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a b s t r a c t

Based on the theory of superimposed deformation and the regional tectonic background, the multi-phase
non-coaxial superimposed structures in Junggar Basin were systematically analyzed using seismic
interpretation, field outcrop observation, and paleo-stress field recovery methods according to the
characteristics of the current tectonic framework. Moreover, the tectonic evolution process of the basin
was reconstructed using sandbox analogue modelling technology. The results showed that the study area
has experienced five phases of non-coaxial deformation with superimposition: The first phase of
deformation (D1) is characterized by NNE-SSW extension during late Carboniferous to early Permian,
which formed large graben, half graben and other extensional structure style around the basin. The
second phase of deformation (D2) is represented by NE-SW compression during the middle to late
Permian, and it comprised numerous contraction structures that developed based on D1. The basic form
of the entire basin is alternating uplift and depression. The third phase of deformation (D3) is the NW-SE
transpressional strike-slip in the Triassic-Jurassic, which produced numerous strike-slip structural styles
in the middle part of the basin. The fourth phase of deformation (D4) is the uniform sedimentation
during Cretaceous, and the fifth phase (D5) is the compression along NNE-SSW due to the North Tianshan
northward thrust, which produced three rows of fold thrust belts and tear faults in the front of the
mountain in the southern margin of the basin. The newly established three-dimensional tectonic evo-
lution model shows that, based on the large number of NW-trending grabens and half grabens in the
Carboniferous basement of Junggar Basin, multiple level NE trending uplifts have formed with the joint
superposition of the late structural inversion and multiple stress fields. This has resulted in the current
tectonic units of alternating uplifts and depressions in different directions in the study area.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

As one of the largest petroliferous basins in the northwestern
part of mainland China, with its onshore hydrocarbon reserves
exceeding 10.3 billion tons, it has undergone over 70 years of
exploration and development. However, the comprehensive proven
reserves of oil and gas in the basin are only 26.6%. Thus, it remains
in the early-middle stage of exploration, indicating significant
ina University of Petroleum,
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untapped potential for oil and gas resources as well as exploration
and development opportunities. As the Junggar Basin has experi-
enced long-term tectonic evolution and complicated hydrocarbon
accumulation process, it is of great practical significance to deepen
the basin structural characteristics and oil and gas distribution
patterns under the background of multi-phase stacking and
reconstruction for strengthening the national deep oil and gas
exploration and development efforts (He et al., 2019; Wang et al.,
2021).

The unique geological position, complicated tectonic evolution,
and abundant hydrocarbon resources render the Junggar Basin an
ideal area for conducting research on paleo-continental reconstruc-
tion, intracontinental evolution, active seismicity, intracontinental
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dynamics, and the intricate interplay between basin structure,
sedimentation, and hydrocarbon accumulation. Geologists have
recognized that the Junggar Basin is a multi-phase superimposed
basin (Pang, 2010; He et al., 2010, 2022; Hu et al., 2020), having
undergone several tectonic changes, and was frozen in the last tec-
tonic movement. However, due to the strong modification of pro-
totype basins and different data or evidence, researchers still have
different opinions on the evolution division of the Junggar Basin
(Zhao, 1992; Zhang et al., 1998; Lai et al., 1999; Chen et al., 2002; Wu
et al., 2005; Fang et al., 2006; Qu et al., 2009; He et al., 2018; Wang
et al., 2022). Zhao (1992) firstly classified the basin evolution into
four phases: the Permian as the rifting phase, the Triassic as the
rifting-depression phase, the Jurassic to Paleogene as the depression
phase, and the Neogene onwards as the uplift and subsidence phase.
Zhang et al. (1998) believed that the Late Carboniferous to Permian
was the development stage of the collision foreland depression,
Triassic to Jurassic was the inheritance and development stage of the
foreland depression in the revival period of the ancient orogenic belt,
Cretaceous to Paleogene was the balanced subsidence stage of the
Tianshan piedmont unified foreland depression, and the Tianshan
piedmont unified foreland basin was strongly subsidence since
Neogene. Based on the structure-layers and the progress of the basin
research, Chen et al. (2002) defined that the terrain passed through
three stages and came into being the Junggar Basin: the terrane
evolution, the oceanic thrust consumption and the accretion and
collage of the terrain and plates. Thus, they divided the formation
and evolution of the basin into six stages. Using the foreland basin
theory and with the background of evolutionary dynamics, Wu et al.
(2005) divided the Junggar Basin into five evolutionary stages:
collision-basin forming stage, pressure flexure stage, flexure-
depression stage, depression-sedimentation stage, and foreland ba-
sin regeneration stage. Based on the deep boreholes and high-
resolution reflection data within the Junggar Basin, He et al. (2018)
analyzed the tectonic-stratigraphic sequence and tectonic events in
the periphery of the basin and indicated that the basin has under-
gone six evolutionary stages, which can be grouped into four non-
isochronous extension-compression cycles. It is generally believed
that the formation and evolution of basins from Neogene to Qua-
ternary are related to the uplift of the Tianshan Mountain, while the
primary disagreement in the division lies in the understanding of
crucial periods of basin-mountain coupling in the Junggar Basin,
particularly the Late Carboniferous to Permian period regarding the
nature of the basin. A correct understanding of the structural evo-
lution of the Junggar Basin contributes to identifying the macro-
scopic control of multi-stage structural superposition and
modification on the distribution of oil and gas reservoirs in the study
area.

Analogue modelling experiments have been extensively
employed as an intuitive and efficient research tool to study the
tectonic evolution, sedimentary evolution, and fault sealing in
different margins of the Junggar Basin (He et al., 2008; Yu et al.,
2009; Ding et al., 2011; Zhang et al., 2020; Shen et al., 2022;
Zhang et al., 2024). Yang et al. (2003) utilized a three-dimensional
numerical simulation program based on the finite element method
to present the simulation of paleo-tectonic stress field in Junggar
Basin during Yanshan movement. Their study demonstrated that
the high values of maximum principal stress in this period were
primarily located around the basin periphery, with shear stresses
distributed predominantly in these areas. The minimum principal
stress exhibited a belt-like distribution, generally aligning with the
orientation of faults. Combining petroleum geological data and the
migration capability of hydrocarbons, this stress distribution
pattern facilitates the accumulation of oil and gas in relatively low-
stress areas surrounded by the central uplift zone, the piedmont of
the North Tianshan Mountains, and the low-stress zones in the
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west, as well as high-stress areas. Wang et al. (2011) used the finite
element numerical simulation method to study the paleo-stress
field of the Junggar Basin at the end of Paleozoic. They deter-
mined the direction of maximum principal stress in the Late
Permian Junggar region to be NW-SE, approximately at 295�, based
on the study of dike swarms in the west of the basin. the simulation
comparisons indicated that by the end of the Late Permian, the
Junggar Basin might have been subjected to a composite effect of
tenso-shear and compresso-shear mechanisms. Wang et al. (2015)
utilized physical simulation experiments to investigate the defor-
mation characteristics and tectonic evolution of Zaire Mountain,
focusing on two stages of thrust-nappe structures during Carbon-
iferous to Permian, and thrust-torsion during Triassic to Jurassic,
which confirmed the presence of a thrust-shear structural system
at the northwestern margin of the Junggar Basin. Zhang et al.
(2024) reproduced the tectonic evolution of the Yongjin Area in
the central Junggar Basin through structural physical simulation.
Their study identified three sets of strike-slip fault systems by
detailed interpretation of seismic data, oriented nearly E-W, NW-
SE, and NE-SW within the Triassic to Jurassic strata in the study
area. Through sandbox comparative experiments, they proposed
that the distributed strike-slip fault system in the central Junggar
Basin is controlled by both pre-existing structures and stratum
properties.

Tectonic and evolutionary characteristics play an important role
in controlling the generation, migration, and reservoir formation of
hydrocarbons. Understanding the dynamic interplay between tec-
tonic events and hydrocarbon accumulation is crucial for effective
exploration and exploitation of petroleum resources. Based on the
clarification of the deformation characteristics of each period in the
region, this study reproduced the evolutionary history of multi-
phase tectonic superposition and modification in the study area
using analogue modelling experiments and established a three-
dimensional (3D) tectonic evolution model using horizontal and
cross-sectional slices. The study results not only contribute to the
restoration of prototype basins of each period in the region,
exploring key issues in the transformation of dynamics systems of
paleo-stress field, but also provide an important reference for
evaluating hydrocarbon resources in complex tectonic areas.

2. Geological setting

Junggar Basin is located in the northwest of China, and it is an
essential component of the spatial pattern system “three moun-
tains and two basins” in Xinjiang (Fig. 1(a)). The entire basin ap-
pears an irregular triangular shape, with an area of about
1.36� 105 km2. It has undergone multiple tectonic movements and
evolutionary processes (Li et al., 2015), including the Hercynian,
Indosinian, Yanshan, and Himalayan orogenesis. In terms of tec-
tonic position, the Junggar Block is situated at the intersection of
the Kazakhstan, Siberian, and Tarim ancient plates, and usually
belongs to the Kazakhstan-Junggar plate according to the plate
tectonic theory (Xiao et al., 1992). From a north-south perspective,
it is sandwiched between the Siberian Plate and the Tarim Plate,
constituting a triangular region of active continental margin plates,
belonging to the convergent zone of the Late Paleozoic (He et al.,
2018). The various tectonic movements, such as the Siberian Plate
underwent southward accretion, or the collision between the
Eurasian Plate and the Indian Plate, even the plate A-type sub-
duction, have exerted varying degrees of influence on the tectonic
evolution of this region. As a large-scale Late Paleozoic to Cenozoic
continental superimposed basin, the present-day Junggar Basin is
bounded by a series of thrust faults and peripheral mountain
ranges, with several foreland basins in different margins (Zhou
et al., 2023).



Fig. 1. Tectonic map of China showing the location of the Junggar Basin (a); tectonic units of the Junggar Basin and its adjacent regions (b). 1dHongyan Fault Zone; 2dShiyingtan
Uplift; 3dSangequan Uplift; 4dDibei Uplift; 5dXiayan Uplift; 6dShixi Uplift; 7dDinan Uplift; 8dDabasong Uplift; 9dZhongguai Uplift; 10dMobei Uplift; 11dMosuowan Uplift;
12dMonan Uplift; 13dBaijiahai Uplift; 14dShazhang Uplift; 15dHuangcaohu Uplift; 16dHeishan Uplift; 17dShaqi Uplift; 18dGudong Uplift; 19dGuxi Uplift; 20dBeisantai
Uplift; 21dChepaizi Uplift; 22dSuosuoquan Sag; 23dYingxi Sag; 24dSannan Sag; 25dDishuiquan Sag; 26dMahu Sag; 27dPen1Wellxi Sag; 28dShawan Sag; 29dDongdaohaizi
Sag; 30dFukang Sag; 31dWucaiwan Sag; 32dShishugou Sag; 33dShiqiantan Sag; 34dWutongwozi Sag; 35dMulei Sag; 36dGucheng Sag; 37dJimusar Sag; 38dSikeshu Sag;
39dWuxia Fault Zone; 40dKebai Fault Zone; 41dHongche Fault Zone; 42dHuo-Ma-Tu Anticline Belt; 43dQigu Fault-fold Belt; 44dFukang Fault Zone.
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Based on the tectonic patterns of the basement uplift and
depression of the Junggar Basin, the properties of the boundary, the
types of sedimentary cover construction and evolution, the defor-
mation characteristics of deep and shallow tectonic layers, and the
control of regional fractures on stratigraphic deposition, the entire
basin can be divided into six secondary tectonic units and forty-
four tertiary tectonic units (Fig. 1(b)). The main secondary tec-
tonic units include Wulungu Depression, Luliang Uplift, Central
Depression, Western Uplift, Eastern Uplift and North Tianshan
Foreland Thrust Belt, characterized by a structural pattern of
alternating uplifts and depressions. The strike of an uplift or
depression is parallel to the strike of an adjacent orogenic belt (in
most areas) or intersects vertically (in eastern areas).

According to drilling data and 1:500000 regional geological map
data of Xinjiang, the exposed sedimentary strata around the
Junggar Basin can be divided into three regions: northwest,
northeast and south margin, with slightly different lithologic
combination. The stratigraphic sequence developed from the bot-
tom to top during the Carboniferous, Permian, Triassic, Jurassic,
Cretaceous, Paleogene, Neogene, and Quaternary (Fig. 2), and it is
characterized by a complete stratigraphic sequence, deep burial,
and large sedimentary thickness. There are numerous discontinu-
ities in the uplifts or sloping areas of the basin, with over ten
regional unconformities developed (He et al., 2018). At the basin
scale, the Triassic, Jurassic, and Cretaceous sequences are generally
distributed throughout the entire basin area and can be directly
tracked and compared through seismic stratigraphy. The Paleogene,
Neogene and Quaternary sequences are primarily distributed in the
southern part of the basin, thinning significantly towards the north.
Conversely, the Carboniferous and Permian sequences are mainly
3722
located within the basin's depressions, characterized by pro-
nounced faulting, resulting in discontinuous distribution of seismic
sequences and partial stratigraphic loss in some areas. The un-
conformity surfaces separating seismic sequences exhibit varying
structural characteristics in different parts of the basin. Within the
depressions, disconformity contacts may be observed, whereas
angular unconformity contacts are evident on the slopes of de-
pressions and at the margins of the basin. Seismic profiles
demonstrate an uneven distribution of thickness for each sequence,
with non-overlapping thickness centers, reflecting variations in the
dynamic conditions controlling basin subsidence and sedimenta-
tion during different stages of regional tectonic evolution. These
observations reveal the fundamental characteristics of the Junggar
Basin as a large-scale composite basin.

3. Data and methodology

This study is mainly based on two-dimensional seismic reflec-
tion data that constrain basin main faults and several seismic ho-
rizons. These seismic sections that are perpendicular to the strike of
major faults were used to describe the geometry and architecture of
different tectonic units, and display data down to 4e7 s two-way
travel time (TWT).

The outcrop data around the Junggar Basin were collected
through the field investigation and measurement. Two long field
sections were conducted in the study area. Strikes, dips or dip an-
gles of folds and faults were measured to make stereographic
projection diagrams and paleo-stress field diagrams in the vicinity
of cross-sections.

Based on the interpretation of regional 2-D seismic profiles E-E’,



Fig. 2. Generalized litho-stratigraphic chart of the Junggar Basin and its adjacent regions from Carboniferous to Quaternary, showing 5 main tectonic evolution stages (modified
from He et al., 2018).
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a NW-SE trend balanced cross-sections in the middle of the basin
were made utilizing 2DMove software, and mostly maintained area
balancing during restoration procedures. The location of cross-
section can be found in Fig. 1, oriented perpendicular to the main
structural trend. Notably, in the Junggar Basin, significant lateral
variations exist in lithology, thickness, and burial depth across
various tectonic units. These variations may lead to lateral differ-
ences in compaction, consequently complicating the process of
decompaction. Hence, decompaction was not accounted for during
balanced-section restoration during this study.

The stratigraphic unconformity is indicative of regional tectonic
events and serve as markers for delineating stages of regional
tectonic evolution. In sedimentary basins, there are also regional
unconformities, which serve as important criteria for dividing the
stages of basin tectonic evolution. In this study, additionally,
3723
variations in the rates of basin subsidence and sedimentation be-
tween different stages may exist. Utilizing the principles of strati-
graphic stripping, sedimentation curves can also reflect the stage-
wise development of a basin.

In this study, based on the field observations andmeasurements
of different types of faults, conjugate shear joints and fault slick-
ensides in different parts of the basin. The Stereographic projection
method and Stereonet software were applied to restore the direc-
tion of the paleotectonic stress of the study area, and the charac-
teristics and evolutionary law of the paleo-stress field were
analyzed.

Analogue modelling has been widely applied in the study of
geological deformation and evolution of basins (Yan et al., 2016),
orogenic belts (Rahe et al., 1998; Bonini et al., 1999; Rossetti et al.,
2000), and plate collision scales (Davy and Cobbold, 1991;
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Persson and Sokoutis, 2002; Moore et al., 2005). During the
experimental process, the use of digital camera can record the
deformation process of the model in detail and provide good
visualization results. in addition, the boundary conditions of
physical simulation experiments are easy to set and change. The
model proposed here has been geometrically, kinematically, and
dynamically scaled to the Junggar Basin. Geometric similarity is
achieved with a thickness ratio of approximately 1.0 � 10�5, where
1 cm of dry loose quartz sand in the model represents 1 km of
sediment in the natural setting. The dry quartz sand, with an
average internal friction angle ranging from 31� to 33� and cohesive
strength of 1.05 kPa, is employed as an appropriate material for
simulating brittle deformation of upper crustal sediment according
to the principles of Mohr-Coulomb failure (McClay and Buchanan,
1992) . The quartz sand particles exhibit a rounded shape, with a
grain size of approximately 0.2 mm.

By simulating the physical properties of sedimentary units in
the Junggar Basin with appropriate modeling materials, a compa-
rable dynamic has been achieved. In this regard, it is essential to
incorporate intrinsic material characteristics such as cohesion (t0)
and internal friction coefficient (m) into the approximate models
and properties (Koyi and Kenneth, 1993; Koyi, 1997). The average
internal friction angle for rocks in the upper crust (<10 km) is
approximately 40� (Brace and Kohlstedt, 1980), yielding an internal
friction coefficient (m) of 0.84. The internal friction angle for the
unconsolidated loose sand used in the model is 31�e33�, resulting
in an internal friction coefficient of 0.73 (Koyi and Vendeville, 2003;
Yu and Koyi, 2016, 2017), which is reasonably close to the internal
friction coefficient of upper crustal rocks. Simultaneously, cohesion
(t0) is scaled through the equality between the dimensionless shear
strength in the model and the dimensionless shear strength in the
natural setting.

�
rgl
t0

�
m
¼
�
rgl
t0

�
n

(1)

where r is density, l is length, g is gravitational acceleration, and
subscripts m and n represent model and property, respectively.

The dimensionless ratio between the model and the natural
setting is calculated by employing shear strength values for sedi-
mentary rocks in the range of 1e10 MPa. For clastic sediments,
shear strength and density are taken as 10 MPa and 2550 kg/m3,
respectively. The cohesion of dry loose sand is about 100e140 Pa,
with a density of 1550 kg/m3 (Yu and Koyi, 2016). These properties
result in a dimensionless shear strength for the model (Eq. (1))
ranging from 11 to 15, while the natural setting yields a value of 25
(Yu et al., 2021). The proximity of these two ratios within the same
order of magnitude indicates the approximate dynamic similarity
between our model and the prototype.

According to the scaling process, the scaling stress (s*) is given
by the following equation (Weijermars and Schmeling, 1986).
Consequently, the computed s* is approximately 0.54 � 10�6:

s*¼sm
sn

¼ r*g*l* ¼ rmgmlm
rngnln

(2)

where the subscript m stands for model, and n stands for nature.

4. Multi-phase superimposed deformation characteristics

4.1. Criteria for tectonic evolutionary division

Seismic profile interpretations and field observation reveal the
presence of four regional first-order unconformities in the entire
Junggar Basin, including the bottom layer of the Permian, Triassic,
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Cretaceous, and Neogene. Additionally, the Jurassic bottom, the
Paleogene bottom and upper-middle Permian bottom also consti-
tute unconformities, primarily distributed along the margins of the
basin or uplifts.

The EW-oriented seismic profile (Fig. 3(a), (b)) crossing the
eastern slope belt of the Junggar Basin illustrates regional angular
unconformity contacts between the Paleogene, Cretaceous, Triassic,
Permian strata, and their underlying formations. Similar uncon-
formity structures revealed by this seismic profile are observable in
other regions within the basin. Notably, the unconformity between
the Cretaceous and underlying formations is particularly distinct,
and folding deformation of the Jurassic strata with erosion and
subsequent coverage by the Cretaceous, is evident at various lo-
cations within the basin (Fig. 3(c), (d)).

Moreover, prominent angular unconformities are observable at
the outcrop observation along the west margin (Fig. 4(a), (b)) and
southern margin (Fig. 4(c)) of the basin. The attitudes of the strata
indicate that there are certain angular differences between the
Cretaceous and underlaying Jurassic folds, the Paleogene and un-
derlaying Cretaceous, as well as the Neogene and the underlaying
Paleogene. After the underlying strata undergo folding deforma-
tion, the new strata draped over the anticlines also undergo folding
during later deformation. These phenomena reveal the inheritance
and periodicity of thrust folding in the Jurassic and overlying strata,
are also important indicators of the phased evolution of basin
structures.

Theoretically, the ratio of subsidence rates at different obser-
vation points within the same basin remains constant during the
same tectonic evolution stage. In this study, by comparing the
burial depth variations between different locations, we can
approximately delineate the multi-phase evolution of the basin.
Fig. 5 illustrates the contrast in burial depths on seismic profiles
between two observation points (A, B) on the slope of the south
part of the Junggar Basin and a reference point (P) located in the
central part of the Fukang Depression. Since there are no large-scale
regional fault structures between these observation points, varia-
tions in the slope of the curves indicate changes in basin basement
subsidence, reflecting variations in the ratio of subsidence rates in
different regions on the same block. The inflection points on the
curves reflect the presence of regional unconformities. Similarly,
the subsidence of the same observation point at different times can
also reflect the staged evolution of the basin. These data collectively
indicate the presence of regional unconformities at the base
boundaries of the Neogene, Cretaceous, Jurassic, and Triassic in the
basin. Using these unconformity surfaces as markers, significant
changes in the tectonic nature of the basin have been made.

The vertical coordinate represents the burial depth of each layer
interface at the reference point P identified on the seismic profile,
the horizontal coordinate represents the difference between the
burial depth of the layer identified on the seismic profile by the
observation points and the reference point.

4.2. Division of tectonic phases

Based on the internal unconformity characteristics within the
basin, combined with regional tectonic events and deformation
analysis, we divided the tectonic evolution of the Junggar Basin into
five phases: Late CarboniferouseEarly Permian (D1), MiddleeLate
Permian (D2), TriassiceJurassic (D3), CretaceousePaleogene (D4),
and NeogeneeQuaternary (D5) (Fig. 6). The CarboniferouseEarly
Permian phase represented the final consolidation phase of the
peripheral continental margin basin surrounding the Junggar
ancient landmass, forming the basement of the Junggar Basin.
Subsequently, the following four phases are controlled by different
tectonic dynamic factors, led to the formation of four different



Fig. 3. Seismic sections through the Junggar Basin showing the main regional unconformities and their deformations of different parts, the numbers below the figure represent
different tectonic units, see specific location in Fig. 1. Explained W-E trending seismic section A-A0 showing the unconformity contact between Cretaceous and underlaying strata,
Upper Permian and Lower Triassic (a); geological interpretation of seismic section A-A0 showing the main structural styles of middle Junggar Basin (b); explained NE-SW trending
seismic section BeB0 in the north part of the basin showing the unconformity contact between Upper Permian and Lower Triassic (c); geological interpretation of seismic section
BeB0 showing the main structural styles of northeast Junggar Basin (d); seismic section locations are given in (e).
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Fig. 4. Field photographs of unconformity contact in west and south margin of the Junggar Basin. Overlapping unconformity between upper Cretaceous and upper Carboniferous in
western part of the basin (a, b); angular unconformity between Badaowan Formation and Triassic, disconformity between Badaowan Formation and Sangonghe Formation in south
margin of the basin (c); see outcrop location in (d), basemap from Google Earth.

Fig. 5. Comparison of buried depth curves of three points in southern Junggar Basin.
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types of sedimentary basins.

(1) First deformation (D1): NNE-SSW extension

Due to the multiplicity of seismic interpretation, there are still
3726
differing opinions among scholars regarding the nature of the Early
Permian basin in the Junggar Basin. Lai et al. (1999), Chen et al.
(2001) defined the Late CarboniferouseEarly Permian as a fore-
land basin based on characteristics of terrigenous detrital sedi-
ments and stratigraphic sequence features. However, Fang et al.



Fig. 6. NW-EW trending tectonic balanced evolution profile E-E0 of the Junggar Basin. Structural style before the Permian deposition (a); structural style before the Triassic
deposition and stress direction diagram (b); structural style before Badaowan Formation, Cretaceous System (c); structural style before Cretaceous and stress direction diagram (d);
structural style before Paleogene (e); present structural style (f); seismic profile (E-E0) location is given in (g).
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(2006), Rao et al. (2018), and He et al. (2018) considered this period
to belong to a rift basin based on systematic comparison of drilling
profiles and basin thermal history restoration methods. In this
study, we favor defining the basin during this period as an exten-
sional rift basin. In terms of tectonic dynamics, compression can
cause the deformation of weak zones around hard land blocks to
become stronger and become linear structural zones. However, it is
difficult to cause the hard land blocks to rupture themselves. Even if
rupture occurs, it is mainly in the form of conjugate translational
fault zones, and generally does not produce thrust faults involving
3727
the basement. The hinterland of the Junggar Basin is basically
located on the pre-Sinian crystalline basement, and the faults
controlling the Middle and Late Permian basins have real distri-
bution characteristics. Its original occurrence is more reasonable to
interpret with normal faults.

During this period, the small-scale opening and closing of the
northern and southern continental margins of the Junggar-Tuha
paleolatitude block was characterized by active continental mar-
gins. The northeast land margin of the Junggar paleolatitude block
comprised island arcs and inter-arc basins, post-arc basins, and
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residual ocean basins. The western land margin of the Junggar
paleolatitude block comprised island arcs and post-arc basins as
well as residual ocean basins. The southern land margin of the
Junggar paleolatitude block initially presented as a passive conti-
nental margin and then later became a residual ocean basin.
Regional rifting occurred in the Early Carboniferous, and the ocean
basins converged in the Middle and Late Carboniferous. In the
Bogda Mountains and other places, inherited rifting occurred after
the orogenic period, characterized by NE-oriented faulting in the
eastern part of the southern margin and NE-NNE-oriented faulting
in the western margin, dominated by normal faulting activities.
Multi-directional normal faults or strike-slip positive flower
structures were present in the basin, and small graben and half-
graben fault trap structures were present (Fig. 3(a) and Fig. 7);
some faults exhibited positive and reverse structures due to late
compression.

(2) Second deformation (D2): NE-SW compression

The nature of stresses in the Middle and Late Permian basins
changed to mainly NE-SW-oriented compressional stress. The
faults controlling the Middle and Upper Permian at the basin
margins were mostly steeply dipping reverse faults, while in the
interior of the basin, they were steeply dipping normal faults or
nearly upright faults. For example, steeply dipping orthotropic
Fig. 7. Geological interpretation of near SeN trending sections. Geological interpretation
transpressional stress in the middle part of the basin (a); geological interpretation of seis
Permian-Triassic pinched out in the southern margin (b); seismic section locations are give
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faults were observed in the D-D0 and CeC’ seismic profiles, and the
Middle and Upper Permian faults were distributed on the upper
plate (Fig. 7). In the joint north-south basin lineage, the remaining
Middle and Upper Permian was cut by the steeply dipping faults,
yielding a graben-basin interval. Some faults that cut only to the
Permian were observed in the seismic section. Some basement
faults that cut upward to the Triassic and Jurassic because of the
obvious difference between the Permian of the two plates were
considered as having obvious activity during the development of
the Permian basin, and some of these faults may have experienced
Hesperian faulting around the Junggar paleosol. The Middle and
Late Permian basin prototypes were severely modified by late
tectonic action, especially by the basin margin fault zones. At this
time, the Kelameili tectonic zone in the eastern part of the basin is
subjected to NE-SW compressional stress, with faults predomi-
nantly oriented nearly perpendicular to the stress direction.
Consequently, this fault zone has primarily undergone thrust
faulting, resulting in thrust deformation propagating from north-
east to southwest. Short distance thrust nappe structures occurred
in the eastern part of Dishuiquan (Fig. 8). The Silurian shale thrusts
overlied the Carboniferous purple mudstone and limestone, form-
ing structural units such as klippes and tectonic windows. Scratch
marks on the fault plane indicate thrusting towards the southeast
(200�). Additionally, nearly horizontal scratch marks are visible on
the exposed Carboniferous rock layers at the leading edge of the
of seismic section CeC0 showing flower structures and strike-slip faults formed by
mic section D-D0 showing the structural styles of midwest part of Junggar Basin, the
n in (c).



Fig. 8. Deformation of compression thrust structure during Middle-Late Permian. Thrust nappe structure can be seen in the eastern part of the Junggar Basin, Silurian shale covering
the Carboniferous mudstone as nappe outlier (a); unconformity contact between Silurian and Carboniferous (b); see outcrop location in (c), basemap from Google Earth.
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thrust sheet, indicating thrusting towards the southeast (200�)
based on the tilt direction of the steps. The steeply dipping reverse
faults controlling the distribution of the Middle and Upper Permian
seen in the seismic section may have stemmed from the yield
changes of the early normal faults during the later structural
deformation. The transpressional thrust faults controlling the
boundary of the Permian basin were present at the northwest
margin of the basin.

(3) Third deformation (D3): NW-SE transpression

The Indosinian and Yanshan Movement (mainly the latter)
generated nearly NNW-SSE trending compressional stress, forming
NNE trending transpressional flower structures (Fig. 7(a)) and folds.
The structural deformation of this phase and the associated
Triassic-Jurassic sedimentation was superimposed on the Permian
NW-trending uplift and depression pattern. Simultaneously, it
induced the sinistral strike-slip displacement of the NWW-
trending basement faults, resulting in regional transpressional
deformation within the basin and controlling its subsidence. Under
the action of nearly E-W compressive stress, the fault scratches, and
steps of sinistral movement, with an average strike of 270� can be
seen on the fault planes (Fig. 8(b)) within the main fault zone in the
Kelameili structure zone, east part of Junggar Basin. A strike slip
fault can be seen on the seismic profile near the fault zone, indi-
cating that the strike slip structural zone extends towards the
interior of the basin and may be connected to the Luliang Uplift
Zone, causing it tomove northwestward. The tectonic movement in
this phase was induced by the closure of Tethys from the east to
west, the folded uplift of the Bangong-Nujiang belt, and the remote
effect of the formation of the Tsetse-Naqu Yanshan orogenic belt
leading to the reactivity of the intraplate basement fractures.
Consequently, the NEE-trending uplift belt, depressional belt, and
several groups of faults of different nature developed in the basin.

(4) Forth deformation (D4): Uniform sedimentation
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After the deposition of the Middle and Late Jurassic, the basin
entered the phase of denudation and peneplanation. The basin
deformation was weak in Cretaceous-Paleocene, and the different
types of folding and fracturing were not obvious. During this phase,
vertical loading (primarily from sedimentary deposits) caused
crustal deformation, leading to surface subsidence. This was man-
ifested as balanced basement subsidence with relatively stable
stratigraphic thickness and petrography. The Early Cretaceous basin
was the widely distributed, overlying the bedrock at the edge of the
basin, with the greatest subsidence, forming a uniform depression.
Its sedimentary center migrated southward to the middle of the
basin. The Late Cretaceous prototype basin started shrinking, the
distribution range decreased, the deposition and subsidence
amplitude weakened, and the overall tectonic pattern exhibited a
northern slope and southern depression. Three depositional cen-
ters developed, among which a low amplitude uplift developed
between the Changji Depression and Shawan Depression.

(5) Fifth deformation (D5): NNE-SSW compression

Since the Neogene, with the strong subduction of the Asian-
European plate and the rapid uplift of the North Tianshan Moun-
tains, three rows of imbricate-like retrograde fold zones gradually
developed on the southern margin of the basin, and abundant tear
faults and thrust faults developed in the northern part of the
mountain (Fig. 9(a), (b)), due to the basal coal layers and the dif-
ference in the movement rate between the plates (Shen et al.,
2022). In the northern part of the basin, frontal uplift developed
in the Luliang andWulungu areas, with sediments rapidly overlying
and thinning from the foreland to the frontal uplift, creating a
typical wedge-shaped basin geometry. Under the control of the
NeS compressional stress, numerous nearly NeS trending normal
faults developed along the western margin of the basin. Addition-
ally, on top of the NE-trending fold structures formed during the
Lower Jurassic, Neogene unconformities developed in the eastern
Junggar area.



Fig. 9. Field photographs and Cross-section maps of the D4 deformation and D5 deformation. Geological cross-section map of Sikeshu Area (a); geological cross-section map of
Anjihai Area (b); intrusive contact phenomenon in Carboniferous strata (c); folds in Xishanyao Formation and Badaowan Formation in southern margin of the Junggar Basin (d, e);
unconformity contact between Xishanyao Formation, Jurassic System and Eogene (f); thrust fault during D5 deformation (g); disconformity between upper Jurassic and Cretaceous
(h, i); unconformity between Cretaceous and Eogene (j); Neogene folds formed syncline (k); the photo number corresponds to the position number on the section. See cross-section
location in geological map of the southern margin of the Junggar Basin (l).
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The five phases of the non-coaxial stress field have resulted in
the formation of the current tectonic framework of the Junggar
Basin, and the formation and evolution of the basin exhibit obvious
stages. However, comprehensively reflecting the mechanical fac-
tors affecting the deformation for the evolution of the large,
superimposed structures at the basin-mountain scale using only
the restoration of balanced sections is difficult. The quantitative
description of the superimposed structures can be improved
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through the description and statistics of the occurrence of field
fractures, joints, and scratches, which plays an important role in the
study of their genetic mechanisms.
4.3. Paleo-stress field characteristics

During the fieldwork, a statistical analysis of the folded struc-
tures, fault planes, scratches, and joints in the outcrop area of the
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Junggar Basin was conducted, and a diagram of the main faults and
stress field distribution direction in the study was made (Fig. 10).
The basic principle of polar stereographic projection is to project a
construction surface (or line) through the center of the projection
sphere, with the upper pole of the sphere as the emission point, and
project the intersection of the structure surface (or line) and the
lower hemisphere sphere onto the equatorial plane to obtain the
relationship between its orientation and angular distance. The re-
sults show that the stress field directions of the different places of
the basin were not completely the same during certain tectonic
evolution phase, and the main characteristics of the paleo-stress
field in different periods were as follows.

(1) The Cenozoic faults and joints were along the NNE direction
of the stress field, which is equivalent to D5 deformation
phase mentioned above, and the paleo-stress directions
were basically the same in the southern, eastern, and west-
ern margins (stereographic projections and joint rose dia-
grams marked with ③ in Fig. 10).

(2) The characteristics of the Mesozoic stress-field are relatively
complex (stereographic projections marked with ② in
Fig. 10), representing D3 deformation phase during the evo-
lution of the Junggar Basin. The stress field direction of the
Triassic to Jurassic is NNW-SSE, which is consistent in the
northwest and south margins of the basin. In the east part of
the basin, the statistical results of the fault planes and
scratches in the Kelameili Suture Zone showed a nearly E-W
trend, while the Fuyun Strike-slip Zone in the north of it
showed an NNW-SSE trend stress field, which is similar to
the results of northwest margin of the basin. The formation
of anomalous stress fields in different basin areas may be
closely associated with the deformation of distinct tectonic
Fig. 10. Paleo-stress field diagram of the Junggar Basin. IdDalbot Suture zone (Strike-slip
Mountain Suture zone; VdKumishi Suture zone; VIdSongshudaban Suture zone; VIId
②dcompressive stress field during Triassic to Jurassic; ③dcompressive stress field during
are measured in this study).
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zones and interactions along plate margins. Simultaneously,
it may also be related to the distribution patterns of pre-
existing faults in the basement.

(3) The statistical results of the Middle and Late Permian were
different (stereographic projections marked with ① in
Fig. 10). The folds and joints in the northwest margin
exhibiting NW-SE orientation, while those in the east
exhibiting NNE-SSW compression, reflecting the sources of
stress in different directions. This result indicates that the
northwestern margin of the basin was more influenced by
the Kazakhstan plate during the Middle and Late Permian.
4.4. Three-dimensional basin tectonic evolution model

By statistically analyzing the evolutionary characteristics of
paleo-stress fields in different phases and clarified the tectonic
evolution history of study areawith the evidencementioned above,
a three-dimensional model of the tectonic evolution of the Junggar
Basin was established herein (Fig. 11).

(1) D1 dCarboniferous to Early Permian extensional
deformation

In the Early Permian, a series of subparallel central fault zones,
the Wulungu fault zone, the Luliang uplift zone, and the North
Tianshan uplift zone formed under the NNE-SSW extensional
stress. During this phase, the Dalbout Fault in the northwest margin
of the basin experienced dextral transtensional activity and Lower
Permian massive conglomerates were deposited. The Kelameili
tectonic zone in the northeast margin underwent dextral shear
deformation and formed a tough-brittle shear zone with S
zone); IIdKelameili Suture zone (Strike-slip zone); III-Yishan Suture zone; IVdBogda
Fuyun Strike-slip zone. (①dCompressive stress field during Middle-Late Permian;
Cenozoic; blue projection lines modified from Song et al., 2015; green projection lines



Fig. 11. Three-dimensional tectonic evolution model of the Junggar Basin. Tectonic units during early Permian and the orientation of principal stress (a), forming the basement fault
system of the basin; tectonic units during Middle to Late Permian and the orientation of principal stress (b), more reverse faults formed at this time; tectonic units during Triassic to
Jurassic and the orientation of principal stress (c), a large number of folds and faults formed; tectonic units and structural style during Cretaceous to Cenozoic, and the orientation of
principal stress (d), three rows of tear faults formed in the southern margin of the basin and gradually formed the present tectonic pattern.

J.-Q. Zhang, F.-S. Yu, Y.-F. Wang et al. Petroleum Science 21 (2024) 3720e3741

3732



J.-Q. Zhang, F.-S. Yu, Y.-F. Wang et al. Petroleum Science 21 (2024) 3720e3741
foliation-C foliation (SeC fabric) (Fig. 11(a)).

(2) D2 dMiddle and Late Permian compressional structural
deformation

During the Middle and Late Permian, the rift basin structure
formed in the D1 phase was positively inverted and changed into a
paleotectonic pattern of uplifts and depressions (Fig. 11(b)) under
the NE-SW compressional stress. In the central part of the basin, the
uplift zone of land-beam was affected by extrusion and uplift,
resulting in the thinning or removal of the Lower Permian. In the
southern margin, large overthrust structures formed to the north.
In the northwest margin, the Karamay-Baikouquan and Urho-
Xiazijie overthrust tectonic zones formed, and the fault zone
comprised a series of arc-shaped reverse faults, reverse mask faults,
and the interposed fault blocks. A large number of faults were back-
plunging faults in the direction of the basin, and they exhibited
right-sided slip activity. In the southwestmargin, the Hongshanzui-
Chepaizi fault zone developed, comprising an arc-shaped spreading
along the direction of the mountain system in plane view, and a
listric imbricate fan combination developed in these cross-sections,
which belonged to the basement-involved thrust style. Along the
south margin, a series of high-angle back-plunging structures
developed.

In this phase, part of the basin belonged to the torsional subsi-
dence, or the weak compressional subsidence basin controlled by
the strike-slip faults, but we believe that the soft linkage between
the ancient land masses or ancient island arcs in this period did not
cause high uplifts and that no millstone construction occurred.
Therefore, it cannot be classified as the foreland basin stage.

(3) D3 dTriassic-Jurassic transpressional structural deformation

The NNW-SSE trending compression generated by the Yanshan
movement caused the northwest and northeast margins of the
basin to extrude and thrust toward the basin, forming a super-
imposed tectonic pattern of NNE-trending backward thrusts. This
resulted in oblique interactions on the basis of D2 (Fig. 11(c)), with
the Chepaizi-Mosowan paleo-lift as a typical representative.
Simultaneously, it induced leftward displacement of the NW-
trending basement faults, which caused transpressional deforma-
tion in the basin area. During this phase, leftward compressional
stress occurred in the pre-existing deep faults on the western
margin of the basin, and rightward slip activities occurred in the
Kelameili fault on the eastern margin. The slip activities of the two
major marginal faults led to the formation of secondary slip-
associated structures in the basin. In the western margin of the
basin, the transpressional stress of the Dalbout fault intensified and
controlled the deposition of the Jurassic in the Heshituolvegai Ba-
sin. The significant uplift of the eastern side of the fault led to the
loss of Jurassic strata in that region.

(4) D4e5 dPaleocene to Quaternary foreland thrust structural
deformation

Influenced by the remote effect of the subduction collision be-
tween the Indian plate and the Eurasian continental plate, the
North Tianshan Mountains thrusted northward, causing the
southern margin of the basin to lift off and form an extrusion-type
foreland basin. Subsequently, the Himalayan movement reversed
the entire basin to the south and formed multiple rows of slip
folding zones with sinistral tear faults in the southern margin
(Fig. 11(d)). The punching and compressional stress caused the
basement to deflect and sink, forming a frontal zone with a thick-
ness of more than 3000 m of molasse formation. At this time, the
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dextral slip faults, with the Fuyun active fault and the Urho asphalt
veins as typical representatives, developed at the northern part of
the basin.

5. Deformation characteristic analogue modelling

Numerous studies have proven that analogue modelling is
effective for studying the tectonic formation processes and genesis
mechanisms in petroliferous basins, and it is important for helping
geologists understand the evolution of structural deformation at
the basin-mountain scale and study the tectonic formation mech-
anisms (McClay, 1990; Bellahsen et al., 2003). The self-similarity of
geological processes and analogue modellings reveal certain simi-
larities between experimental models and natural prototypes, and
the similarity of the geometric-kinematic-dynamic processes at
different scales forms the theoretical basis of the analogue
modelling experiments (Hubbert, 1937; Colletta et al., 1991).

The basis of analogue modelling is deformation geometry,
which usually determines the boundary conditions and stress
mode of the model according to the deformation patterns of the
study object, and only considers the stress direction, not the stress
magnitude. Since 1815, when James Hall first used superimposed
fabric sheets to simulate the formation of folds in real strata,
numerous sandbox experiments have been conducted to verify and
restore the evolution of geological structures (Dooley and
Schreures, 2012). Reynolds and Holmes (1954) used rubber
cement to study the fold superposition patterns. After studying the
superposition folds in metamorphic zones and the classification
scheme, Ramsay et al. (Ramsay, 1962; Ramsay and Huber, 1987)
proposed four different types of superposition fold interference
patterns. Numerous simulation results have shown that the struc-
tural deformation process is mainly controlled by geometrical
conditions and is less related to the rock mechanical properties and
stress magnitude (McClay, 1990; Costa and Vendeville, 2002).
Therefore, the analogue modelling is the main method used to
reproduce the tectonic evolution and to study the behavior of
deformation and other problems.

Combining the field geological data and seismic geotectonic
analysis of the Junggar Basin, we constructed a model to conduct
analogue modelling experiments and perform a comparative study
on the tectonic styles of the Junggar Basin. Moreover, combining
the analysis of the experimental data and the quantification of the
tectonic elements, it is necessary for us to simulate and verify the
evolution process and mechanism of the superposition deforma-
tion in the study area, and this will provide a theoretical basis for
deepening the structural analysis of superimposed basins.

5.1. Experimental materials and model setup

The dimensions of the sandbox experimental setup were 60 cm
(L) � 50 cm (W) � 30 cm (H), with a fixed rigid metal plate at the
bottom. The western boundary of the model was a transparent
glass baffle with dimensions of 80 cm (L) � 20 cm (H) � 2 cm
(thick), and the three sides of the east and south were rigid metal
plates connected to the force-applying motor with dimensions of
60 cm (L) � 20 cm (H)� 1.5 cm (thick), whose deformation effect is
negligible. A high-density polyethylene plastic plate with di-
mensions of 60 cm (L) � 5 cm (W) � 2 cm (H) was placed in the
middle of the model to simulate the pre-existing paleo-uplift in the
middle of Junggar Basin, and the remaining model was paved with
gray quartz sand, and the ratio of the sand box model to the actual
study area was about 1:100000 (Fig. 12). Dry and loose quartz sand
was selected as the experimental material to simulate the real
formation as its deformation characteristics are similar to those of
brittle formations in the upper crust under the premise that it



Fig. 12. Schematic of analogue modelling experimental apparatus. Plane of experimental apparatus (a); stereogram of experimental apparatus (b); the filling process of the
simulation model at different phases (c); the direction of arrows represents the direction of motion.

Table 1
Experimental layer parameters and kinematic feature.

Layer number Height, cm Experimental material Marker color Kinematic feature Experimental motion phase Represent tectonic evolution phase

6 6.3 Gray quartz sand Red NW one-side compression 5 cm D3 D4e5

5 5.3 White quartz sand Blue NE-SW two-side compression 5 cm D2 D2e3

4 4.3 White quartz sand Pink NE-SW two-side extension 2 cm D1
2 D1

3 3.5 Gray quartz sand Green NE-SW two-side extension 3 cm D1
1 D1

2 2.0 Gray quartz sand Black e e e

1 1.0 Gray quartz sand Red e e e

J.-Q. Zhang, F.-S. Yu, Y.-F. Wang et al. Petroleum Science 21 (2024) 3720e3741

3734



J.-Q. Zhang, F.-S. Yu, Y.-F. Wang et al. Petroleum Science 21 (2024) 3720e3741
follows the Mohr-Cullen strength criterion. To facilitate the obser-
vation and recording of the experimental process, colored quartz
sand was used to create the marker layer, and the mechanical
properties of the quartz sand after dyeing were kept unchanged.
The experimental layer parameters and kinematic features are
specified in Table 1.

5.2. Experimental process

① D1
1 deformation

The experiments were commenced by laying three layers of gray
quartz sand with a total thickness of 3.5 cm, using red, black, and
green as marker layer colors, to simulate the pre-Mesozoic
boundary of the basement strata. Motor 1 and motor 2 were
simultaneously tensioned along both sides of NE-SW with a
movement rate of 0.25 cm/min for 12 min and a cumulative
tensioning displacement of 3.0 cm.

② D1
2 deformation

A 0.8-cm thick layer of white quartz sand was laid on top of the
deformed sand layer to simulate the J1 stratum, and pink sand was
laid on top of it as a marker layer. Motor 1 and motor 2 were
simultaneously tensioned along both sides of NE-SW. The experi-
mental device operated at a tensioning speed of 0.25 cm/min, with
a duration of 8 min, and cumulative tensioning displacement was
2.0 cm.

③ D2 deformation

A 1.0-cm thick layer of white quartz sand was laid on top of the
deformed sand layer to simulate the J2 stratum, with a blue sand
layer laid on top of as a marker. Motor 1 and motor 2 were simul-
taneously compressed along both sides of NE-SW. The compres-
sional speed was 0.25 cm/min, the compressional time was 20 min,
and the accumulated compressional displacement was 5.0 cm.

④ D3 deformation

A 2.0-cm thick layer of gray quartz sand was laid on top of the
deformed sand layer to simulate the J3 stratum, with red sand laid
on top of it as a marker layer. Motor 3 was compressed unilaterally
along the NW direction. The compressional speed was 0.25 cm/
min, with a duration time of 20 min, and the total compressional
displacement was 5.0 cm.

After the end of deformation in the last phase, the motor
stopped applying force and a 1 cm thick layer of white quartz sand
was laid on top of the deformed sand layer. The experimental sand
body was moistened with water for 24 h and then sectioned.

5.3. Plane deformation result

① D1
1 deformation result

In the first extensional phase, when both sides of NE-SW were
simultaneously tensioned by 1.5 cm, faults F1 and F2 appeared near
the baffles at both ends of the model, while multiple normal faults
(F3eF10) appeared in themiddle of themodel, which combined into
multiple groups of graben structural styles with roughly parallel
trend. As the extensional displacement was increased to 3.0 cm, the
existing faults expanded and developed further, exhibiting obvious
fault inheritance, with no new faults observed (Fig. 13(a), (b)).

② D1
2 deformation result
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In the second extensional phase, when both sides of NE-SW
were tensioned to the accumulated displacement of 4.0 cm, the
previously developed multiple normal faults appeared, with their
development locations were approximately the same as the orig-
inal fault positions. As the tensioning distance increased to 5.0 cm,
the pre-existing faults continued to grow and develop, making the
graben combination style more pronounced (Fig. 13(c), (d)).

③ D2 deformation result

In the early compressional phase, when both sides of NE-SW
simultaneously compressed to 2.0 cm and the total contraction
amount reached 0.8%, reverse faults F21eF24 developed. As the
contraction continued and the compressional displacement
reached 5.0 cm, the experimental strata were significantly thicked
and uplifted, and new reverse faults F25eF27 appeared alongside
the previously developed faults (Fig. 13(e), (f)).

④ D3 deformation result

In the last compressional phase, when the direction of the
applied force was changed, a more pronounced reverse fault F28
developed at the front edge of the model. As the compressional
displacement continued increasing to 5.0 cm, the thrust fault F28
became more prominent, which verifies the succession of fault
activity in the plane. Additionally, a secondary fault F29 developed
on its southern side (Fig. 13(g), (h)).

5.4. Profile deformation result

5.4.1. NE-SW trending profile
The results of the planar experiments were analyzed by slicing

the model in both the NE-SW and NW-SE directions. The NE-SW
sections (Fig. 14(a)e(f)), taking section M-N as an example,
several reverse faults (f8ef11) developed on the left side of the
section (south side of themodel), and f1, f4, f5 on the right side of the
section (north side of the model). Among these, reverse fault f8 and
its associated back-thrust fault f7 together formed an anti-Y-shaped
structural style. Furthermore, near the right side of the section
(north side of the model), reverse fault f5 and its back-thrust faults
f6 together formed a pop-up structural style. Normal faults f12 and
f14 developed in the left area of the model, creating a graben
structure pattern, while only one normal fault f3 developed in the
middle-right area of the section. This disparity may be attributed to
the inheritance of the normal faults formed during the early
extensional phase.

5.4.2. NW-SE trending profile
The NW-SE sections (Fig. 14(g)e(l)) showed the development of

thrust faults (f28, f29, f31ef33) along the two boundaries of the sec-
tion, exhibiting the similar combinations of structural styles.
Among these, the thrust fault f31 and its back-thrust fault f33
together formed a pop-up structural style. On the right side of the
section (south side of the model), imbricate fan thrust faults (f28
and f29) are present. Additionally, the reverse fault f29 and its
associated back-thrust f30 created a pop-up structure as well.

5.4.3. Three-dimensional deformation analysis
The simulation results of the three-dimensional cross-sections

show the phenomenon of three phases of non-coaxial compression
superimposed on early extension (Fig. 15). The normal faults pre-
served in the current sections indicate the NE-SW-oriented
extensional stress during the D1 experimental phase, correspond-
ing to the extension of the Carboniferous to Early Permian basin.
The bilaterally NE-SW-trending compression in the D2 phase



Fig. 13. Experimental top view (photographs and line drawings) of different phases showing the evolution of Junggar Basin from NE-SW extension phase (aed) to NE-SW
compression phase (e, f) and SE compression phase (g, h). “L” represents motion displacement, “þ” means elongation, “-” means shortening, arrows represent the direction of
motion, the fault label numbers represent the sequence of the faults developed in the experiment.
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generated imbricate fan that thrusted toward the basin, along with
back-thrust faults in the hanging wall. The simulated results of this
phase correspond to the thrust faults formed during the Middle to
Late Permian compression phase. During the mid-phase SE-ori-
ented compression, thrust faults and folds structures were formed.
The deformations in this phase are equivalent to the NE-trending
structural deformation caused by the Triassic-Jurassic compres-
sion. In the 3D cross-section model, the lower parts of the faults are
seen to overlap with earlier compressional faults, demonstrating
the strong inheritance and continuity of the superimposed struc-
tures. After the basin has experienced superposition of the aniso-
tropic stress fields, the development location of late-phase faults
was closely related to the thickness of the strata. The distance from
the nascent faults formation location to the boundary is approxi-
mately twice the thickness of the strata, which is consistent with
the Anderson's fault theory model. No significant strike-slip
deformation was observed during the middle compressional
phase, because the slice position was nearly parallel to the
compressional direction.
6. Discussion

The results of the analoguemodelling experiments revealed that
during the late tectonic inversion phase, the compression defor-
mation primarily resulted from the formation of late low-angle
thrust faults. Most of the previous normal faults are preserved
(e.g., f12, f13, f14, and f17, in Fig. 15(a)e(f)) and only the dip angle is
steepened to different degrees. Furthermore, only in the strong
thrust tectonic zone, the reverse faults may completely replace the
pre-existing normal faults. Consequently, the transformation of all
pre-existing normal faults into reverse faults during the later
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positive inversion is extremely unlikely, this phenomenon closely
linked to the mechanical properties of rocks in the brittle domain:
due to the typically steep dip angle of normal faults, the frictional
strength along the fault plane during upward sliding is often
greater than the rock's fracture strength. This implies that less
energy is required to form reverse faults with lower dip angles.
Hence, during the process of structural inversion, it is more likely to
form new, lower angle thrust faults.

Positive inversion along preexisting normal faults can only be a
typically local phenomenon unless certain conditions are met.
These conditions include rigid boundary conditions or a small dip
angle of the preexisting fault, or the presence of detachment layer
on the fault plane. Although Buchanan and McClay (1991), as well
as Zhou (1999), used rigid boundary conditions in experiments on
rigid basement step faults, rigid boundary listric faults, and rigid
boundary half-graben respectively, facilitating inversion along pre-
existing normal faults during compression phase, the inversion
structure is still primarily accomplished through the formation of
new low-angle thrust faults. Taking the simulation result as an
example, the dip of fault f1 developed after the late inversion of the
preceding normal fault f3 slowed down (Fig. 15(b)). The experi-
mental results indicate that despite the early occurrence of weak
extension and the strong inversion caused by the two phases of
compression, the basin boundary still retains a large amount of
evidence for the existence of normal faults.

Comparing the experimental results with the seismic profiles
shows that the graben comprised normal faults that formed during
D1 (f12 and f14 in Fig. 16(h)) has the same geometry as the basement
graben observed in actual seismic profiles (f47 and f48 in Fig. 16(c)),
two normal faults with high and steep dips in opposite directions,
developed in the middle of the Junggar Basin and the simulated



Fig. 14. Cross-section interpretations (photographs and line drawings) at the final stage of the experiment showing the structural styles of NE-SW trending (aef) and NW-SE
trending (gel). “T” represents the distance from the cross-section to the boundary steel board in the direction of motor 3, “t” represents the distance from the cross-section to
the boundary steel board in the direction of motor 1. See cross-section locations in Fig. 13(h).
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experimental setup. In the D3 compressional phase, the trans-
pressional structures (f7ef11 in Fig. 16(d), (e); f7ef9 and f16 in
Fig. 16(f), (g)) formed by the basement faults due to the presence of
strike-slip displacements are similar to the flower-like structures
formed by the Triassic transpressional stress in the central basin
seismic section (Fig. 16(a), (b)). The main fault maintains a normal
fault throw at the bottom of the profile, and due to the influence of
late tectonic movements, there is a certain degree of positive
inversion in the middle layer position. A large number of small
strike-slip faults have developed horizontally within the lower
layer of the Jurassic system. These faults tend to converge relatively
and concentrate towards the main fault on both sides, forming a
positive flower structure characterized by downward convergence
and upward divergence.

Comparison of the actual geological data shows that the simu-
lation experiments conducted in this study are highly reliable and
can accurately restore the tectonic evolution of early extensional
superposition with late multi-phase non-coaxial compression in
the Junggar Basin, providing strong support for the study of su-
perposition deformation in the study area.

The relationship between multi-phase tectonic superposition
and hydrocarbon accumulation has long been discussed in the field
of petroleum geology (Hao et al., 2000, 2011; Yang and Liu, 2000;
Cao et al., 2005). Multiple tectonic movements are also the reasons
for the adjustment and destruction of early formed oil and gas
reservoirs, as well as the formation of secondary oil and gas
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reservoirs (Wang et al., 2018). Themulti-phase tectonic evolution of
sedimentary basins exerts a significant control on the distribution
and accumulation of hydrocarbons. Through the interplay of
various tectonic events over geological time scales, the structural
architecture of sedimentary basins undergoes complex modifica-
tions, influencing the formation and preservation of hydrocarbon
reservoirs. The sequential nature of tectonic events, including rift-
ing, compression, and extension, creates diverse structural settings
within sedimentary basins. These tectonic phases resulted in the
development of fault systems, folds, and fractures, which served as
primary conduits and traps for migrating hydrocarbons. For
example, extensional tectonic movement may create fault-
bounded rift basins, facilitating the migration and accumulation
of hydrocarbons along fault zones and structural highs. Also, the
structural evolution of sedimentary basins influences the geometry
and distribution of reservoir rocks, affecting the storage capacity
and productivity of hydrocarbon accumulations. Differential sub-
sidence and uplift associated with tectonic phases result in the
formation of stratigraphic traps, anticlinal structures, and fault-
related traps, which control the spatial distribution of hydrocar-
bon reservoirs. Furthermore, the timing and duration of multiple
tectonic events play a crucial role in determining the maturity and
preservation of hydrocarbon accumulations. Early tectonic phases
may create conducive conditions for hydrocarbon generation and
migration, while later tectonic phases may modify reservoir prop-
erties and seal integrity. Taking Qaidam Basin in western China as



Fig. 15. Three-dimensional deformation interpretations (line drawings) at the final phase of the experiment showing the combination of cross-sections with different strikes. “T”
represents the distance from the edge of the experimental apparatus on motor 1 side.
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an example, there was a long-time interval between the Carbonif-
erous passive continental margin and the Jurassic foreland basin
sedimentation in the northern margin of Qaidam, and the average
residual organic carbon mass fraction in carbonate rocks is 2.55%;
Chloroform asphalt "A" has an average of 0.005% (Yang and Liu,
2000). Generally speaking, if the burial depth of the Carbonif-
erous source rock is greater than 2800 m, it enters the stage of
crude oil cracking. The Carboniferous system on the northern edge
of Qaidam has been deeply buried under several prototype basins
of the Mesozoic and Cenozoic eras, with a burial depth greater than
5000 m, and has entered an over mature stage. The passive conti-
nental margin of Tarim and the Junggar Basins is better than Qai-
dam Basin, Jiuquan Basin and other basins in hydrocarbon
generation, because the passive continental margin deposition
followed by foreland basin deposition is conducive to hydrocarbon
generation and oil and gas preservation Therefore, a comprehen-
sive understanding of the temporal sequence of tectonic events is
essential for assessing the petroleum potential of sedimentary ba-
sins and predicting the distribution of hydrocarbon accumulations.
7. Conclusion

In this study, the geological structure and multi-phase tectonic
evolution of the Junggar Basin were studied by field outcrop
observation, seismic profiles geological interpretation, and sandbox
analogue modelling. The study conclusions are as follows.
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(1) The tectonic evolution of the Junggar Basin since the Late
Paleozoic can be divided into five main phases: the Late
Carboniferous to Early Permian extensional and faulting
phase, the Middle to Late Permian compression and thrust
phase, the Triassic to Jurassic transpressional phase, the
Cretaceous uniform subsidence stage, and the foreland
compression phase since the Paleozoic. Multi-strike faults
with different properties in different margins and middle of
the basin stem from the composite superposition of multi-
phase non-coaxial stress fields.

(2) The strong spatial and temporal differences during the for-
mation of the Junggar Basin due to the collision of the
Kazakhstan plate, the Tarim plate, and the Siberian plate
yielded complex composite superimposed structures. The
Late Paleozoic Hercynian movement resulted in a relatively
unified basement of the Junggar Basin, and the basin was
controlled by different regional dynamics during the Indo-
Chinese, Yanshan, and Himalayan phases of regional tec-
tonic movements, which led to the development of multi-
phase sedimentary basins with different properties.

(3) Due to the nearly triangular shape of the Junggar Basin, the
Cenozoic thrusting from the northern Tianshan only
occurred in the southern piedmont zone, while the north-
western, eastern, and central parts of the basin mostly
retained the Mesozoic structural styles, affording different
superimposed structural styles in each area.



Fig. 16. Comparison between the analogue modelling result (deh) and seismic interpretation result (aec) of the Junggar Basin.
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