depression in late Palaeozoic, and continuous intra-
continental depression in the Mesozoic. The Mesozoic oil-bearing
system dominated by Triassic Yanchang Formation and Jurassic
Yan’an Formation reservoirs, and the Palaeozoic gas-bearing
system dominated by Carboniferous and Permian gas reservoirs
were formed. The Meso-Neoproterozoic, as a potential third oil-
and gas-bearing system, may form a primary gas-bearing reservoir
with Changchengian mudstones supplying hydrocarbons and
sandstones as reservoirs, or a gas-bearing system with
Mesoproterozoic reservoirs (Fig. 1b).

3. Methods

3.a. Seismic interpretation based on synthetic seismogram

Due to the lack of deep drilling data in the study area, it is difficult to
support the fine interpretation of the structure, and it is necessary to
use the seismic data covering the whole area to supplement the
research. First, the analysis of drilling core combined with logging
curve is used to divide the horizon. For example, the purplish red
dolomite at the bottom interface of the Cambrian in Well QS1
transits to the Changchengian clastic sandstone, and the Gamma
Ray (GR) and Spontaneous Potential (SP) logging values show a
high-value abrupt interface. During the transition from the
Changchengian sandstone to the Palaeoproterozoic plagioclase
gneiss, the GR and SP show low- and high-value mutations,
respectively, thus determining the top and bottom interfaces of the
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Changchengian strata. Second, synthetic seismic records are
produced. The synthetic seismic record is a forward process of a
positive reflection coefficient and a seismic wavelet fold product.
The sound velocity of each interpreted layer is determined by the
inverse of the time difference of sound wave from logging, and the
wave impedance and reflection coefficient of the corresponding
layer are determined by its product with density; the Ricker
wavelet’s strict zero-phase characteristics ensure precise alignment
between reflection times and stratigraphic interfaces, facilitating
detailed structural interpretation, while its rapid side-lobe decay
minimizes thin-layer interference effects. The seismic wavelet is
determined based on the Ricker wavelet model, and the synthetic
seismic record is obtained by the pleating of the reflection
coefficient with the seismic wavelet. Finally, the drilling horizon
is calibrated to the seismic profile by comparing thepositive polarity
trace in the synthetic seismic recordwith the original seismic profile
near the well. (Seismic profiles with a 45Hz dominant frequency
enhance deep-layer identification while maintaining resolution
clarity; acquired with 50m trace spacing and 120-fold coverage
under vibroseis source conditions).

Taking the seismic profile calibrated by Well QS1 as an example
(Fig. 2), the peak of the positive synthetic record (Synthetic (þ)) at the

bottominterfaceof theCarboniferouscorresponds to thewavepeakat
3900m of the seismic profile; the Ordovician bottom interface
corresponds to the top of the wave trough at 4000m; the wave peak at
4200m corresponds to the bottom boundary of the Cambrian system
and the bottomboundary of theChangchengian is the top interfaceof
the wave peak at 4600m (Cheng et al. 2024). By means of multi-well
calibrations, the signatures of seismic reflections in each stratigraphic
were determined：the grey-black mud shales at the base of the
Permian demonstrate a broad-axis, strong-amplitude wave peak;
while the base of the Ordovician carbonates exhibit a medium-
amplitude wave trough; the bottom boundary of the Cambrian
displays a medium-continuous, strong-amplitude wave peak and the
lithological interface between the Changchengian and the
Palaeoproterozoic metamorphic basement rock presents a
medium-continuous wave peak with strong amplitude.

3.b. Balanced cross-section technique and impression
method

Based on the results of seismic interpretation, the tectonic
modification process of Meso-Neoproterozoic in the study area
can be clarified by creating equilibrium profiles (2D Move

Figure 1. a. Geological map of the study area in the Ordos Basin. b. Stratigraphic histogram of the study area (the Meso-Neoproterozoic strata are divided into the
Mesoproterozoic Changchengian and Jixianian and the Neoproterozoic Sinian).

Ancient-present tectonic differences and evolution 3

https://doi.org/10.1017/S0016756825100150 Published online by Cambridge University Press

https://doi.org/10.1017/S0016756825100150


software) and inverting the tectonic history of different periods.
The recovery of palaeotectonics by equilibrium profiles is mainly
guided by the principle that the volume of the rock layers remains
essentially unchanged during deformation, and the influence of
regional tectonic stresses should not be neglected, in addition to the
consideration of the alterations brought about by denudation and
sedimentary compaction. When creating a balanced cross-section,
for each period of recovery, the compaction of the overlying strata
is removed first and the underlying strata will rebound upwards,
the amount of rebound depending on the rock density and
thickness of the overlying strata and the degree of compaction
resistance of the underlying strata. The next step is to recover the
faults. The faults in the study area are mostly shovel-type normal
faults, which are not only longitudinally dislocated but also
transversely slipped, so the fault bending and slipping algorithm is
mostly used to recover the faults (Xue et al. 2001). Finally, the
stratigraphic flattening operation is carried out, and a balanced
cross-section of a geological period is completed. Repeating the
above operations for each geological period, a complete tectonic
evolution profile can be obtained.

At present, the common methods of ancient structure (ancient
landform) restoration at home and abroad are residual thickness
method, impression method, layer flattening method, compaction
recovery method and so on. Due to the existence of sedimentary
discontinuities between the Meso-Neoproterozoic strata in the
study area, the original strata have been denuded to a certain
extent, and the use of the impression method can eliminate the
influence of topography before deposition and also quantitatively
characterize the palaeotopography, which is very suitable for the
study area. This method regards the sedimentary discontinuity as
an isochronous interface when the overlying strata begin to
deposit, and uses the ‘mirror image’ relationship between the
thickness of the overlying strata and the ancient landform to
quantitatively restore the shape of the ancient structure (Fig. 3).
Specifically, when recovering the ancient structure of the target
strata, the top boundary of the overlying strata is selected as the
datum and the datum is flattened; then, the thickness from the
datum to the top boundary of the target strata in the seismic
interpretation profile is measured, and transformed into a planar
thickness contour map (Fig. 3a) and finally, the thickness map is
mirrored and flipped, to obtain the ancient terrain of the target
strata (Fig. 3b).

4. Result

4.a. Analysis of structural characteristic

4.a.1. Structural interpretation of a typical seismic section
The Meso-Neoproterozoic is a west-to-east uplifted slope in the
east-west profile. The Changchengian is centred on the
Qingcheng-Yulin uplift in the Hchi-Yan section, with the
Ganshan rift trough and the Jinshan rift trough developing on
the east and west sides (Fig. 4a). In the section to the west of
Huachi, the Changchengian fault depression layer is faulted by the
west-dipping Hchi-Jbian fault, which is a west-dipping and
deepening stepped fault depression deposition. A fault-concave
under the control of the east-dipping positive fault at the well YT2
and the Changchengian fault depression layer on the west side of

Figure 2. Synthetic seismic trace calibration and well-seismic integrated interpretation.

Figure 3. The example diagram of restoring palaeostructure using the impression
method (Changchengian of the study area).
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the well are truncated by the west-edge retrograde zone at the lower
plate of the Shajingzi fault, showing an anticline structure. The
fault depression layer of the Changchengian in the Qingcheng-
Yulin uplift to the east of Hchi is absent, and in the Jinshan rift
trough, which is controlled by the Nxian-Fxian fault on the east
side of the uplift, the Changchengian manifests as an eastward
uplifted half-graben-like rift. The depression layer of the
Changchengian is controlled by the early fault depression layer
and is thickened in the Ganshan rift trough and the Jinshan rift
trough, while in the Qingcheng-Yulin uplift section between the
rifts, the depression layer was deposited stably with a smaller
thickness. The Jixianian thins gradually from west to east and is in
clipped unconformity contact with the Cambrian. To the west of
well L10, the Jixianian deepens downward at the Changchengian
rift groove and rises upward in the lower plate of the western rim
fracture zone. The scale of Sinian deposition shrinks to the west,
and the thickness is thinner than that of Jixianian, and the
thickness gradually thins in the western part of Tianhuan Sag and
is cut off by the overlying Cambrian strata.

In the north-south section, the Changchengian develops the
Ganshan and the Jinshan rift trough, which present a tectonic
pattern of ‘two troughs and two uplifts’ with the Etuokeqianqi and
the Qingcheng-Yulin uplift on both sides (Fig. 4b). The secondary
faults in the Jinshan rift trough in the section south of Qcheng are
developed, and the Changchengian fault depression layer is a
block-type deposition thickened to the south, while the fault
depression layer in the Weibei uplift area is faulted by a step-like
normal fault and uplifted to the south. The Ganshan rift trough in
the middle of the profile is controlled by the positive faults on both
sides, and the fault depression layer is in the form of a ‘Graben-
horst composite rift’ by secondary faults. Besides, the
Changchengian only develops depression layer in the
Qingcheng-Yulin uplift and Etuokeqianqi uplift area, the
depression layer is affected by the undulation of the bottom fault
depression topography, and the overall thickness is thickened in
the fault depression or thinned out in the uplift. The Jixianian is
developed in the section south of the QS1 well, successively
thickened in the Jinshan rift trough, uplifted and thinned in the
Weibei uplift and is in a clipped unconformity contact with the
overlying Cambrian.

4.a.2. The fault system of Meso-Neoproterozoic
The Meso-Neoproterozoic fracture system is divided into two
types: basin-controlling fractures at the basin margin and trough-
controlling fractures within the basin (Fig. 5). Among the basin-
controlling rupture combinations at the western edge of the basin,
the Qingtongxia-Guyuan fault (FQTX) separates the Ordos Basin
and the Qilian orogenic belt and forms a north-south trending
west-trending reversed fault combination with the
Qingshongshan-Pingliang (FQLS), Huianbao (FHAB) and the
Shajingzi fault (FSJZ). This set of reverse faults had not been
formed before the Early Palaeozoic and had no influence on the rift
valley in the basin and the stable landmargin deposition in the later
stage (Zhang et al. 2008). In the Late Palaeozoic, the extrusion
tectonic stresses on the western margin of the basin took shape
under the influence of the west-to-east extrusion stresses of the
Qilian orogenic belt. Since theMesozoic, under the influence of the
Indo-Chinese movement, this fracture assemblage cut through the
metamorphic crystalline basement and continued to retrograde to
the east (Bao et al. 2019; Chen et al. 2020; Chen et al. 2024). The
original westward deepening pattern of the Meso-Neoproterozoic
was modified, and together with the Palaeozoic, an eastward
uplifted retrograde thrust tectonics was formed (Yang & Zhang,
1990; Xu et al. 2019; Li, 2019).

The Lnan-Lchuan fault (FLLF) in the southern part of the basin
has been formed in the Meso-Neoproterozoic and presents a
south-dipping tensional normal fault. In this tensional environ-
ment of the land margin rift, the Changchengian along Lnan-
Lchuan shows southward deepening rift basin deposition (Peng,
2009; Feng et al. 2013; Chen et al. 2020). In the Palaeozoic, with the
subduction and extinction of the Qinling Ocean, the fault belts at
the southern margin of the basin were transformed into a thrust
nappe structure, and the Meso-Neoproterozoic to the north of the
original fault belts was modified and uplifted by the uplift of the
North Qinling orogenic belt (Lu, 2009; Ren et al. 2016). The
southern margin fault of the Weibei uplift (FWS) is a high-angle
positive fault that controls theWeibei uplift and theWeihe Graben
and is mostly shaped after the reversal of the original Mesozoic
reverse faults, with a long history of activity. The northern margin
fault of the Weibei uplift (FWN) is a fault that separates the
sedimentary stability zone in the basin from the uplifted and

Figure 4. Comprehensive interpretation results of seismic section. a. east-west seismic profile (EWline). b. north-south seismic profile (NSline). c. stratigraphic annotation
interpretation map in seismic profile.
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denuded zone of the Weibei uplift, and the Meso-Neoproterozoic
to the south of the fault has been uplifted along with tectonic
activities (Wang et al. 2010; Ren et al. 2014;Wang, Ren et al. 2019).

Most of the trough-controlling faults in the basin are shovel-type
normal faults in the northeast direction, controlling the tectonic
pattern of ‘two troughs and two rises’ in the study area. After the
merging of the Ordos block and the North China old land in the
LvliangMovement, the riftswere formedat the basinmargins under
the effect of tension and the rift at the basinmargins extended to the
basin interior to form the sub-branching rift troughs, which formed
Changchengian rift troughs controlled by the Yanci fault (FYC),
Hxian-Jbian fault (FHJ), Nxian-Fxian fault (FNF) and so on. In the
middle and late Changchengian periods, these fault activities
weakened, the rift troughs were no longer deepened, and the
extensively developed Changchengian depression layer uncon-
formities overlie the original rift troughs and uplifts.

4.a.3. Types and distribution characteristics of structural
assemblages
Based on the geological and tectonic interpretation of the seismic
profiles in the basin, the fault depression layers in the
Changchengian rift trough can be classified into two major
tectonic combinations, single-fault and double-fault, according to
the combination of the boundary faults and the internal secondary
faults (Fig. 6). The single-fault structural combination can be
subdivided into half-graben-like rift and block-like rift. The half-
graben-like rift is controlled by the main control fault on one side
of the rift trough, and the combination with the secondary faults
with different dip directions in the rift trough presents various half-
graben-like rift, such as ‘slope-break’ and ‘faulted-block’ half-
graben-like rift. Among them, the slope-break half-graben-like rift
in the Jinshan rift trough east of Yan city, the east side of the
boundary fault is the deepest part of the rift, and the slope adjacent
to the rift is uplifted, constituting the slope-break half-graben-like

rift deposition combining the half-graben-like rift and the slope;
another type of faulted-block half-graben-like rift in the Jinshan
Rift Trough east of Zning, the combination of the boundary faults
in the rift trough and the secondary faults with the opposite dip
makes the Changchengian in the east side of the boundary faults in
a half-graben-like filling, and under the influence of the secondary
faults, the formation of upward fault blocks by step. In addition, the
‘stepped’ block-like rift is also an important type of single-fault rift
trough, and a series of step-like normal faults divide the
Changchengian into blocks in the southwestern depression area,
and deepen step by step towards the southwest of the basin,
forming a step-like block fault structure.

The Ganshan rift trough in the study area exhibits a double-
fault structural combination, which is divided into two types due to
the different combinations of internal secondary faults. The first is
the graben-like rift, which is most typical of the northern part of
Hxian city in the Ganshan rift trough, where the secondary faults in
the rift trough are combined with the boundary faults on both sides
to form a graben-like trough deposition that deepens step by step
towards the centre of the rift trough. The second type is more
complex. Between the boundary faults on either side of the rift
trough, secondary faults with different dips and separations
develop, resulting in secondary convex and concave in the rift
trough, forming a ‘graben-horst’ composite rift, with the
Changchengian deepening in the rift trough and the fault uplift
on the outer side of the boundary faults.

The single-fault rift trough is widely developed in the Jinshan
rift trough in the south-eastern part of the study area, and the
Changchengian fault depression layer is controlled by the Nxian-
Fxian fault, which shows the sedimentary structure of the north
faulting and south overlapping. Among them, the slope-break half-
graben-like rift is distributed in the northeast of the rift trough, and
the middle-west shows the structure of a faulted block half-graben-
like rift. The southwestern depression area of the thickly deposited

Figure 5. The fault system and distribution characteristics of the study area.
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Changchengian is influenced by stepped normal faults, and the
Changchengian has a stepped block-like rift that deepens to the
southwest. The Ganshan rift trough is a type of double-fault rift
trough, controlled by the Yanchi and Huanxian-Jingbian faults on
both sides of the trough, and combined with the secondary faults,
the Changchengian fault depression layer in the eastern part of the
trough is represented as a graben-like rift, while in the western part
of the trough it is represented as a graben-horst composite
rift (Fig. 7).

4.b. The difference of ancient-present tectonic framework

4.b.1. Ancient tectonic framework of the sedimentary period
With the breakup of the Columbia supercontinent at 1.8 Ga, its far-
field extensional stresses reactivated the weak zones formed during
the late Palaeoproterozoic in the Ordos Basin. Mantle upwelling or
plume activities triggered lithospheric thinning and rifting, causing

the formation of a series of rift troughs along the basinmargins and
within its interior (Liu et al. 2021; Zhang et al. 2012). During the
early period of Changchengian deposition, the topography of the
study area showed the characteristics of east-high and west-low,
and the tectonic undulation was controlled by the ‘two troughs and
two uplifts’ in the northeastern direction of the basin (Fig. 8).
Among them, the area to the east of Zchang-Ychuan was
denudation mountain during the sedimentary period, and the
southwestern depression area by the Qilian-Qinling Trough
cracking influence for the lower location of the structure, the
Changchengian sedimentary thickness of up to 5,000m above the
maximum. The central part of the study area shows a topographic
pattern of alternating troughs and uplifts. The Ganshan rift trough
in the north extends from Dbian to the eastern part of the basin,
and there is a branching of the secondary rift trough around
Hshan, which is topographically different from the Etuokeqianqi
uplift and the Qincheng-Yulin uplift on both sides. The Ganshan

Figure 6. Types of rift tectonic combinations of the Changchengian (Single-fault controlled trough and double-fault controlled trough can be divided into five types according to
the characteristics of internal secondary fault combination).
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rift trough in the south is wider, with the deepest rift trough in the
Bxian-Chua area, and extends to the west of Yichuan, where the rift
trough gradually pinches out. The early rift trough of the
Changchengian was filled with sedimentary fault depression
layers, and the widely distributed depression layers in the later
period were not integrated to cover the fault depression layers and
thickened successively in the area of the rift trough, with an overall
trend of gradual thickening to the southwest.

During the Jixianian Period, the palaeotectonic framework
underwent significant changes compared to the Changchengian
Period. Rifting notably waned or ceased, and thermal subsidence of
the basement became the dominant process within the basin
(Zhang et al. 2018). Consequently, the basin developed an inclined
slope structure deepening southwestward (Fig. 9a). As a result, the
Jixianian is missing in the eastern part and is deposited in the
southwestern slope area, and the thickness increases uniformly
towards the southwest. The remaining thickness of the Jixianian is
extinguished from north to south in the Dbian-Hchi and Yjun-
Hyang areas, which are the boundaries of the Jixianian in the
central-eastern part of the wide missing area, and the Jixianian is

further thickened in the southwestern part of the study area to the
Pliang-Lyou area, and there is a small topographic uplift in the
Bxian-Nxian area, which represents a banded area of relatively thin
thickness. The absence of the Jixianian in the northwestern areas of
the ZT2 and ZT1 wells may be related to the uplift and denudation
of the Jixianian.

When the Sinian was deposited, the main body of the basin was
a denudation mountain, and the western and southern margins
had the characteristics of a basin-margin depression (Fig. 9b). Due
to this palaeotectonic pattern, the Sinian is absent in the eastern
part of the study area, and only deposited in the west and south side
of the depression (Bai et al. 2022), with the thickness overall thin
and thickening towards the basin margin, presenting the ‘L’ type
spreading characteristics. In the southern depression area around
Lyou-Tchuan-Bshui, the thickness of the Sinian gradually
increases towards Chua-Pcheng, with a maximum thickness of
100 metres. The topography of the western depression area
gradually deepens to the west, and the Sinian shows several
thickness centres on the east side of the Qingtongxia-Guyuan fault,
with a maximum thickness of about 150 metres.

Figure 7. Plane distribution map of the Changchengian rift combination type.
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4.b.2. Characteristics of present planar structure
The present top surface of the Changchengian shows a southwest-
trending monoclinic tectonic feature within the Yishan Slope
(Fig. 10). The area south of the Nxian-Fxian fault is affected by the
uplift of the Weibei uplift, showing a monoclinic pattern of
deepening from east to west. The surface of the Bxian-Cwu area
shows a northwest-trending nose-like structure, the root of the
nose-like structure is controlled by a northeast-trending positive
fault and the tectonic amplitude of the nose-like structure gradually
decreases towards the west. In the northeastern Jbian-Hshan area,

the upper surface of the Changchengian shows a slope that deepens
to the southwest. The Changchengian in theWeibei uplift is high in
the east and low in the west, in which there are some bulges in the
central part of theWeibei uplift. The area around Lyou-Bxian in the
west is obviously modified by faults, and the upper surface of the
area around Bshui-Hlong in the east has a higher amplitude of
uplift. TheTianhuan sag is a tectonic lowpart of the basin; thewhole
is high in the north and low in the south of the tectonic features, and
the development of north-south bead-shaped anticlines, the scale
from north to south gradually decreases. The upper surface of the

Figure 8. The ancient tectonic framework of the Changchengian (two rift troughs and two uplifts).
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Changchengian within the Edge thrust belt is high in the north and
low in the south, and has been altered and uplifted by north-south
trending retrograde faults.

The Jixianian’s top surface structure is high in the north and
south and low in the centre. Among them, the internal Weibei
uplift inherited the east-high and west-low character of the top
surface of the Changchengian. The nose-like structure in the
southwestern part of the Yishang slope is still developed, but the
amplitude is smaller than that of the Changchengian, and it
extends farther to the west. In the Tianhuan sag, the Jixianian is
characterized by a high elevation in the north and a low elevation in
the south. The north-south oriented bead-shaped anticline exhibits
morphology consistent with that observed in the Changchengian.
The top surface of the Jixianian in the Edge thrust belt is high in the
north and low in the south, which is obviously modified by the
retrograde faults, and has a great difference in height with the
Jixianian in the Tianhuan sag on the east side of the Huianbao-
Shajingzi Fault (Fig. 11a). The Sinian top tectonics, on the other
hand, shows the characteristic of high basin periphery and low
interior, which is closely related to the later basin peripheral
modification and uplift. The Edge thrust belt inherits the pattern of
high north and low south of the Jixianian, showing the
characteristics of lowering to the south of the basin with the
Chua-Yxian area as the uplift centre. The Sinian in the Tianhuan
Sag is high in the east and low in the west, and the area of the ZT1
and DC1 wells in the south is relatively high, showing a slope
toward the west side of the basin (Fig. 11b).

4.c. Tectonic evolution and transformation process

4.c.1. Tectonic evolution process in the east-west orientation
The east-west tectonic evolution profile of the study area shows
that the fault depression layers in the early Changchengian exhibit
differential rift sedimentary characteristics controlled by normal

faults. The east and west sides of the Qingcheng-Yulin uplift in the
central part of the section develop rift troughs controlled by
stepped bidirectional or unidirectional positive faults (Fig. 12a). To
the east of the uplift, the secondary active sedimentary filling area
corresponding to the end of the Jinshan rift trough on the plane,
develops the main rift with approximate bidirectional symmetry
and the secondary rift with west-dipping cross-section in turn from
west to east, showing a trend of gradually weakening of the
magnitude of the rift to the east. On the other hand, in the section
west of the uplift, which corresponds to the southwestern
depression area on the plane, asymmetric bidirectional faults with
the main section tilting eastward and a series of asymmetric
bidirectional or unidirectional faults with the main body tilting
westward were developed from east to west, which showed a trend
of westward subsidence and increase in sedimentary thickness. In
the late Changchengian, the extensional rifting and trapping were
obviously weakened or tends to be stagnant, and the widely
distributed depression layer was developed, and subject to the
influence of the rifting and trapping activities in the early stage, the
depression layer shows the characteristics of thickening along the
profile to the west and thinning to the east (Fig. 12b). This shows
that the Changchengian in the study area has experienced the
tectonic activities of early rifting and late depression.

The carbonate rocks of the Jixianian are mainly distributed in
the area west of the Qincheng-Yulin uplift and show the
sedimentary characteristics of the open platform-gently slope that
are gradually thickening toward the western trench, revealing the
fact that the Jixianian of the western margin of the basin has
continued to depress and subside (Fig. 12c). During the Sinian, the
main body of the study area was in a state of uplift and denudation,
while the tillite was deposited mainly on the western side of the
section, with small thickness but still showing a gradual thickening
trend toward the western trough, indicating the tectonic
characteristics of the western edge of the study area as a result

Figure 9. a. The ancient tectonic framework of the Jixianian. b. The ancient tectonic framework of the Sinian.
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of subsidence (Fig. 12d). Regionally, the Sinian exhibits a parallel or
low-angle unconformity contact with both the Jixianian and the
overlying Cambrian, indicating that the strata were absent and
denuded in the late Mesoproterozoic to Neoproterozoic for more
than 800 million years.

In the Early Palaeozoic, the section is separated by a tectonic uplift
(Zhenyuan uplift) that lacks the Cambrian-Ordovician system, and
there are obvious differences in sediment thicknesses between the east
and west sides of the uplift, indicating that the Early Palaeozoic in the
study area was dominated by differential uplift and subsidence
(Fig. 12e and f). In the Late Palaeozoic, the Permian-Carboniferous,
whichis thickandwidelydistributed in themainbodyof thebasin,was
developed, revealing the tectonic characteristics of the overall
subsidence of the study area in the Late Palaeozoic (Fig. 12g). The
reversal of the early normal fault and its associated extrusion
deformation on the western side of the Zhenyuan uplift, and the
deposition of a more complete Carboniferous system on the eastern
side of the uplift in comparison, reveal that the study area was still
affected by intra-basin uplift activity in a Proterozoic subsidence
context.Theregionaluplift anddenudationofnearly140millionyears
from the late Ordovician to the late Carboniferous between the Early
and Late Palaeozoic indicates the influence of the Caledonian and
Early Hercynian tectonic movements on the internal tectonic
evolution of the basin.

The tectonic evolutionary features since the Mesozoic show a
distinctly different tectonic pattern from that of the Early
Palaeozoic, which was dominated by the western marginal slope,
the central plateau marginal uplift, and the eastern intraplateau
depression. The thickness distribution of the Triassic system shows
a structure of depression in the west and gentle slope in the east
(Fig. 12h). The western margin alluvial tectonic activity in the late
Jurassic period largely modified the original structure of the Meso-
Proterozoic rift and the Early Palaeozoic platform-edge slopes in
the study area (Fig. 12i), forming the overall tectonic pattern of the
present west-dipping Yishang slope, the low part of the Tianhuan
Sag and the Edge thrust belt (Fig. 12j).

4.c.2. Tectonic evolution process in the north-south orientation
The north-south tectonic evolution section shows that the activity
of the early Changchengian rift troughs in the study area is
different, and the rift troughs on both sides of the Qingcheng-Yulin
uplift show different rift assemblages (Fig. 13a). The Jinshan rift
trough on the south side of the uplift develops secondary graben-
like rifts controlled by stepped normal faults, and the Ganshan
rift trough on the north side of the uplift is characterized by
the development of opposing secondary faults, and the
Changchengian shows a graben-horst composite rift under the
clamping of double faults. It shows that the tectonic pattern of

Figure 10. The contour map of the present top surface structure of the Changchengian.
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trough and uplift developed in the context of the tensional rift
in the early Changchengian. In contrast, during the Late
Changchengian, the depression layer was unconformably over-
lying the fault depression layer and successively thickened in the

upper part of the rift trough. This indicates that the extensional rift
activity weakened during the Late Changchengian, and the
southern part of the basin subsided considerably, expanding the
extent of marine intrusion (Fig. 13b).

Figure 11. a. The contour map of the present top surface structure of the Jixianian. b. The contour map of the present top surface structure of the Sinian.

Figure 12. The tectonic evolution history of the east-west orientation in the study area (EWline).
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The Jixianian thickens southof theQingcheng-Yulinuplift but is
missing north of it. This shows that the central part of the basin
uplifted to form the denudation mountain during the Jixianian,
while the southernpart continued to subside to formabasin-margin
slope (Fig. 13c). The overall absence of Sinian in the profile indicates
inheriteduplift in the central part of the basin, southward expansion
of the extent of denuded mountain and small-scale depressional
subsidence along the southern margin of the basin (Fig. 13d).

During the Cambrian-Ordovician of the Early Palaeozoic,
constrained by the evolution of the North China Plate and the
Qilian-Qingling Trough, and in the context of the tectonic stress
transition from extension to extrusion, accompanied by the
formation of the Central Uplift (Zhi et al. 2025), the study area
underwent differentiated uplift-subsidence activity. During the
Cambrian, under the influence of the subsidence of the passive
continental margin in the southern part of the basin and the
formation of the central uplift, the sedimentary thickening on the
north and south sides of the profile reveals the tectonic pattern of
intra-basin uplift and southern depression. In the Ordovician, the
continuous uplift of the Zhenyuanmade the difference in sediment
thickness between the north and south sides more obvious,
indicating that the study area underwent an uplift and subsidence
process similar to that of the Cambrian (Fig. 13e).

In the Late Palaeozoic, the overall uplift of the basin receives
stripping, and the study area deposits thinner Carboniferous and
Permian (Fig. 13f). In the Triassic and Jurassic, except for the uplift
and thinning of theWeibei uplift area on the south side of the section,

the whole area shows thicker and more stable deposition, indicating
the influence of uplift in the southern part of the basin, the relative
sedimentation in the basin, and the migration of the sedimentation
centre to the inner part of the basin (Fig. 13g and h). The Palaeozoic
tectonic landscape has been transformed into the present tectonic
patternofupliftof the southernpartof thebasinalongwith theWeibei
uplift and subsidence within the basin (Fig. 13i).

4.c.3. Tectonic modification of the Meso-Neoproterozoic
In the early Changchengian, due to the expansion and rifting of the
Qinqi and Xingmeng troughs, extensive faulting caused wide-
spread depression along the southern margin of the North China
Craton. Along with the continuous extension of the rift on the
southwestern margin of the Ordos Basin, the Qin-Qi-He rift
system was formed (Wang et al., 2005; Pang et al. 2021; Fan et al.
2024). As the rift continued to develop and wedge into the study
area, two rift troughs emerged: the Ganshan rift trough and the
Jinshan rift trough. Meanwhile, uplifts formed on both sides of the
rift troughs: the Etuokeqianqi uplift and the Qingcheng-Yulin
uplift, establishing the early structural pattern of two troughs and
two uplifts. The southwestern margin of the study area, influenced
by the expansion and rifting of the Qilian-Qinling trough during
the Changchengian, experienced continuous subsidence, resulting
in a depression with the thickest Changchengian deposits. This
contributed to an ancient topographic feature where the northeast
was higher and the southwest lower (Fig. 14a). As rift activity
weakened in the middle to late Changchengian, the depression

Figure 13. The tectonic evolution history of the north-south orientation in the study area (NSline).
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layer filled and levelled the ancient topography, causing the
sedimentary differentiation between troughs and uplifts in the
Jixianian to disappear. Consequently, the central and eastern parts
of the study area rose as a whole, while the southwestern part
continued to subside based on the pre-existing topographic
foundation at the end of the Changchengian, forming a gradually

deepening southwestern slope (Fig. 14b). The reduction in the
scope of marine transgression during the Jixianian may have also
influenced the expansion of the eroded palaeo-land (Gou, 2023;
Fan et al. 2024; Zhao et al. 2024). Notably, the Sinian is largely
absent within the basin, being deposited only on the western and
southern margins, suggesting that the scope of the eroded palaeo-

Figure 14. The tectonic modification process of the Meso-Neoproterozoic. a. the ancient structure of the Changchengian. b. the ancient structure of the Jixianian. c. the ancient
structure of the Sinian.
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land expanded further westward and southward during the Sinian
Period. Meanwhile, the main body of the basin formed a high
structural area as it rose along with the overall tectonic uplift of the
North China Block (Fig. 14c). The active subsidence along the
basin margins on the west and south sides potentially represented
the reactivation of the basement structures at the basin margins,
which laid the foundation for the development of the trough along
the southwestern margin of the basin during the Early Palaeozoic
(Guo, 2015; Feng et al. 2021).

Based on the analysis of two structural evolution profiles, the
tectonic process of the Meso-Neoproterozoic in the study area is
primarily delineated into four stages: (1) The early rifting and late
depression stage of the Changchengian, which served as a pivotal
phase in controlling the sedimentary differentiation between
troughs and uplifts. (2) The depression stage in the southwestern
region during the Jixianian, characterized by a trend towards basin
stabilization and a shift towards a tectonic environment dominated
by sedimentary activities along the basin margin. (3) The overall
uplift and localized subsidence stage in the southwestern margin in
the Sinian, during which the sedimentary differentiation in the
study area became more evident. The Meso-Neoproterozoic in the
northeastern part underwent varying degrees of erosion, while
those in the southwestern part accumulated and thickened. (4) The
differential uplift and subsidence reworking stage in the Early
Palaeozoic, influenced by the uneven uplift-depression differ-
entiation in that period. The Meso-Neoproterozoic underwent a
differential reworking process, with uplift in the uplifted areas and
depression in the subsidence areas.

5. Discussion

5.a. Significance of structural differentiation to Meso-
Neoproterozoic

The ‘tectonic differentiation’ within a craton basin refers to the
differential tectonic deformation produced within the basin under
the influence of factors such as changing tectonic stresses or pre-
existing structures during different periods, leading to the
formation of tectonic units such as rifts, palaeo-uplifts or deep
faults within the craton (Wang et al. 2017; He et al. 2022; Wang
et al. 2023). The tectonic differentiation in the Ordos Basin is
primarily manifested in the changes to the tectonic framework
influenced by variations in tectonic stress from the
Mesoproterozoic to the Early Palaeozoic, transitioning from rift
differentiation in an extensional environment during the
Mesoproterozoic to uplift-depression differentiation in a com-
pressive environment during the Early Palaeozoic.

As previously mentioned, under the influence of northwest-
southeast tensional stress, the Ganshan rift trough and the Jinshan
rift trough developed in the Early Changchengian, with the
Etuokeqianqi andQingcheng-Yulin Uplift existing between the rift
troughs. During this period, the basin interior exhibited a rift
differentiation pattern of rift troughs and uplifts (Fig. 15a). The
development of later fault systems is influenced by early basement
faults and regional stress states, while early rift troughs may be
reactivated under late extensional settings. This extensional rift
environment still influenced the tectonic framework within the
basin in the Early Cambrian, as evidenced by the development of
northeast-trending rift troughs along the western and southern
margins of the basin (Ding et al. 2009; Zhang et al. 2017). Seismic
data reveal that the Cambrian fault system closely aligns with the
distribution of basement faults. These basement faults extend

upward to the top of the Cambrian strata, indicating their
reactivation during this period. Furthermore, the distribution
pattern of Early Cambrian rift troughs corresponds fundamentally
with the basement structure reflected bymagnetic anomalies. Their
spatial consistency with the Changchengian rift troughs demon-
strates that themarginal rifts in the Early Cambrian basin represent
a differential rifting pattern inherited from pre-existing basement
structures. The Late Cambrian to Middle Ordovician period
marked a transition in tectonic stress within the basin, shifting
from extension to compression (He 2003), with the Middle to Late
Ordovician being dominated by a compressive tectonic setting.
During and after this period, the basin entered a stage of uplift-
depression differentiation (Fig. 15b and c). The Zhenyuan Uplift
and the Wushenqi Uplift formed successively. Existing studies on
the genesis of uplifts indicate that, although there is debate about
the genesis of the ZhenyuanUplift as the southern high point of the
original central uplift of the basin, the cause of eastward
compression from the Qilian Trough on the west side of the
basin suggests the existence of east-west compressive stress during
this period (Zhang, 1997; Zhu et al. 2020; Yao 2024). The
Wushenqi Uplift is an ancient uplift produced by north-south
compressive stress (Mao et al. 2023). In addition, theWeibei Uplift
in the southern part of the Mesozoic basin formed under the
influence of intracontinental compression in the context of the
subduction of the ancient Pacific Plate under the Eurasian Plate,
roughly synchronous with the regional uplift in the eastern part of
the basin during the Cretaceous (Wang et al. 2019; Bai, 2020).

These ancient uplifts not only controlled the stratigraphic
distribution and sedimentary environments from the Early
Palaeozoic onwards but also, to a certain extent, modified the
Meso-Neoproterozoic tectonic morphologies under the original
rift pattern, forming reworked uplifts of theMeso-Neoproterozoic.
As favourable tectonic structural types for hydrocarbon accumu-
lation, the contact relationships between theMeso-Neoproterozoic
and the potential hydrocarbon source layers of the Upper
Palaeozoic in the uplift areas are complex, which is of great
significance for hydrocarbon accumulation in the Meso-
Neoproterozoic.

5.b. Two reformed uplifts of the Meso-Neoproterozoic

As two Meso-Neoproterozoic reworked uplifts formed by regional
stress changes in the Early Palaeozoic due to tectonic differ-
entiation, the Zhenyuan Uplift and the Wushenqi Uplift exhibit
different tectonic characteristics due to differences in their tectonic
reworking processes, which in turn control the sedimentary
differences in the overlying Palaeozoic strata. The Zhenyuan Uplift
is a Meso-Neoproterozoic uplift area in the southwest of the study
area, overall presenting an elliptical uplift structure with a steep
western wing and a gentle eastern wing (Fig. 16a). The Cambrian-
Ordovician formations successively pinch out from old to new
around the Meso-Neoproterozoic strata at the core of the uplift,
forming a ‘Meso-Neoproterozoic window’ with missing Lower
Palaeozoic strata in the uplift core, which is unconformably
covered by the Lower Permian coal measures. The Wushenqi
Uplift is located in the Wushenqi-Jingbian area in the north of the
study area, with an overall sickle-shaped morphology bent
westward. The Changchengian strata at the core of the uplift are
exposed, forming a ‘window’ that is unconformably overlain by the
Ordovician strata atop the uplift. In contrast to the Zhenyuan
Uplift, the Cambrian formations successively pinch out from new
to old around the core of the Wushenqi Uplift (Fig. 16b).
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Basedon the analysis of tectonic evolutionhistory, theZhenyuan
uplift underwent four stages: the initial uplift during the
Neoproterozoic, continuous uplift during the Early Palaeozoic,
subsidence during the Late Palaeozoic and tectonic reversal during
theMesozoic. Prior to Cambrian deposition, the Sinianwas thinner
on both sides of the uplift and absent in the uplift centre, confirming
that differential uplift had already occurred in the late
Neoproterozoic. Before the deposition of the Permian-
Carboniferous, the Cambrian and Ordovician formations on the
slope areas onboth sides of the uplift gradually thinned andpinched
out towards the uplift core, exposing the Jixianian and Sinian in the
uplift core, with the absence of Silurian-Devonian deposits above.
This indicates that the Zhenyuan uplift, which had been
continuously uplifting during the Early Palaeozoic, remained in
an uplifted stage at the end of the Caledonian period. With the
overall subsidence of the Late Carboniferous basin, the
Carboniferous and Permian formations were unconformably
overlying the uplift. During the Mesozoic, the Ordos Basin
underwent tectonic uplift in the east and subsidence in the west
(2020). The depositional and subsidence centre of the basin
gradually migrated westward, causing the Zhenyuan uplift to
undergo tectonic reversal and become the subsidence slope area in
the west of the basin. This structural-reformation process
established a ‘window’ of the Meso-Neoproterozoic strata at the
core of the Zhenyuan uplift, forming a lower-generation and upper-
storage assemblage with the overlying Permian-Carboniferous
coal-measure source rocks (TOC>30%).Meanwhile, the persistent
uplift during the Early Palaeozoic facilitated hydrocarbon

migration from Cambrian and Ordovician dolomitic limestones/
marls (TOC 0.6–4.5%) on both slopes of the uplift through angular
unconformity surfaces. This dual mechanism created a multi-
source hydrocarbon charging foundation for gas accumulation in
the Zhenyuan uplift.

The Wushenqi uplift developed on the basis of the early
Changchengian faulted uplift, undergoing three stages: the
Cambrian uplift remnant stage, the Ordovician uplift subsidence
stage and the stable burial stage after the Carboniferous (Figure 4–
31). TheWushenqi uplift originated by inheriting the terrain of the
early Changchengian Qingcheng-Yulin uplift and continued to
preserve its uplifted terrain during the Cambrian, resulting in the
absence of Cambrian formations in the uplift core. From the uplift
core to the slope direction, the Cambrian formations, from
younger to older, including the Zhangxia, Xuzhuang and
Maozhuang formations, pinched out successively, further con-
firming that the Wushenqi uplift had already formed before the
Cambrian (Wei et al. 2021). During the Cambrian, deposition
continued on the existing uplifted terrain. After experiencing
‘filling and leveling’ during the Cambrian and short-term erosion
in the early Ordovician, with the expansion of the Ordovician
transgression, the uplift area was covered by carbonate rock
deposits of the Majiagou Formation. After the Carboniferous, the
Wushenqi uplift entered a stage of deep burial, stably receiving the
deposition of overlying formations. This structural configuration
endows the uplift with a multi-source hydrocarbon charging
foundation, comprising Early Palaeozoic source rocks and
Changchengian source rocks (dark argillaceous source rocks with

Figure 15. The schematic diagram of tectonic differentiation in the study area. a. the thickness of the Changchengian and the ancient tectonic framework. b. the thickness and
ancient tectonic framework of the Cambrian (modified by Ouyang et al. 2023). c. the thickness and ancient tectonic framework of the Ordovician (modified by He et al. 2022).
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TOC (Total Organic Carbon) >2.3%) within rift troughs along its
flanks.

6. Summary and conclusions

The two fault systems in the southernOrdosBasin, namely the basin-
margin controlling faults and the intra-basin trough-controlling
faults, govern the development and distribution of the Meso-
Neoproterozoic formations. From bottom to top, the Meso-
Neoproterozoic formations include the fault depressed layer and
depression layer of the Changcheng System, as well as the Jixianian
and Sinian. The fault depressed layer of the Changchengian exhibits
sedimentary characteristics of the NE (Northeast)-trending Ganshan
rift trough and Jinshan rift trough, withinwhich twomajor categories
of fault combinations, namely single-fault and double-fault types, are
developed in five structural styles: ‘graben-like’ rift and ‘graben-horst’
composite rift in the Ganshan rift trough, ‘slope-break’ and ‘fault-
block’ half-graben-like rift in the Jinshan rift trough, and ‘stepped’
block-like rift along the southwestern margin.

Through integrated well and seismic interpretation and
palaeostructural restoration, the differences in ancient and present
tectonic frameworks of the Meso-Neoproterozoic formations have
been clarified. During the Changchengian period, the palae-
ostructural framework featured a higher east and lower west, with
alternating ‘two troughs and two uplifts’, arranged in a NE-
trending oblique pattern from north to south: the Etuokeqianqi
Uplift, Ganshan Rift Trough, Qingcheng-Yulin Uplift, and Jinshan
Rift Trough. During the Jixianian, the basin sloped southwestward
and deepened. In the Sinian, the main body of the basin was
denudation palaeocontinent, with depressional subsidence zones
along the western and southern margins. In contrast, the present
Changchengian exhibits a southwestward-deepening monoclinic
structure within the Yishan slope, with the Tianhuan Sag being
higher in the north and lower in the south, and the Weibei Uplift

and Edge thrust belt uplifted. The Jixianian shows a higher east and
lower west, with higher northern and southern margins and a
lower central region. The Sinian presents a modern tectonic
framework of higher basin margins and lower basin interior.

The significant differences between the ancient and present
tectonic frameworks of the Meso-Neoproterozoic formations are
attributed to four tectonic reworking phases: the early rift-late
depression sedimentary differentiation stage of the Changchengian
period, the basin-margin subsidence stage of the southwestern
depression during the Jixianian, the main body uplift and erosion
stage of the basin during the Sinian, and the differential uplift and
depression during the Early Palaeozoic. Under the influence of
tectonic reworking from the Mesoproterozoic rift differentiation to
the Early Palaeozoic uplift-depression differentiation, the reworking
uplift of the Meso-Neoproterozoic was formed. Both the Zhenyuan
Uplift and the Wushenqi Uplift are exposed as ‘window’ – type
uplifts of the Meso-Neoproterozoic formations, formed before the
Neoproterozoic and Cambrian, respectively. The Zhenyuan Uplift
continued to rise during the Cambrian, while the Wushenqi Uplift
maintained its uplifted terrain and was subsequently covered by
later Palaeozoic and Ordovician formations after reworking,
resulting in a sedimentary pattern with multiple formations in
contact with theMeso-Neoproterozoic formations, which is of great
significance for hydrocarbon accumulation.
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Figure 16. Geological map of the Neoproterozoic uplift in the study area. a. Zhenyuan uplift. b. Wushenqi uplift.
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