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Abstract

The Eastern Depression in the Bayanhaote Basin in western Inner Mongolia has experienced
multi-stage Meso-Cenozoic tectonic events and possesses considerable exploration potential.
However, structural deformation patterns, sequences and the genesis of oil-bearing structures
in the basin are still poorly understood. In this study, based on high-quality 2D seismic data and
drilling and well-logging data, we elucidate the activities and structural styles of faults, the
tectonic evolution and the distribution characteristics of styles, as well as assessing potential
petroleum traps in the EasternDepression. Five types of faults that were active at different stages
of the Meso-Cenozoic faults have been recognized: long-lived normal faults active since the late
Middle Jurassic; reverse faults and strike-slip faults active in the late Late Jurassic; normal faults
active in the Early Cretaceous; normal faults active in theOligocene; and negative inverted faults
active in the Early Cretaceous and Oligocene. These faults constituted 12 geometric styles in
NE-trending belts at various stratigraphic levels, and were formed by compression, strike-slip,
extension and inversion. The temporal development of structural styles promoted the forma-
tion and reconstruction and finalization of structural traps, while regional unconformities and
open reverse and strike-slip faults provided migration pathways for petroleum to fill the traps.
In general, potential traps that formed by compressional movement and strike-slip movement
in the late Late Jurassic are primarily faulted anticlines. Those traps developed in Carboniferous
rocks and are located in the southwestern region of the Eastern Depression, being controlled by
NNE-NE-striking reverse and transpressive faults.

1. Introduction

Structural style refers to the specific combination of structures that have a close connection with
each other in terms of profile shapes, plane layouts, arrangements and response mechanisms.
Such structures have similar structural characteristics and deformational mechanisms
(Yang, 2006; Missenard et al. 2007; Tripodi et al. 2013; Saqab & Bourget, 2015). The increasing
relevance of structural-style-controlled petroleum traps to exploration in deeper basins has
increased interest in deciphering how the structural style influences the basin formation and
filling process (Harding & Lowell, 1979; Allen et al. 1997; Polonia & Camerlenghi, 2002;
Sepehr & Cosgrove, 2004; Hickman et al. 2009). The structural style and generation reveal
the deformation sequence accompanying transitions between tectonic regimes, which produces
petroleum traps and causes the migration of petroleum into structural traps within sedimentary
basins (Nieuwland et al. 2001; Sherkatia & Letouzey, 2004; Zhou et al. 2021). In several basins in
China, both the pattern of subsidence with burial sedimentation and subsequent deformation
were dominantly influenced by regional tectonics or the basement structural style (Yao et al.
2004; Zhang et al. 2014; Cheng et al. 2016; Fan et al. 2020; Xu & Gao, 2020). Therefore,
a comprehensive analysis of structural style and sequence is necessary to understand the tectonic
pattern and inversion of these basins, which in turn provide a geological basis for petroleum
exploration.
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The Bayanhaote Basin, in the western portion of Inner
Mongolia, China, is located in the eastern Alxa Block, adjacent
to the Helan Fold Belt to the east and the Hexi Corridor
Transition Zone to the south (Xiong et al. 2001; Fig. 1).
Occupying an area of 18 000 km2, the Bayanhaote Basin has accu-
mulated thick sequences of Early Palaeozoic marine sediments,
Late Palaeozoic interactive marine–continental sediments and
Meso-Cenozoic continental sediments and is an area that has
extremely high hydrocarbon potential. The Bayanhaote Basin is
a complex superimposed basin; the Southern Depression was a
foreland basin derived from the Early Palaeozoic bell-mouth
bay, the Eastern Depression was a rift basin derived from the
Early Palaeozoic aulacogen and the Western Depression was a
strike-slip pull-apart basin. The whole basin subsided and was
overlain by Cretaceous sediments forming a unified basin by the
end of the Early Cretaceous (Tang et al. 1990; Liu, 1997a; Xiong
et al. 2001). This tectonic configuration resulted in a complex
structural pattern consisting of alternately distributed uplifts and
depressions within the Bayanhaote Basin. These uplifts and
depressions are characterized by both extensional and compres-
sional deformation, as well as strike-slip deformation and tectonic

inversion (Tang et al. 1990; Liu, 1997a; Song et al. 1999; Xiong et al.
2001; Xue et al. 2020).

Owing to insufficient geological data, the tectonic framework,
genesis and evolution of the Bayanhaote Basin are subjects of
debate. For instance, some scholars propose that the Bayanhaote
Basin formed due to Mesozoic–Cenozoic faulting subsidence
and that it is developed above different crystalline basements.
They argue that the basin and its surrounding areas have
experienced five tectonic episodes from the Early Proterozoic
to the Cenozoic, namely, the formation of the Early–Middle
Proterozoic ‘Qin-Qi-He’ triangulated rift, the Late Proterozoic–
Ordovician aulacogen, the Silurian–Devonian foreland basin,
the Carboniferous–Permian composite basin and the Meso-
Cenozoic faulting-subsidence basin (Tang et al. 1990; Song et al.
1999; Xiong et al. 2001). However, Tang et al. (1990) interpreted
the structures in the Bayanhaote Basin as being mainly normal
faults with a few reverse faults and folds, while Liu (1994) and
Liu & Liu (2002) claimed that the structures in the basin were
represented by both extensional and compressional structures,
including shovel-type normal faults, horst–graben blocks and
traction folds in the Western Depression, and imbricate thrust

Fig. 1. (Colour online) (a) Geotectonic zoning of China and location of the Bayanhaote Basin. (b) Sketch map of the Bayanhaote Basin and adjacent tectonic zones. (c) Map of the
structural units of the Bayanhaote Basin superimposed on a remote-sensing image of the region (modified from Song et al. 1999). Also shown are the location of the study area
(Eastern Depression), boundary faults (F1 – Bayanwula Mountain Fault; F2 –Helan Fault; F3 – Chahan Fault) and the seismic profiles used in this study. The geological profile along
line AB across the northwestern Bayanhaote Basin shows the present structural and stratigraphic architecture of the Western Depression, Eastern Depression and the Eastern
Stepped Slope.
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faults and back-thrust faults in the Southern and Eastern
Depressions, and Song et al. (1999) proposed that some flower
structures were controlled by the Chahan sinistral strike-slip fault
in the Southern Depression. Still other scholars have suggested that
the Bayanhaote Basin was a Mesozoic–Cenozoic strike-slip pull-
apart basin and was controlled by a sinistral strike-slip movement
of the western Bayanwula Mountain Fault during the late Middle
Jurassic – early Early Cretaceous and a dextral strike-slip move-
ment of the fault during the Cenozoic, with weak inversion of early
thrust faults during the Late Jurassic (Xue et al. 2020). The core of
the debate is how the types of structural styles and their temporal
development within the basin influenced the formation and
subsequent deformation of the basin. In addition to clarifying this
aspect, a comprehensive analysis of structural styles will help eluci-
date the temporal and spatial relationship of potential structural
traps, thereby accelerating oil exploration.

The Eastern Depression has the greatest oil-bearing potential
in the Bayanhaote Basin, as it contains widely distributed
Carboniferous source rocks. With increasing oil and gas explora-
tion in this area, it is important to improve the characterization of
the structural and stratigraphic architecture of the depression and
their local effects on hydrocarbon trapping. However, owing to
the limited availablility of early seismic and drilling data, only a
few detailed analyses of the structural styles of faults and the distri-
bution of petroleum traps have been carried out in the Eastern
Depression. Furthermore, a poor identification of geometric and
kinematic styles has led to a poor understanding of the formation
of trap structures and petroleum migration. In this work, based
on a new comprehensive understanding of drilling and logging data
and a number of high-quality 2D seismic profiles, we analyse the
activities and structural styles of Meso-Cenozoic faults, focusing
on the tectonic evolution and distribution characteristics of the styles
in this region, so as to elucidate the control exerted by the structures
formed by different mechanisms on trap formation and petroleum
accumulation and to describe the locations of potential petro-
leum traps.

2. Geological setting

The Bayanhaote Basin is located at the junction of the Alxa Block,
the Helan Fold Belt and the Hexi Corridor Transition Zone
(Fig. 1b; Xiong et al. 2001). The basin is roughly triangular in form,
being narrower in the north and wider in the south, with an area of
1.8 × 104 km2 (Tang et al. 1990; Liu, 1994; Liu & Liu, 2002).
The Alxa Block in the northwestern part of the basin is an
Archaean micro-block surrounded by orogenic belts and fault
zones, and was separated from the Ordos Block in the east during
the Meso-Neoproterozoic. The Palaeozoic, Jurassic–Cretaceous
and Cenozoic strata are well developed in the Alxa Block
(Song et al. 1999; Xiong et al. 2001). The Helan Fold Belt is a
NNE–SSW-striking tectonic belt located in the eastern part
of the basin; it is sandwiched between the Alxa Block and
the Ordos Block. It consists of multi-stage deformed
Precambrian basement rocks overlain by Cambrian–Jurassic
covers. Carboniferous–Permian marine carbonate and clastic
deposits outcrop in the central and northern parts of the Helan
Mountains (Liu, 1998; Liu et al. 2010). The Hexi Corridor
Transition Zone in the southern part of the basin refers to the tran-
sitional zone between the North Qilian Orogenic Belt and the Alxa
Block (Tang et al. 1990). In response to the collision of the North
China Block and the Central Qilian Block and the ensuing orogeny
during the Silurian–Devonian, Silurian flysch deposits and

Devonian molasse deposits are widely developed in the North
Qilian – Hexi Corridor areas (Zhao et al. 2016).

The basement of the basin can be divided into three major
segments (Tang et al. 1990; Liu, 1994; Liu & Liu, 2002; Gao &
Wang, 2011). The northern segment, which is bounded by
the Zhuoertao–Qingshan fault at the eastern margin of the
Middle Uplift, is composed of crystalline metamorphic rocks of
the Alxa Group. The southern segment, which is bounded by
the Chahan Fault (F3) to the north, is made up of epimetamorphic
rocks of the Hexi Corridor Transition Zone. The eastern segment
comprises non-metamorphic sedimentary rocks of the Helan Fold
Belt. The basin is controlled by three boundary faults, namely, the
Bayanwula Mountain Fault (F1), the Helan Fault (F2) and the
Chahan Fault (F3). The Bayanwula Mountain Fault (F1) is a
SE-dipping, NE–SW-trending normal fault in the northwest.
The Helan Fault (F2) is a NW-dipping, N–S-trending normal fault
in the east, and the Chahan Fault (F3) is an E–W-trending sinistral
strike-slip fault in the south (Fig. 1c).

The Bayanhaote Basin is a superimposed basin that has undergone
multiple stages of evolution, including the Meso-Neoproterozoic
Qin–Qi–He triangulated rift, the Cambrian–Ordovician aulacogen
basin, the Silurian–Devonian foreland basin, the Carboniferous–
Permian composite basin, the Mesozoic faulting-subsidence basin
and the Cenozoic down-warping basin (Tang et al. 1990; Liu & Liu,
1997; Song et al. 1999; Xiong et al. 2001). The multi-stage tectonic
movements occurring during the Late Sinian, Late Cambrian, Late
Ordovician, Triassic, Late Jurassic, Late Cretaceous and Neogene
modified the basin considerably. According to the deformation frame-
work and stratal distribution pattern, the basin can be divided into five
first-order structural units: theWesternDepression, theMiddle Uplift,
the Southern Depression, the Eastern Depression and the Eastern
Stepped Slope (Liu, 1994; Fig. 1c). The study area is located in the
Eastern Depression at the centre of the basin. It is c. 160 km long
and 40–100 kmwide and occupies an area of>6000 km2; it comprises
the main sedimentary depression and oil- and gas-bearing area.

Drilling wells in the basin and outcrops around the basin reveal
that the sedimentary rocks of the basin consist of Cambrian strata,
Lower and Middle Ordovician strata, the Lower Carboniferous
Chouniugou Formation, Upper Carboniferous Jingyuan and
Yanghugou formations, Middle Jurassic Zhiluo Formation,
Upper Jurassic Fenfanghe Formation, Lower Cretaceous
Bayanhaote Group and Palaeogene and Quaternary strata, from
bottom to top (Fig. 2). The Cambrian strata are >1500 m thick
and consist of carbonate rocks that are mainly exposed in the
eastern region of the basin and in the Helan Mountains. The
Ordovician strata are >1100 m thick and consist of lower lime-
stone interbedded with mudstone and upper conglomerate inter-
bedded with quartz sandstone; they are observed in wells X1, BC2
and BC3. The Carboniferous strata are >1100 m thick and are
mainly composed of mudstone and siltstone mixed with thin coal
seams and bioclastic limestone; these strata develop good source
rocks and reservoirs. The Mesozoic rocks include Jurassic
mudstone, sandstone, and interbedded sandy conglomerate and
Cretaceous mudstone, sandy mudstone and arkose. The Middle
Jurassic Zhiluo Formation is c. 100 m thick; it is only seen in well
BC2 and mainly occurs in the Eastern Depression and in the
eastern part of the basin. The Upper Jurassic Fenfanghe
Formation is>280 m thick and varies greatly in thickness horizon-
tally. The Cretaceous Bayanhaote Group is >1850 m thick; this
group fills in the entire Bayanhaote Basin. The thickness of the
Palaeogene strata is c. 500 m, and they consist of interbedded sand-
stone and conglomerate and dolomitic mudstone. The Quaternary
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strata are thin and are composed of sandy mudstone and clay
rocks. Four unconformities can be clearly identified from the
seismic profiles in the study area, including two angular uncon-
formities, one each between the Upper Carboniferous and
Middle Jurassic and between the Upper Jurassic and Lower
Cretaceous, and two parallel unconformities, one each between
the Lower Cretaceous and Palaeogene and between the
Palaeogene and Quaternary.

Hydrocarbon exploration has been underway in the
Bayanhaote Basin since the 1950s. The main exploration intervals
have changed from the Jurassic strata in the early decades to the
Carboniferous strata at present. The latter are composed of a series
of marine carbonate rocks and marine–continental interlayered
coal-bearing clastic rocks. Six wells, BC1, BC2, BC3, AC1, X1

and X2, have been drilled in the basin, with no commercial oil
or gas discoveries in the Carboniferous strata, although hydro-
carbon shows with different degrees have been found in wells
BC2, BC3 and X1 (Gao & Wang, 2011). Numerous large-scale
gas fields have been found in the Carboniferous–Permian strata
in the adjacent Ordos Basin (Zhou et al. 2014). Moreover, a signifi-
cant hydrocarbon discovery has recently been made in the
Carboniferous–Permian strata in the Yin’E Basin to the north of
the Bayanhaote Basin (Lu et al. 2011). Although there has not been
an industrial breakthrough, the Carboniferous strata have been
proved to have source rocks and reservoir conditions that are
relatively favourable for hydrocarbon generation; these
strata possess great potential for further hydrocarbon
exploration in the Eastern Depression of the Bayanhaote Basin

Fig. 2. (Colour online) Comprehensive stratigraphic column of the Eastern Depression, Bayanhaote Basin, showing the lithology, unconformities, tectonic context and stages,
and stress state (cited from Tang et al. 1990; Yang & Dong, 2018; Ma & He, 2019) of the basin at different tectonic stages.
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(Wei & Tan, 2009; Gao & Wang, 2011; Wang & Huang, 2014;
Li et al. 2017; Sheng, 2019). Recent studies have proved that dark
mudstones, limestones and coal are the main source rocks that
have developed in the Eastern Depression with good oil generation
indicators. The total organic carbon (TOC) content of the dark
mudstone is 0.14–22.64 %, and the vitrinite reflectance (RO)
exceeds 1 % (Wei & Tan, 2009; Li et al. 2017). The reservoir
lithology mainly consists of interbedded sandstone, grey-black
mudstone and grey-shale siltstones, with the average porosity
being 5.77 % and the average permeability being 0.75–2.2 × 10−3

μm2 (Wang & Huang, 2014; Sheng, 2019).

3. Materials and methods

In this study, 2D seismic reflection data with a length of>1000 km,
mainly obtained from the southwestern part of the Bayanhaote
Depression, were used. Drilling data and logging data from four
wells were used to calibrate the seismic interpretation. Both
datasets were provided by the PetroChina Huabei Oilfield
Company. The seismic synthetic records from the four wells were
used to guide interpretation of faults and folds and to define a
number of stratigraphic units. These seismic data provided infor-
mation about the characteristics and structural styles of the
Mesozoic–Cenozoic faults in the internal depressions.

Previous structural styles from different periods in this work
were defined according to the active periods and formation periods
of the faults that gave rise to them. The active periods of normal
faults were defined mainly according to the syn–sedimentary faults
and the upper and lower limits of faults that cut strata, while the
formation periods of reverse faults were determined by combining
the cross-cutting relationship of faults and strata and unconform-
ities that represented regional compression events. The analysis of
inverted faults was mainly based on the upper and lower limits of
fault displacements. A regional geological section was generated
across the northwestern Bayanhaote Basin by linking a local
seismic profile across the Western Depression from Liu (1994)
and another seismic profile across the northern Eastern
Depression. A step-by-step tectonic restoration was conducted
to help better understand the Mesozoic–Cenozoic tectonic evolu-
tion of the Eastern Depression and its adjacent tectonic units.
Finally, the petroleum generation–migration characteristics and
the structural traps formed by different structural styles were
analysed, and the locations of potential petroleum traps in the
Carboniferous rocks were predicted.

4. Active periods and structural styles of
Mesozoic–Cenozoic faults

Seismic and drilling data indicated that the Triassic strata were
generally absent throughout the Bayanhaote Basin and that the
Carboniferous–Permian strata were strongly denuded. The
residual Carboniferous strata were only distributed in the
Eastern Depression and in the northern portion of the Southern
Depression. Moreover the Carboniferous strata were unconform-
ably overlain by the Middle–Upper Jurassic strata, indicating the
effects of the Permian–Triassic Indosinian orogenic event.
During this period, the northern and southernmargins of the basin
were compressed by the Xingmeng Fold Belt and the Qilian Fold
Belt, respectively; strong uplifting, denudation and folding–
thrusting occurred during the period (Tang et al. 1990;
Liu, 1994; Song et al. 1999; Gao & Wang, 2011). Thus,
the Carboniferous strata may have been strongly folded by

near-E–W-striking thrusting in the northern and southern regions
of the basin during the Permian–Triassic Period. However, no
seismic evidence of such faults could be found on the NE-trending
seismic profiles used in this study. Therefore, we have only
discussed the Mesozoic–Cenozoic faults that significantly influ-
enced the formation of traps and hydrocarbon accumulation.

4.1. Active periods of the Mesozoic–Cenozoic faults

Detailed 2D seismic profile interpretations (Fig. 3) indicate that
high-dip-angle normal faults, reverse faults, strike-slip faults and
inverted faults were developed in the Eastern Depression. These
faults strike NNE in the north, and strike NE in the southward
direction. The faults in the Eastern Depression can be subdivided
into large-scale level 2 faults that control the boundary of the
depression; medium-scale level 3 faults; and small-scale level 4
faults. These faults are characterized by various scales and
multi-phase activities and constitute different structural styles
according to their geometric and kinematic characteristics (Fig. 4).

4.1.1. Long-lived normal faulting since the late Middle Jurassic
Two long-lived normal faults can be identified in the selected
profiles (see F3 and F4 in Fig. 1 and F4 in Fig. 3b). These two
normal faults dip to the NW and SE, respectively, forming a horst.
They are the western and eastern boundaries of the Central Uplift
and delineate a wide segment of the Central Uplift in the
northwestern part of the Eastern Depression (Fig. 1). The faults
cut the Lower Palaeozoic, Carboniferous, Middle–Upper
Jurassic, Lower Cretaceous and Palaeogene strata; the
Carboniferous–Jurassic strata in the Eastern Depression horizon-
tally terminate at the hanging wall of the SE-dipping normal fault,
that is, the Carboniferous–Jurassic strata are absent in the
ascending plate of the faults and are directly structurally overlain
by a thin layer of Cretaceous strata. Meanwhile, the Lower
Cretaceous strata on the hanging walls of the faults are thicker than
those on their foot walls, which indicates that the normal faults are
syn-sedimentary faults controlling the deposition of the Lower
Cretaceous sediments. Meanwhile, thick Upper Jurassic sediments
controlled by numerous syn-sedimentary normal faults accumu-
lated in the Western Depression, while only thin Middle–Upper
Jurassic sediments were deposited in the Eastern Depression under
the control of the boundary syn-sedimentary fault F4 (Liu, 1994,
1997b; Gao & Wang, 2011) (see the cross-section AB in Figs 1
and 3). The aforementioned analysis indicates that faulting
subsidence in the Western Depression was more intense than that
in the Eastern Depression, and the Central Uplift separated the
Eastern Depression from the Western Depression during the late
Middle Jurassic – early Late Jurassic Period. It was not until the
Early Cretaceous that the two depressions and indeed the entire
basin were covered by Cretaceous sediments to form a
unified basin.

4.1.2 Reverse faulting and strike-slip faulting during
the late Late Jurassic
A NNE-striking level 2 reverse fault and a series of NNE-
NE-striking and dominantly NW-dipping level 3 reverse faults
and strike-slip faults can be clearly identified below the K1b/J3f
unconformity. These faults strongly and synchronously deformed
the Lower Palaeozoic–Jurassic strata (Figs 3 and 5). The level 2
fault, the Xilin–Heishantuo fault (see F5 in Fig. 3b), is a high-
dip-angle reverse fault and dips to the SE, with dip angles of
45–60° and a vertical fault throw of c. 1500 m. This reverse fault
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thus forms both the eastern boundary of the Eastern Depression
and the eastern boundary of the residual Carboniferous strata.
These aforementioned reverse faults plunge downward into the
basement and terminate upward in the Carboniferous strata or
at the bottom of the Jurassic strata. The Carboniferous–Jurassic
strata on their hanging walls are strongly folded and denuded,
and the truncation signature formed at the top of the folds is clearly
visible. The faults and strata on their hanging walls are unconform-
ably overlain by Lower Cretaceous strata.

Blocks on both sides of a strike-slip fault typically exhibit char-
acteristics of transtensional or transpressional movements
(Harding, 1985; Xia et al. 2007; Li et al. 2015). Some fault assemb-
lages in the Lower Palaeozoic–Jurassic rocks are interpreted as
positive flower structures, indicating local transpressional
deformation (Fig. 5d–e). The trunk strike-slip fault plunges into
the basement steeply and bifurcates upward into several oblique
minor faults, which have the appearance of a flower. The strata
are folded and deformed at the top of the flower structure, often
forming anticlines, which may also constitute potential traps.
From the projection of the strike of the transpressional faults
on the strike-slip Mohr strain envelope (Fig. 7a further below),
it can be seen that these faults controlling the formation
of flower-like structures form a small angle with the principal
displacement zone, showing compressional but much stronger
strike-slip properties.

The kinematics of the aforementioned reverse faults and strike-
slip faults indicate that they were formed by NW–SE compression
that may be related to the remote response of the North China
Block to the collision and subsequent subduction of the Palaeo
Pacific Plate beneath the Eurasian Plate during the Late
Triassic–Cretaceous (Dong et al. 2019; Zhang & Dong, 2019).

Most of these reverse faults extend upward and terminate in the
Upper Jurassic rocks, and the erosion and uplifting of the Upper
Jurassic strata indicate thrusting activity related to a NW–SE-
trending contraction during the late Late Jurassic. The uplift of
the Helan Mountains affected the Mesozoic–Cenozoic tectonic
deformation of the adjacent Bayanhaote Basin and Yinchuan
Graben, as well as that of the Ordos Basin. Apatite fission track
ages indicate that a large-scale top-to-NW fold-thrusting
event occurred at the western margin of the Ordos Basin at
160–137 Ma in response to the strong uplifting of the central
and northern Helan Mountains during the Middle–Late Jurassic
Period (170–140 Ma) (Yang & Dong, 2018; Ma & He, 2019).
This intraplate deformation under NW–SE compression may have
spread to the Bayanhaote Basin and influenced the fold-thrusting
deformation of the Lower Palaeozoic – Jurassic strata in the eastern
region of the Bayanhaote Basin. Therefore, combining the records
of the faults and unconformities interpreted by seismic data, we
infer that the formation period of the aforementioned faults was
approximately limited to the late Late Jurassic.

4.1.3. Normal faulting in the Early Cretaceous
A series of NNE-NE-striking normal faults can be clearly
identified beneath the K1b/E3 unconformity in some seismic
profiles (Figs 3b, 6a–c, f). The gently dipping thick Lower
Cretaceous strata in the north show good horizontal continuity
and are cut by a series of small- to medium-scale high-dip-angle
normal faults with small fault throws of 75–375 m (Fig. 3b), while
a few normal faults formed during the Early Cretaceous in the
southern portion of the depression (Fig. 3a). Some normal faults
terminate upward at the top of the Lower Cretaceous rocks and
terminate downward at the bottom of the Lower Cretaceous rocks;

Fig. 3. (Colour online) Geological interpretations of two 2D seismic profiles (see Fig. 1c for corresponding locations), showing the characteristics of long-lived normal faults active
since the late Middle Jurassic, reverse faults and strike-slip faults active in the late Late Jurassic, normal faults active in the Early Cretaceous, normal faults active in the Oligocene,
and inverted reverse faults active in the Early Cretaceous and Oligocene. Also shown are the interpreted strata, i.e. the Carboniferous, Middle–Upper Jurassic, Lower Cretaceous,
Oligocene and Quaternary strata.
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other normal faults terminate downward in the Carboniferous–
Jurassic rocks or even in the Lower Palaeozoic rocks, which
affected the deep compressional deformation. Furthermore,
a few normal faults exhibit weak syn-sedimentary faulting, which

clearly controlled the deposition of parts of the Lower Cretaceous
strata (Fig. 3b). The fold deformation of the Lower Cretaceous
rocks was weak, and only small traction bending can be seen locally
near a few fault planes.

Fig. 4. (Colour online) Classification of structural styles in the Eastern Depression, Bayanhaote Basin, according to kinematic and geometric characteristics (referred to
Song et al. 1999; Zhang et al. 2014; Cheng et al. 2016; Liu, 2018).
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4.1.4. Normal faulting in the Oligocene
The high-dip-angle normal faults that formed during the
Oligocene and exhibit small displacements can be clearly identified
in the seismic profiles from both the northern and the southern
parts of the Eastern Depression. In some selected seismic profiles
(Figs 3 and 6), most of these small-scale normal faults terminate
upward at the top of the Oligocene rocks and terminate downward
in the Jurassic or Lower Cretaceous rocks. Meanwhile, some faults
branch upward and form a negative flower structure in the leftmost
part of the profile, indicating local late-stage transtensional defor-
mation (Figs 3a and 6f). However, in other seismic profiles
(Figs. 3b, 5d and 6c, f), some large-scale normal faults were formed
in the Oligocene and cut the Carboniferous and Lower Palaeozoic
rocks, and the deep sequences underwent adjustment by late-stage
extension (see F7 and F8 in Fig. 3 and F18 and F19 in Fig. 6).

4.1.5. Negative inverted faulting during the Early Cretaceous
and Oligocene
The negative inverted faults cut vertically through nearly all
sequences and are found in the Eastern Depression; their presence
indicates a tectonic transition from a compressional to an exten-
sion regime (Fig 3 and 6a, c). Analysis of the fault throws of all
reverse faults indicates that the upper fault throw of some reverse
faults is smaller than that of the lower fault throw, whereas some
early reverse faults were directly reactivated and showed typical

negative inversion that caused normal faulting of the Lower
Cretaceous–Oligocene strata and reverse faulting of the
Carboniferous–Jurassic strata (Figs. 3 and 6a, c). This demon-
strates that some reverse faults that formed during the early stage
were reactivated and inverted in the Early Cretaceous and inherited
in the Oligocene. Meanwhile, some normal faults with small
displacements were formed during this period and cut the deep
sequences. The aforementioned inverted faults and normal faults
that cut the deep strata indicate that the deep-lying sequences
exhibit adjustment to late-stage extension (Fig. 3b).

4.2. Twelve Mesozoic–Cenozoic structural styles

The main structural styles of the Mesozoic–Cenozoic strata in the
Eastern Depression can be classified into four major categories
according to their formation mechanisms and tectonic regimes
(i.e. compression, strike-slip, extension and inversion) and can
be further subdivided into 12 geometric styles (Fig. 4).
Moreover, an individual geometrical style often contains two or
more fault combinations, which originate from multi-stage
evolution.

4.2.1. Compressional structural style
Compression resulted in various geometric styles including back-
thrust – ramp structural assemblages (Fig. 5a), fold and thrust belts
(Fig. 5b) and faulted anticlinal structures (Fig. 5c). Back-thrust and

Fig. 5. (Colour online) Uninterpreted and interpreted 2D seismic profiles showing the compressional structures and strike-slip structures in the Eastern Depression, Bayanhaote
Basin. The compressional structures include (a) the back-thrust – ramp structural assemblages, (b) faulted anticlines (thrust belts) and (c) faulted anticlines with synthetic–
antithetic fault systems (see Fig. 1c for the profiles’ locations). The strike-slip structures mainly include the positive flower structures (d and e) (see Fig. 1c for the profiles’
locations).
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ramp assemblages are well developed in the study area, with the
ramp structure defined by two faults thrusting in the same direc-
tion (see F9 and F10 in Fig. 5a) and the back-thrust structure
defined by two faults thrusting in opposite directions (see F10
and F11 in Fig. 5a). Back-thrust and ramp structures often occur
concomitantly, forming back-thrust – ramp structural assemblages
(Fig. 5a). An antithetic minor fault (F12) is observed on the right-
most reverse fault, forming a local faulted anticline. A well-devel-
oped thrust belt consisting of three parallel reverse faults dips
towards the NW (Fig. 5b), with an anticline usually formed on
the hanging wall of the fault. In addition, two minor antithetic
faults (see F13 and F14 in Fig. 5b) are seen on the rightmost reverse
fault, forming a local positive flower structure. In Figure 5c, the
overall structure shown is that of a back-thrust structure controlled
by faults F15 and F16, with a fault structure having a major (F16)
and an antithetic minor fault (F17) developed in the middle.
This means that two faults intersect and their hanging walls are
uplifted. Here, we interpret some magmatic rocks, controlled by
two reverse faults, which intrude upward into the Carboniferous
and Jurassic strata and are covered by the Lower Cretaceous strata.
Furthermore, the Lower Cretaceous strata are weakly deformed,
forming an anticline. Based on regional tectono-magmatic events,
we infer that the emplacement may have occurred along the
fault planes during the late Late Jurassic, because the Late
Jurassic (158–148 Ma) and Early Cretaceous (142–112 Ma) are
two important periods of magmatic activity along the western
margin of the North China Block influenced by the Yanshanian
movement (Dong et al. 2019). However, no further chronological
data on the magmatic rocks are available, and this aspect requires
further investigation.

4.2.2. Strike-slip structural style
The strike-slip structures in the Eastern Depression can be divided
into two categories, i.e. transpressional and transtensional struc-
tures. Examples of transpressional structures include the fault
assemblages in Figure 5d–e. Faults of this category spread upward
and converge downward to form ‘positive flower structures’.
In Figure 5e, some seismic reflectors are disordered and discon-
tinuous, and appear to represent intrusive magmatic rocks. The
magmatic rocks, which are controlled by the two transpressional
faults, intrude upward into the Carboniferous strata and part of
the Jurassic strata, and are overlain by the deformed Jurassic
and Cretaceous strata. This may imply the existence of magmatic
activity in the Late Jurassic. Transtensional structures, which
exhibit purely tensional characteristics, are locally developed in
the Lower Cretaceous – Oligocene strata, and are depicted in
the leftmost parts of Figures 3a and 6f. Faults of this kind converge
downward to form a ‘negative flower structure’.

4.2.3. Extensional structural style
On the seismic profiles (Fig. 6), we interpreted many structures
related to normal faults trending to the NE, including primarily
horsts (Fig. 6a), grabens (Fig. 6b), fault terraces (Fig. 6c) and tilted
fault blocks (Fig. 6f). Horsts and grabens are fault block structures
formed by homogeneous shear and differential subsidence under
biaxial tensile stress. The throws on the normal faults on both sides
of the blocks are 150–300 m, and flat horsts and grabens are
common. The fault terraces consist of a group of step-down faults
developed on a slope, with both the blocks and faults dipping
towards the NW (Fig. 6c). The step-down faults consist of a group
of normal faults with the same dip, and the inclinations of the strata

Fig. 6. (Colour online) Uninterpreted and interpreted 2D seismic profiles showing the extensional structures in the Eastern Depression, Bayanhaote Basin. The extensional
structures include (a) horsts, (b) grabens, (c) fault terraces, (d) a fault block with a major fault on the right and a minor fault on the left, arranged in a synthetic–antithetic system,
(e) a fault block with a major fault on the left and a minor fault on the right, arranged in a synthetic–antithetic system, and (f) tilted fault blocks with a locally developed negative
flower structure (see Fig. 1c for the profiles’ locations).
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differ from the dip of the faults; the tilted fault blocks are well devel-
oped in the sections (Fig. 6f). We also interpreted a few structures
called synthetic–antithetic fault systems. One type displayed an
oblique intersection between a main normal fault on the right
and an antithetic minor fault on the left (Fig. 6d) (Cheng et al.
2016; Liu, 2018). Another type displayed the switching of fault dips
with an oblique intersection between a main normal fault on the
left and an antithetic minor fault on the right (Fig. 6e). In general,
the extensional structures of the Eastern Depression are dominated
by stages of faulting subsidence (Early Cretaceous) and down-warp
subsidence (Cenozoic).

4.2.4. Inversion structural style
An inversion structure is defined as a composite structure
produced by the movement of a geological body during certain
geological periods in the direction opposite to that which generated
its original structural characteristics (Wang et al. 2001; Chu, 2004;
Yu et al. 2018). Seismic profiles indicate that the early-stage reverse
faults were inverted under the effect of late-stage extension,
producing negative inversion structures (Figs. 3 and 6a, c).
These faults mainly developed along the early-stage reverse fault
planes. Early-stage thrust movement of the faults folded the
Carboniferous–Jurassic strata and resulted in the denudation of
the Upper Jurassic and the J3/K1 unconformity, and normal move-
ment of these strata occurred during the Early Cretaceous and
Oligocene.

5. Mesozoic–Cenozoic tectonic evolution

The Mesozoic–Cenozoic evolution of the Eastern Depression is
elucidated by applying 2D tectonic restoration, which indicates
that the Eastern Depression has experienced complex multi-phase
developmental processes with four unconformities, namely,
C1c/J2z, J3f/K1b, K1b/E3 and E3/Q, developed from the Triassic
to the Cenozoic (Fig. 7b). Volume conservation is not considered
for the two-dimensional tectonic restoration with strike-slipmove-
ments, and the restoration results are only discussed as schematic
diagrams of the tectonic evolution.

5.1. Triassic–Jurassic tectonic evolution

Drilling and seismic data in the basin revealed an angular
unconformity between Carboniferous and the Middle and
Upper Jurassic, with the Permian, Triassic and Lower Jurassic
strata absent. This indicated that the basin was still undergoing
overall uplift and denudation before the Middle Jurassic (Fig. 7b
(a)). Subsequently, the thin Middle Jurassic Zhiluo Formation
was deposited due to slow local subsidence in the Eastern
Depression. During the late Middle Jurassic, the Bayanwula
Mountain controlled the faulting subsidence of the Western
Depression, and the thick Upper Jurassic Fenfanghe Formation
was deposited (Fig. 7b (b)). This was potentially caused by
extension of the upper crust resulting from mantle upwelling
and subsequent large-scale magmatic activity in the Bayanwula
Mountain, owing to the strong NW–SE-trending compression
of the Mesozoic Yanshanian movement. Meanwhile, the Central
Uplift, which was controlled by two antithetic normal faults, began
to undergo uplift and separated the Western Depression from
the Eastern Depression. Subsequently, a thin layer of Late
Jurassic sediments was deposited in the Eastern Depression and
formed an angular unconformity between the pre-Jurassic and
the Jurassic strata (Fig. 7b (b)).

During the late Late Jurassic, the Carboniferous–Jurassic strata
were folded by numerous NNE-NE-striking reverse faults and a
few strike-slip faults with high-dip angles in the Eastern
Depression, with the Upper Jurassic strata partly eroded. The
Xilin–Heishantuo fault (F5), a level 2 reverse fault thrusting
towards the NW, was developed in the east to separate the
Eastern Depression from the Eastern Stepped Slope (Fig. 7b (c)),
which was probably influenced by the strong uplifting of the
Helan Mountains in the eastern part of the basin related to
NW–SE-trending contraction in the Middle–Late Jurassic
(170–140 Ma) (Zhao et al. 2007; Yang & Dong, 2018; Ma & He,
2019). The eastern boundary of the basin was also formed during
this period (Tang et al. 1990; Liu, 1994; Dong et al. 2019).
Meanwhile, the Bayanwula Mountain Fault extends far to the
north and forms the western boundary fault of both the
Bayanhaote Basin and the Hetao Basin to the north. During
this period, the Ordos Block pushed northwestward and sinistral
shear movement took place between the northern Hetao Basin
and the Ordos Block (Tang et al. 1990; Song et al. 1999). This
resulted in obvious sinistral shear of the Bayanwula Mountain
Fault in the northern Hetao area, and may have simultaneously
caused the Bayanhaote Basin to be affected by the boundary
strike-slip movement (see the left inset in Fig. 7a). Judging from
the seismic interpretations and regional events, the study area
underwent strong compressive and strike-slip deformation during
this period, which was the main period of formation of the deep
reverse faults and transpressional faults. These faults formed in
the early stage primarily constituted compressional structures;
the spatial distribution of the strike-slip structures showed obvious
variations (Fig. 8a). Thus, we attempt to reasonably explain this
based on stress analysis. The sinistral strike-slip strain ellipse of
the boundary fault F1 (see the right inset in Fig. 7a) indicates that
the dominant trend of the reverse faults in the central and northern
parts of the study area falls between the Y fracture and the P frac-
ture; this highlights the sinistral and compressive characteristics of
these faults. The sharp angle between the dominant trend of the
reverse faults in the southern part and the principal displacement
zone is greater; this indicates that the reverse faults in the south
have sinistral characteristics, but the compressive nature of these
faults is stronger. This may also explain why strike-slip structures
were mainly distributed in the central and northern parts of the
study area. The strain ellipse indicates the existence of a natural
compressive stress in the strike-slip zone (Deng et al. 2019).
However, because the whole basin was subjected to NW–SE
compressive stress (σ), decomposition of the stress reveals that
the basin was not only influenced by strike-slip shear stress (στ),
but that compressive stress (σn) was also superimposed upon it
(see the left inset in Fig. 7a). Thus, the Eastern Depression was
subjected to strong compressional and shortening deformation,
accompanied by the influence of the strike-slip movement of the
boundary fault; this resulted in the formation of compressional
and strike-slip structures in the Lower Palaeozoic – Jurassic
rocks (Fig. 8a).

5.2. Cretaceous tectonic evolution

The intense intracontinental orogeny during the Late Jurassic
(i.e. the Yanshanian movement) was followed by large-scale
magmatic activity during the Early Cretaceous (Dong et al.
2019). In the Early Cretaceous, thick Lower Cretaceous strata were
deposited throughout the basin, and some small- to medium-scale
NE-striking normal faults with high dip angles were developed and
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Fig. 7. (Colour online) (a) The left inset shows that the Bayanwula Mountain Fault (F1) may be the result of sinistral strike-slip movement during the late Late Jurassic. The right
inset shows the sinistral strike-slip strain ellipse of the boundary fault F1, indicating that the fault formed as a result of strike-slip and compressive movements (modified from
Deng et al. 2019). (b) Tectonic evolution sections of a linked seismic profile AB across the northwestern part of the Eastern Depression, showing that the Eastern Depression and its
adjacent structural units have experienced multi-phase Meso-Cenozoic development processes.
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cut the Jurassic – Lower Cretaceous strata in the Eastern
Depression (Fig. 7b (d)). This caused the formation of extensional
structures, such as horsts, grabens, fault terraces and tilted fault
blocks, in shallow sequences (Fig. 8b). Furthermore, some early-
stage reverse faults were directly reactivated and negatively
inverted to extend upward to the shallow strata (Fig. 7b (d)).
There is substantial geological evidence to indicate that a
NW–SE or NWW–SEE-oriented crustal extension occurred
around the Bayanhaote Basin, Helan Mountains in the south,
and the western Ordos Basin in the Early Cretaceous (Gao et al.
2003; Yang et al. 2010; Yang & Dong, 2018); this resulted in a peak
in magmatic activity (~128 Ma) in and around the North China
Block (Dong et al. 2019; Zhang & Dong, 2019). This evidence
includes the NNE-NE-trending faulting-subsidence basins and
stepped normal faults that formed in the Lower Cretaceous rocks

in the westernmargin of the HelanMountains; a widely distributed
Early Cretaceous NNE–SSW-oriented metamorphic core complex
in the Daqingshan area at the western margin of the Ordos Basin
(Liu et al. 2006); and the occurrence of ~92.6 Ma diabases in well
X1, and ~128.26 Ma diabases in well BC3, in the Bayanhaote Basin
(Gao & Wang, 2011). The extensional tectonism that formed the
aforementioned extensional structures may have been caused by a
stress relaxation after strong intracontinental orogeny and an
adjustment of the crustal structures of orogenic belts, which was
influenced by the collision and subduction of the ancient Pacific
Plate beneath the Eurasian Plate (Gao, 2014). During the Late
Cretaceous, the Late Yanshanian movement resulted in regional
uplift and erosion of the Upper Cretaceous – Eocene strata in
the Eastern Depression and caused the Lower Cretaceous to be
unconformably overlain by Oligocene strata.

Fig. 8. (Colour online) (a) Map of the planar distribution of compressional and strike-slip structural styles in the Lower Palaeozoic – Jurassic rocks in the Eastern Depression,
Bayanhaote Basin. Also shown at the bottom is a schematic diagram of the sectional evolution of structural styles during the Jurassic–Cretaceous. (b) Map of the planar
distribution of extensional structural styles in the Cretaceous–Quaternary rocks in the Eastern Depression, Bayanhaote Basin. Also shown at the bottom is a schematic diagram
of the sectional evolution of structural styles during the Palaeogene–Quaternary.
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5.3. Cenozoic tectonic evolution

In the Oligocene, the Eastern Depression continued to subside and
thin Oligocene sediments were deposited. Numerous NNE-
NE-striking new normal faults were formed and cut the Jurassic,
Lower Cretaceous and Oligocene rocks (Fig. 7b (e)). Moreover,
some newly formed large-scale normal faults extended downward
to the Lower Palaeozoic rocks, adjusting the previous deformation.
Furthermore, previous inverted reverse faults were inherited and
developed, and continued to show normal faulting. In the
Neogene, the entire basin underwent uplift; the Neogene strata

are absent, indicating that noNeogene strata were deposited or that
the Neogene strata were eroded. Subsequently, the whole basin
remained almost inactive in the Quaternary; a thin layer of
Quaternary sediments was deposited and unconformably under-
lain by the Oligocene strata. Moreover, the existing extensional
structural styles were inherited from those in the Cretaceous
and remained unchanged as a whole. Since then, this structural
framework has been maintained in the Eastern Depression and
is visible at present. The record of the aforementioned fault activ-
ities indicates a nearly NW–SE extension in the Oligocene, which

Fig. 9. (Colour online) (a) Chart of the petroleum system events in the Eastern Depression, Bayanhaote Basin. It demonstrates the correlation of geological elements in the study
area, including the allocation of source rocks, reservoirs and caps; the formation period of structural traps; tectonic deformation stages; hydrocarbon generation and migration
periods; and the critical moment showing the beginning of an expulsion of a large amount of hydrocarbons. (b) Diagram of hydrocarbon migration pattern since the Late
Cretaceous in the Eastern Depression, Bayanhaote Basin, showing how the hydrocarbons generated from the Carboniferous source rocks primarily migrated along the uncon-
formities and some opening reverse faults and strike-slip faults and accumulated in the potential structural traps (see Fig. 1c for the location of the profile).
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was an important period for the reactivation of shallow normal
faults and some deep reverse faults and the formation of the
large-scale normal faults that cut the deep strata in the Eastern
Depression. These dynamics probably result from the collision
and orogeny between the Indian and Eurasian Plates since the
Eocene (55 Ma), which caused the extrusion and uplift of the
Tibetan Plateau to the northeast (Zhang et al. 2006). As a result
of the influence of its remote response, the Helanshan Tectonic
Belt to the east and its adjacent regions were compressed by a
NNE–SSW regional compressional stress (Zhang et al. 2006;
Gao, 2014; Yang & Dong, 2018; Ma &He, 2019). Differential uplift
occurred in various regions of the HelanMountains, which directly
led to the inversion of early reverse faults at the eastern margin of
the Helan Mountains and the formation of the Yinchuan Graben;
this differential uplift also caused the infilling of the Yinchuan
Graben and the Bayanhaote Basin with Oligocene sediments
(Yang & Dong, 2018; Ma & He, 2019). The NNE-striking Helan
Fault (F2) probably simultaneously underwent normal faulting,
and this controlled the formation of the Oligocene secondary
normal faults and the inversion of early reverse faults in
the Eastern Depression. Furthermore, the continuous activity of
the Tibetan Plateau during 23–20 Ma probably caused the
Oligocene strata to be unconformably overlain by Quaternary strata.

5.4. Distribution characteristics of Mesozoic–Cenozoic
structural styles

Based on the planar view (Fig. 8), the structures are distributed in
NE-trending strips. Back-thrust – ramp structural assemblages
developed in the western region of the study area during the
Lower Palaeozoic – Jurassic (see the lower inset in Fig. 8a).
Thrust belts developed in the central part of the study area, and
positive flower structures developed owing to the influence of
faults with a strong transpressional component. In the east, the
ramp belts are the main structures; they consist of a major and
a minor fault arranged locally in a synthetic–antithetic system.
Fault terraces developed in the southern portion of the study area
during the Cretaceous–Quaternary interval (see the lower inset in
Fig. 8b), and the central horsts developed in alternating fashion
with the graben in the eastern part, and the tilted fault blocks in
the northern and southeastern parts, of the study area. At the
end of the Middle Jurassic, the entire basin was subjected to

NW–SE compressional stress. However, the central and western
parts of the study area were more significantly affected by
the orogeny of the western Bayanwula Mountain, resulting in
the formation of thrust faults eastward. Simultaneously, at the
western margin, back-thrust – ramp structural assemblages regu-
lated by some antithetic faults were formed. The eastern margin of
the study area may have been influenced by the orogeny of the
Helan Mountains (F2) to form a thrust fault westward and conse-
quently form the ramp belt. Owing to the stronger strike-slip
behaviour in the north, the strike-slip structures are mainly
distributed in the central and northern parts of the study area.

6. Prediction of petroleum traps

6.1. Hydrocarbon generation and migration conditions

Analysis of the petroleum system events in the study area (Fig. 9a)
indicates that the Eastern Depression has a good source–reservoir–
cap configuration and favourable migration and accumulation
conditions (Fig. 9b). The Carboniferous rocks are the main source
rocks in the Eastern Depression. Three types of source rocks,
namely dark mudstone, limestone and coal seams, have developed,
with the dark mudstone having the highest organic matter content
and the greatest hydrocarbon generation potential (Wei & Tan,
2009; Li et al. 2013). The thicknesses of the dark mudstones in
the Jingyuan and Yanghugou formations are 246 m and 250 m,
respectively, as identified in well BC2. The thickness of the
Carboniferous source rock in well AC1 is c. 365 m. The
organic matter in the dark mudstone mainly consists of type II2
and type III organic matter, and dark mudstone is mature to
over-mature (A Li et al. 2013; YN Li et al. 2017). The lithology
of the Carboniferous reservoir consists of interbedded sandstone,
mudstone and siltstones. The average porosity is 5.77 %, and
the average permeability is 0.75 × 10−3 μm2, which provides
sufficient reservoir space (Wei et al. 2008; Wang & Huang,
2014; Sheng, 2019).

The Carboniferous source rocks began to generate large
amounts of hydrocarbons at the end of the Late Cretaceous and
are currently at the peak of hydrocarbon generation. The basin
was characterized by late hydrocarbon accumulation, and the
migration of oil and gas mainly occurred after the Eocene
(Xiong et al. 2000; Cao et al. 2001, 2003). The upper surface of

Table 1. Characteristics of structural styles and potential petroleum traps in the Eastern Depression, Bayanhaote Basin.

No. Trap type Structural style
Trap closure
height (m)

Trap closure
area (km2)

Trap formation
period

Hydrocarbon
expulsion period

1 Faulted anticline Thrust belt 300 15.2 J3 K2–Q

2 Faulted anticline Thrust belt 300 3.5 J3 K2–Q

3 Faulted anticline Fault pattern with a major and a minor fault,
arranged in a synthetic–antithetic system

450 9.2 J3 K2–Q

4 Faulted anticline Fault pattern with a major and a minor fault,
arranged in a synthetic–antithetic system

225 7.3 J3 K2–Q

5 Faulted anticline Fault pattern with a major and a minor fault,
arranged in a synthetic–antithetic system

375 10.3 J3 K2–Q

6 Faulted anticline Thrust belt 450 23.4 J3 K2–Q

7 Faulted anticline Thrust belt 225 14.8 J3 K2–Q

8 Anticline Positive flower structure 300 10.2 J3 K2–Q

9 Anticline Positive flower structure 150 1.4 J3 K2–Q
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the Lower Palaeozoic strata and the bottom surface of the Jurassic
strata are important regional unconformities in this area.
Carbonate weathering crusts are well developed along these
unconformities, both of which were primary lateral migration
channels for hydrocarbons and are important reservoirs (Xiong
et al. 2000; Gao &Wang, 2011). The reverse faults may have served
as channels for the vertical or lateral migration of hydrocarbons
(Fig. 9b). The Carboniferous mudstone has a strong sealing ability,

and the Lower Cretaceous mudstone found in well X2 is presumed
to possess sealing ability.

6.2. Controls of structural styles on petroleum trapping

The shallow strata were mildly deformed by the late-stage exten-
sion, and the gently dipping strata and small scale of the normal
faults in the shallow strata resulted in poor trap development.

Fig. 10. (Colour online) Map of the location of Carboniferous structural traps in the Eastern Depression, Bayanhaote Basin. The potential structural traps are mainly faulted
anticlines distributed around well AC1.
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Compressional and strike-slip structures were formed, with
various structural traps developed in the Carboniferous–Jurassic
rocks, during the Late Jurassic. Although part of the Upper
Jurassic strata was eroded by regional uplift during the latter stage
of the Late Jurassic, the traps in the Carboniferous rocks were
preserved almost undamaged. The late-stage extensions in the
Early Cretaceous and Cenozoic caused the formation of some
new normal faults, which extended to the deep strata, but these
normal faults were not commonly developed in the anticline area,
and the previous traps were therefore well preserved. Moreover,
the inversion of reverse faults caused by the late-stage extension
may have opened the fault planes of some reverse faults and facili-
tated the vertical migration of deep oil and gas to fill the traps.
Thrust belts, faulted anticlinal structures and positive flower struc-
tures are considered to be the most favourable structural styles for
petroleum trapping. Based on the number of structural traps in the
Carboniferous rocks (Table 1), three types of favourable structural
traps were formed, as shown in Figure 10. These are mainly
fault-related anticlines controlled by different structural patterns.
Note that for all styles, the trap formation period was the Late
Jurassic (J3), and the hydrocarbon expulsion period was the Late
Cretaceous (K2) – Quaternary (Q).

Under the control of the central thrust belts, many faulted anti-
clines were formed in the Carboniferous rocks. The scale of these
traps varies owing to the different degrees of compression. Four
faulted anticlines on the thrust belts that developed within the
study area have closure heights of 225–450 m and closure areas
of 3.5–23.4 km2. There are also many fault structures with a major
and a minor fault, arranged in a synthetic–antithetic system, which
are secondary structures that developed on the back-thrust and
thrust belt in the Carboniferous rocks. Three faulted anticlines
controlled by such structures were developed in the study
area, with closure heights of 225–450 m and closure areas of
7.3–10.3 km2. In addition, the positive flower structures form
anticlinal traps through transpression. Two such anticlinal
traps were developed in the study area, with closure heights of
150–300 m and closure areas of 1.4–10.2 km2.

As a result of this analysis, the locations of nine potential traps
have been identified. These traps are controlled by NE-striking
reverse faults and strike-slip faults, and they are mainly distributed
near well AC1 in the southwestern portion of the study area
(Fig. 10). Drilling results show that well AC1 was drilled into
Carboniferous dark mudstone with maturity (RO) reaching
0.95–1.07 %. A total of five oil- and gas-bearing formations with
a total thickness of 27.4 m were identified with some gas shows.
Good source – reservoir – cap-rock andmigration conditions indi-
cate that these traps are the targets with the greatest exploration
potential in the study area.

7. Conclusions

Based on the temporal development and structural styles of
faults, five types of faults that were active during different stages
of the Meso-Cenozoic in the Eastern Depression of Bayanhaote
Basin have been defined: long-lived normal faults active since
the late Middle Jurassic; reverse faults and strike-slip faults
active in the late Late Jurassic; normal faults active in the
Early Cretaceous; normal faults active in the Oligocene; and
negative inverted faults active in the Early Cretaceous and
Oligocene. These Meso-Cenozoic fault assemblages are
characterized by four kinematic styles, namely, compression,
strike-slip, extension and inversion.

The compressional and strike-slip structures were formed in the
late Late Jurassic and were found mainly within the Lower
Palaeozoic – Jurassic rocks, while the extensional structures were
formed during the Early Cretaceous – Cenozoic, and were found
mainly within the Lower Cretaceous – Cenozoic rocks. The late-
stage extension influenced and adjusted the deep sequences, with
some reactivated and inverted reverse faults and large-scale normal
faults forming in the Early Cretaceous and Oligocene and cutting
through nearly all cap-rock strata. The structural styles are gener-
ally distributed in NE-trending strips and are controlled by NE-
striking faults. The final structural pattern in the deep deformed
strata (PZ1–J) consists primarily of back-thrust – ramp structural
assemblages in the west, thrust belts in the central part, and ramp
structures in the east. The final structural pattern in the shallow
deformed strata (K–Q) consists primarily of fault terraces in the
south, horsts in the central part, and tilted fault blocks in the east.

The thrust belts, faulted anticlinal structures and positive
flower structures control various faulted anticlinal traps in the
Carboniferous rocks. Regional unconformities at the bottom of
the Jurassic and Carboniferous strata and inverted faults reacti-
vated by late-stage extension provide good vertical and lateral
channels for the accumulation of the Carboniferous petroleum
in the traps. These traps are mainly distributed near well AC1
in the southwestern region of the study area and are predicted
to have the greatest exploration potential.
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