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Abstract: The Qiulitage fold and thrust belt (QFTB) is situated in the Kuga Depression, exhibiting
spectacular salt structures with well-defined geometric and kinematic characteristics and thereby
playing a significant role in advancing the study of salt structures worldwide. This research, based on
regional geology, well logging, and newly acquired three-dimensional seismic data, applies principles
of salt-related fault structures to interpret seismic data and restore structural equilibrium in the
Qiulitage fold and thrust belt within the Kuga Depression by conducting quantitative studies on
structural geometry and kinematics. Results indicate clear differences in salt structures between
the eastern and western segments of it, vertically divided into upper salt, salt layer, and lower salt
and horizontally into four parts. The Dina segment features a single-row basement-involved thrust
fault, the East QFTB segment displays detachment thrust faults involving cover layers, the Central
QFTB segment exhibits detachment thrust faults involving multiple rows of cover layers, the leading
edge forms structural wedges, and the West QFTB segment develops blind-thrust faults. During the
deposition of the Kangcun formation, the eastern profile experiences an 18% shortening rate, 14% in
the central part, and 9% in the western part. For the Kuqa formation, the eastern profile experiences a
10% shortening rate, 9% in the central part, and 3% in the western part, indicating more significant
deformation in the east than in the west. Quantitative statistical analysis reveals that different types
of detachments, paleogeomorphology, and northeast-directed compressive stress exert control over
the Qiulitage fold-thrust belt.

Keywords: Kuqa foreland basin; Qiulitage fold and thrust belt; salt structures; detachment layer;
basement involvement structure

1. Introduction

Salt structures represent a significant type of basement structure widely occurring in
various salt-bearing basins worldwide. Extensive research, such as field geological surveys,
seismic interpretations, structural physics, and numerical simulations, indicates that the
formation and evolution of salt structures in salt-bearing basins are primarily controlled
by internal and external factors. The key controlling factors for salt structures vary greatly
across different tectonic-sedimentary environments and evolutionary stages. Based on
their contact relationship with surrounding rocks, salt structures can be classified into two
types: passive diapirism and piercing diapirism [1-3]. In numerous seismic, drilling, and
structural simulation experiments, it has been demonstrated that salt piercing through
structures is a common phenomenon in rifts and passive margins of salt basins, such as
the North Sea, Dead Sea, and Red Sea rifts, in northeastern Germany, Bohai Bay, and the
Jianghan Basin [4]. In contrast, thrust-related salt structures in compression-dominated
salt basins, such as the Carpathian Basin, Zagros Basin, Amu Darya Basin, and Kuqa
Depression, may exhibit remarkable characteristics, with salt-piercing structures being less
common [2,5,6]. Sedimentary distribution of salt leads to the development of abundant salt-
related structures within the Kuqa foreland basin. Over the past few decades, numerous
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geologists have conducted extensive research on the styles and formation mechanisms of
salt-related structures in the Kuqga foreland basin. Identified salt structure styles include
salt anticlines, salt pillows, salt diapir, salt thrust sheets, allochthonous salt sheets, and
overlying structures [7-10].

The Kuga Depression boasts superior petroleum geological conditions, with the Qi-
ulitage fold and thrust belt being a secondary tectonic unit in the Tarim Basin [1,11-13].
Through years of research, the QFTB in the Kuqa foreland basin of the Tarim Basin has
achieved significant breakthroughs in oil and gas exploration, led by well Mid-Autumn
1, with wells Dina 2 and Dina 11 also achieving notable success. However, there are also
numerous examples of unsuccessful wells [14,15]. Through continued in-depth research,
the salt-bearing structural features within the QFTB have become the focus of considerable
attention. The geological structure of the QFTB exhibits pronounced east-west lateral
segmentation, with significant layering characteristics vertically marked by salt forma-
tion [16]. However, due to the poor quality of early data and the influence of salt layers,
there may be biases in the recognition of structural patterns, and quantitative statistics may
be inadequate, particularly concerning the effects of different salt layers and the proper-
ties of Jurassic and Triassic detachment layers on fault formation, resulting in a lack of
clarity in understanding. Therefore, in this study, building upon previous research and
using regional geological information, we determine the sedimentary conditions of key
formations in the study area, including the deposition of detachment layers and salt layers.
Log data are utilized to establish the stratigraphy of seismic profiles. We combine the
latest seismic data and apply principles of salt structure analysis to accurately delineate the
geometric features of structures within the study area. Using 3Dmove inversion techniques,
we establish a quantitative evaluation model for shortening, and we conduct a detailed
analysis of the eastern segment of the QFTB, including a statistical analysis of data related
to the fault width, fault dip angle, and detachment layer thickness. This study aims to
provide a more refined analysis of it by highlighting its east-west differences, correlating
thickness data of overlying and underlying detachment layers with structural patterns, and
discussing causative mechanisms. This can lead to a better understanding of salt-bearing
basins and help oil and gas exploration.

2. Geological Background

The Kuga Depression, located in the transition zone between the southern Tianshan
mountains and the Tarim Basin, belongs to the late Cenozoic intracontinental foreland
basins [17,18]. It comprises several important structural units, including the Northern
Structural Belt, the Kelaasu Structural Belt, the Qiulitage fold and thrust belt, the Baicheng
Depression, and the Yangxia Depression [8,19] (see Figure 1). Positioned at the coupling
zone between the southern Tianshan mountains and the northern margin of the Tarim
Basin, the Kuqa Depression, also known as the Kuqga foreland thrust belt, evolved as a retro-
foreland basin overlying the marginal foreland basin during the Mesozoic. Since the late
Cenozoig, it has experienced intense compressional deformation, occurring from the Late
Permian to the Quaternary. During the Pre-Cenozoic, the Kuqa Depression transitioned
into a weakly extensional arid to semi-arid saline lake environment [20-22]. During the
Paleogene to Neogene, the Baicheng Depression in the western and central parts of the
Kuga Depression served as the salt deposition center, shifting to the Yangxia Depression
in the eastern part during the Miocene. This change in sedimentary centers resulted in
varying thicknesses of salt formation within the Kuqa Depression, with the Kumugelm
formation (E;_pkm) of the Paleogene having salt thicknesses ranging from 60 to 4000 m,
and the Jidike formation (Njj) of the Miocene having salt thicknesses ranging from 240
to 1000 m, forming a complex array of salt-related structures [17,23-25]. The two sets
of salt layers exert significant stratigraphic control on structural deformation between
the upper and lower salt layers, leading to the formation of spectacular salt structures in
the Kuga Depression, with the most impressive salt structures developed in the Kelaasu
Structural Belt and the Qiulitage fold and thrust belt. The Neotectonic evolution of the
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Kuga Depression is mainly driven by north-to-south compressional forces induced by the
uplift of the southern Tianshan Mountains, with a trend of increasing compression during
the late Cenozoic [9,10,26,27].
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Figure 1. Geological cross-section location map of the Qiulitage fold and thrust belt.

The underlying formations beneath the salt formation in the Kuga Depression pri-
marily consist of the Upper Permian, Triassic, Jurassic, and Lower Cretaceous. Among
these, the Upper Permian contains only one thick unit, the Biyoulebaogu formation (P,by),
which is approximately 300 m thick. It comprises purplish-red sandy mudstone mixed with
grey-green sandstone and fine conglomerate. It is angularly unconformable with the un-
derlying Lower Permian or Carboniferous formations. The Triassic formations include the
Ehuobulake formation (T eh), the Kelamayi formation (T,_3k), the Huangshanjie formation
(Tsh), and the Taligike formation (T3t), among others (see Figure 2).
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Figure 2. Distribution map of Mesozoic-Cenozoic layer in the Kuqa Depression [6].
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The upper and lower layer of the Triassic exhibit different sedimentary environments;
the lower part comprises purplish-red conglomeratic sandstone, grey-green sandstone,
and mudstone deposited in alluvial fan and fluvial environments, while the middle to
upper part consists of thick layers of grey-black mudstone and carbonaceous mudstone
with coal interbedded, deposited in floodplain, nearshore lake, and deltaic environments.
Overall, the sedimentary characteristics demonstrate a gradual thickening trend from the
basin center towards the mountain belt, often displaying unconformable contacts with the
underlying Triassic formations [6,24,28]. In the Kuqa Depression, the Upper Cretaceous
is generally absent, while the Lower Cretaceous comprises conglomerate, sandstone, and
mudstone interbedded, deposited in fan delta, braided river delta, and nearshore lake
environments, including the Yagelemu formation (K;y), the Shushanhe formation (K;sh),
the Basige formation (K;b), and the Bashkiki formation (K;bs). The Bashkiki formation is
exposed in the western part of the northern monocline belt and in the Kelaasu and Yiqikeliq
structural belts, representing the most important reservoirs in the Kuga Depression. In
the QFTB of the Kuqga Depression, thick layers of Mesozoic and Cenozoic layer have
been deposited, influenced by the Paleogene uplifts, and extensively containing thick
salt formation from the Paleogene Kumugelm formation (E;_,km) and Neogene Jidike
formation (Njyj) [29,30].

3. Structural Geometry Study

Building upon previous research, this study selects four well sections and combines
actual drilling encounters, logging data, and interconnected well profiles to determine
the distribution range of formations along the sections. Employing principles of salt-
related fault analysis, the study conducts a detailed analysis of the sections and performs
quantitative data statistics on certain parameters, such as the fault throw, dip angle, and
thickness of detachment layers.

3.1. Structural Geometry Characteristics
3.1.1. Summary of Geometric Patterns

Building upon previous research, the region is divided into four parts, which are the
western QFTB segment, the Central QFTB segment, the East QFTB segment, and the Dina
segment. This study selects four well profiles and combines actual drilling encounters,
logging data, and interconnected well profiles to determine the distribution range of
formations along the sections. Employing principles of salt-related fault analysis, the study
conducts a detailed analysis of the sections and performs quantitative data statistics on
certain parameters, such as the fault throw, dip angle, and thickness of detachment layers.

Based on interpretations of numerous profiles from different locations within the study
area, a synthesis of the geometric styles of the QFTB is presented. The upper salt layer
primarily comprises two types: folding and faulting. Folding types include salt anticlines,
mainly distributed in the western segment, while faulting types consist of fault-related
folds and thrust faults, developed in the eastern segment of the QFTB. The salt layer mainly
includes concealed piercing and piercing types. Concealed piercing types consist of dome-
shaped and cap-shaped salt diapirs, developed in the western segment, while piercing
types mainly comprise salt ridges, extensively developed in the eastern segment. The
lower salt layer predominantly exhibits three structural styles: cover detachment, basement
involvement, and block deformation. Cover detachment is mainly developed in the central
and eastern segments, basement involvement primarily occurs in the Dina segment, and
block deformation is predominantly observed in the western segment (see Table 1).
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Table 1. Statistical table of structural styles in the Qiulitage fold and thrust belt.
Structure Type Qiulitage Fold and Thrust Belt Features
Layer yP 8
TN I
e N 1 | [ Shortening accommodated by
Fold Type — — ._a_ﬁ:':f S folding, visible manifestation
- - of growth strata phenomenon
Upper Salt Thrust-back fold Thrust-back fold
Layer . Sh . dated
,..e;'_-_.f“wa_ ortening accommodate
Fault T ____._--_-_":»'-r_ff— 5_?_?_:::_ — 7 by faulting, visible
ult lype — e manifestation of growth
Fault-bend fold strata phenomenon
/"_-'j'n_ ."-"-., ——
A M -~ T Salt layer in integral contact
Blind Thrust Type = T Fr—a — __?" with surrounding
rock
Salt Dome-shaped salt diapir Salt canopy
L .
ayer )
e Salt intrusi
e alt intrusion
Thrust Type : into surrounding rock
Salt ridge
Detachment Type ";___:::_ ‘-:-;_.. Salt-related fault .along weak
B layer slip
Lower Salt Box fold
Layer —
e —
Basement-involved . — Salt-related fault penetrates
Type into the basement
Thrust block Step fault block

3.1.2. Profile Analysis

In the typical profile A—A’ of the western QFTB segment, located at the far western
boundary of the study area (see Figure 1), three structural layers are delineated vertically
based on the distribution of salt layers: the lower salt layer, the salt layer, and the upper
salt layer. The lower salt layer primarily consists of a Cretaceous layer directly overlying
the Cambrian layer, resulting in the absence of Triassic and Jurassic formations and the
development of thrust faults caused by basement-cored folds. The salt layer comprises
Paleogene salt formation, which exhibits a plastic flow influenced by late-stage structural
activities, notably accumulating in well 1. Combining drilling data, the salt layer in well
1 can be divided into three segments, the upper salt rock segment, the middle mudstone
segment, and the lower salt rock segment, with chaotic reflections in the upper and lower
salt rock segments and strong continuous reflections in the middle mudstone segment. The
upper salt layer primarily consists of Neogene formations, exhibiting significant thickness
and influenced by late-stage compression, resulting in Y-shaped faults and secondary
faults cutting through the salt layer. The folds in the upper salt layer are pronounced, with
an evident growth layer observed in the Kangcun formation. In the planar view, previous
data indicate a braided pattern, with multiple and relatively dense rows (see Figure 3).
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Figure 3. Typical section A—A’ interpretation results of the western QFTB segment. Notes: Npk-Kugqa for-
mation; Nyk-Kangcun formation; Njj-Jideke formation; Ezs-Suwei formation; E(l_z)km—Kumugelm
Group; K;b-Bashkiqu formation; J-Jurassic; P-Triassic.

In the typical profile B-B of the Central QFTB segment, located in the middle of the
study area (see Figure 1), three structural layers are delineated based on the distribution
of salt layers, belonging to the intersection of two salt lakes: lower salt, intermediate salt,
and upper salt layers. The lower salt layer mainly consists of a Cretaceous layer, with
Triassic and Jurassic mudstones serving as the primary detachment layers. The lower
salt layer predominantly exhibits cover detachment-style thrust structures, with a fault
dip angle of approximately 15°, a structural amplitude of 225 m, a structural width of
5.6 km, and a horizontal thrust distance of 0.7 km. The anticlinal closures are relatively
gentle and extensive, while the Kelaasu Structural Belt features relatively steep and narrow
anticline forms due to larger fault angles. The intermediate salt layer mainly comprises a
salt formation from the Kumugelm formation (E;_okm) and a thick salt formation from the
Jidike formation (N1j), as well as sandstones from the Suwei formation. The salt formations
from the Kumugelm formation (E;_pkm) are weakly developed in the central segment,
showing a trend of pinch-out, while those from the Jidike formation (N3j) exhibit more
deposition and clearer evidence of plastic flow. The upper salt layer primarily consists of
Neogene formations, displaying distinct fold forms, with a notable growth layer observed
in the Kangcun formation (N;k) (see Figure 4).

In the typical profile C-C’ of the eastern segment passing through well 6 of the East
QFTB segment, located in the central part of the study area (see Figure 1), the overall
characteristics of the East QFTB segment are similar to those of the Central QFTB segment,
with comparable structural layering. The Paleogene salt formations have already pinched
out in the East QFTB segment, with only the salt formation from the Jideke formation being
developed, serving as the boundary for stratification. The lower salt layer consists of Creta-
ceous, Jurassic, and Triassic formations, characterized by wide and gentle anticline-cored
thrust faults. The fault dip angle is approximately 12°, with a structural amplitude of 287 m,
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Round-trip travel time /s

a structural width of 10.1 km, and a horizontal thrust distance of 6.3 km. Compared to the
central segment, there are fewer rows of thrust faults, and the anticlines are incomplete,
being cut by secondary faults. The leading edge of the lower salt layer does not develop
primary thrust faults but rather secondary faults on the leading edge of the fault’s lower
wall. The salt formation in the East QFTB segment exhibits greater thickness, with plastic
flow aggregation induced by late-stage compression (see Figure 5).
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Figure 4. Typical section B-B’ interpretation results of the Central QFTB segment. Notes: Nok-Kuqa for-
mation; Njk-Kangcun formation; Nyj-Jideke formation; E3s—Suwei formation; Eq9) km-Kumugelm
Group; K;b-Bashkiqu formation; J-Jurassic; P-Triassic.
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Figure 5. Typical section C—C’ interpretation results of the East QFTB segment. Notes: N,k-Kugqa for-
mation; Nyk-Kangcun formation; Njj-Jideke formation; Ezs-Suwei formation; E(1_2)km—Kumugelm
Group; K;b-Bashkiqu formation; J-Jurassic; P-Triassic.
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In the typical profile D-D’, located in the eastern part of the study area (see Figure 1),
it represents the easternmost end of the QFTB. The Dina segment only hosts a single set of
salt formations from the Jideke formation. Beneath these, there are Cretaceous, Jurassic,
and Triassic formations, characterized by a single row of basement-involved thrust faults.
The fault dip angle is approximately 30°, with a structural amplitude of 375 m, a structural
width of 6.2 km, and a horizontal thrust distance of 3.5 km. The angle notably increases,
presenting an overall morphology in the shape of an inverted Y. The form of the anticline
in the lower salt layer is intact, facilitating good preservation of oil and gas. The folding
morphology in the upper salt layer is relatively weaker, with an observable growth layer in
the Kangcun formation (see Figure 6).

Well 6 N~

Round-trip travel time /s

Jideke_ fault ntegrated Unconformable well
Formation contact stratum contact stratum

Figure 6. Typical section D-D’ interpretation results of the Dina segment. Notes: Nok-Kuqa formation;
Njk-Kangcun formation; Njj—Jideke formation; E3s—Suwei formation; E(l_z)km—Kumugelm Group;
Kjb-Bashkiqu formation; J-Jurassic; P-Triassic.

3.2. Planar Characteristics of the Qiulitage Fold and Thrust Belt

Building upon previous research and the latest data interpretations, the planar distri-
bution characteristics of the QFTB in the study area have been summarized.

In the study area, the QFTB shows a northeast trend in its sub-salt fractures, not an
east-west orientation. Convergence in the east gradually transitions to divergence in the
west. Fault zones progress from single-row in the east to double-row and multi-row in the
central area, eventually leading to nearly vertical multi-row faults in the west (see Figure 7).
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Figure 7. Paleogeographic map of the Cretaceous in the Kuqa Depression [13].

4. Structural Kinematic Characteristics Study

This paper utilizes Move 2018 software to perform balanced restoration on five profiles
within the working area that are nearly perpendicular to the structural trend. During the
restoration process, the principles of layer length and area conservation are followed. The
formation units are divided into upper and lower segments along the top surface of the salt
formation sequence to minimize the effects of deformation caused by the salt formation.
The restoration of balanced profiles mainly involves two steps: gap removal and layer
flattening. For typical reverse fault systems, the gap removal is initially performed using the
kinematic fault-parallel flow (Flexural slip unfold) restoration technique, followed by layer
flattening using the non-kinematic flexural slip unfold technique to remove folds, restoring
them to a reference plane (Restore). Before and after profile restoration, a comparison of
the formation line lengths is conducted to prevent significant errors. Through quantitative
analysis of the evolution of balanced profiles, the shortening rates at different locations and
periods are calculated.

In this study, three profiles were selected for inversion in the western, central, and
eastern sections of the QFTB in the study area, named, respectively, the western inversion
profile, the central inversion profile (see Figure 1), and the eastern inversion profile, using
Move 2018 software for balanced restoration.

The western profile is divided into upper and lower layers based on the top boundary
of the Neogene Kumugelm formation for balanced restoration (see Figure 8). Before the
deposition of the Kumugelm formation, the western region experienced basic formation of
the ancient uplift, with significant sedimentary hiatuses observed in the Triassic layer. The
upper layers above the ancient uplift exhibit severe formation gaps, with the Cretaceous
layer deposited directly above the Cambrian layer. Until the deposition of the Kuche
formation, it was a period of tectonic quiescence. Following the deposition of the Kangcun
formation, block-like structures appeared in the lower salt-bearing layer, while the upper
salt-bearing layer exhibited severe folding deformation, forming dome-like structures with
a shortening rate of 9%. The faults have been active to the present day, with increased
displacement of lower salt-bearing blocks and intensified folding deformation of upper
salt-bearing layer, accompanied by the development of a secondary fault with an opposite
dip, resulting in a shortening rate of 3%.
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Figure 8. Evolutionary results of the western profile.

The central profile is divided into upper and lower layers based on the top boundary
of the Neogene Jideke formation for balanced restoration. Before the deposition of the
Kangcun formation, it was a period of tectonic quiescence. Influenced by ancient uplift, the
Triassic layer in the northern part experienced thicker sedimentation than in the southern
part. After the deposition of the Kuche formation and before the Kangcun formation, thrust
faults began to develop nearly simultaneously in the lower salt-bearing layer, forming a
stack-style thrust fault system. The upper salt-bearing layers were also simultaneously
active, forming fault bend folds with a shortening rate of 14%. Fault activity continues to
the present day, with the development of a set of opposite-dipping back thrust faults in the
northern front, intensifying the folding deformation of the upper salt-bearing layer, with
salt layers extruding to the surface, resulting in a shortening rate of 9% (see Figure 9).
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Figure 9. Evolutionary results of the central profile.

The eastern section extends to the Yakra Bulge in the south, the Northern Structural
Belt in the north, and the QFTB in the middle. The eastern profile is divided into upper
and lower layers based on the top boundary of the Neogene Jideke formation for balanced
restoration. Before the deposition of the Cretaceous layer, the faults in the northern fold-
and-thrust belt became active, developing forward thrust faults with a shortening rate of
10%. After the deposition of the Cretaceous layer, the faults in the northern fold-and-thrust
belt continued to develop. Before the deposition of the Kangcun formation, the Qiulitage
fault became active with a shortening rate of 18%. After the deposition of the Kuche
formation, the faults continued to develop with a shortening rate of 10% (see Figure 10).
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Figure 10. Evolutionary results of the eastern profile.

Although there are significant differences in the fault styles between the eastern and
western sections of the QFIB, based on the variations in shortening rates, the deformation
periods are generally before the deposition of the Kuche formation and continue to the
present day, indicating that the Xishan period is the main deformation period of the QFTB.
However, the shortening rate in the western section is generally less than 10%, while in
the central inversion profile, the shortening rate during the main deformation period is
greater than 10%, and in the eastern inversion profile, the shortening rate during the main
deformation period is even greater, indicating more intense deformation. It can be observed
that the deformation intensity of the QFTB gradually weakens from east to west (see Table 2
and Figure 11).

Table 2. Statistical table of shortening-rate-related parameters.

Profile Pre-Kangcun Group Period = Pre-Kuqa Formation Deposition = From the Kuqa Formation to the Present
Western profile 14.90 km 13.56 km 13.15 km
Middle profile 13.96 km 12.01 km 10.93 km

Eastern profile 30.18 km 24.75 km 22.28 km
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Figure 11. Statistical table of profile shortening ratios.

5. Differential Analysis of the Qiulitage Fold and Thrust Belt

Building upon previous work, we have summarized the reasons for the east-west
differences in the QFTB, mainly reflected in two aspects: the variability in detachment
layers and the variability in stress fields.

Firstly, the detachment layers in the study area primarily consist of two sets: the
upper detachment layer, comprising the Kumugelm formation’s salt formation, mainly
distributed in the western section but extinguished in the central section, and the salt layer
of the Neogene Jideke formation, mainly distributed in the eastern section of the QFTB. The
lower detachment layer consists of Jurassic and Triassic mudstones, primarily distributed
in the eastern section of it but extinguished in the western section (see Figures 12 and 13).

Based on the distribution and geometric characteristics of the salt layers, it is divided
into four segments: the West QFTB segment, the Central QFTB segment, the East QFTB
segment, and the Dina segment. The Central QFTB segment is where the two salt lakes
converge, with the gypsum-salt layer of the Kumugelm formation gradually extinguishing
and the new salt formation of the Jideke formation beginning to develop. In this segment,
the lower salt layer develops multiple layers of cover detachment thrust structures, while
the upper salt layer develops thrust fault blocks. The East QFTB segment only develops the
salt formation of the Jideke formation, with broad and gentle cover detachment double-row
thrust structures, and the upper salt layer develops thrust folds. Similarly, the Dina segment
also only develops the salt formation of the Jideke formation, with single-row high-angle
basal-involved thrust structures and thrust folds in the upper salt layer.

legend

(2 1 23 ] =] (AT
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:sgyli isopach lines
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Figure 12. Contour map of thickness distribution of Paleogene and Neogene salt layers [7].



Processes 2024, 12, 1672

14 of 17

Southern Tianshan

f

legend
500 |
y
thickness pinch-out
contour lines lines

Figure 13. Contour map of thickness distribution of Jurassic and Triassic mudstones [16].

According to statistical data, the type and thickness of the upper detachment layer
determine the number of faults in the fault belt, while the thickness of the lower detachment
layer determines the development mode of the faults. Overall, the thickness of the Jurassic
and Triassic detachment layers in the central to eastern segments is greater than 800 m,
whereas in the Dina segment it is less than 800 m. Therefore, when the thickness of the
Jurassic and Triassic detachment layers exceeds 800 m, cover detachment thrust faults
develop, whereas when the detachment layer thickness is less than 800 m, basal-involved
thrust faults develop. In the absence of a lower detachment layer, imbricate thrust faults do
not develop (see Table 3).

Table 3. Statistical table of comparative analysis of profile feature differences.

The Thickness of the ~ The Thickness of the The Thickness of the Fault . .
Profile Detachment Layerin = Detachment Layer in Detachment Layer in the Development F?II: ]1)1p Nli:mbletr of Thlr-loilf)oin:arll
the Jideke the Kumugelm Jurassic-Triassic Layer Mode ge aults ust Listance

A-A 0m 2000 m \ Fault block type \ Multiple rows \

, Cover o
B-B 1000 m 150 m 800 m detachment type 12 Three rows 0.7 km

, Cover 5
Cc-C 800 m 0m 1000 m detachment type 15 Double rows 6.3 km

, Basement- o .
D-D 600 m 0m 600 m involved type 30 Single row 3.5 km

In the eastern part closer to the orogenic belt, stress is stronger, resulting in more
intense deformation, while in the western part farther from the orogenic belt, stress is
relatively weaker. From the statistical data, it can be observed that the dip angles of faults
in the central to eastern segments are significantly smaller than those in the Dina segment,
with dip angles ranging from 12° to 15° in the central to eastern segments and around 30°
in the Dina segment. Combined with the statistical results of the shortening rates from the
inversion profiles, it can also be inferred that the eastern part closer to the orogenic belt
experiences more intense fault activity. The horizontal thrust distance should be jointly
determined by the detachment layer and stress conditions.

In the late Miocene, the Indian Plate accelerated its subduction towards the Eurasian
Plate, causing rapid uplift of the Southern Tianshan Mountains and exerting north-to-south
compressive stress on the Kuga Depression. This marked the Kuga Depression’s transition
into the stage of a regenerated foreland basin. The complex compressive salt structure
deformations seen today primarily formed during this period. As shown in the pattern
diagram, the compressive stress from the Southern Tianshan Mountains, along with the
uplift of the orogenic belt, provided a north—eastward compressive stress field, resulting
in high-angle basal-involved faults in the Dina segment. However, as stress relatively
weakened and under the influence of the lower detachment layer, low-angle multiple-row
imbricate thrust fault systems appeared in the central to eastern segments. At the forefront
of the salt lake convergence zone in the upper detachment layer, a back thrust fault formed,
while in the West QFTB segment, as stress continued to decrease, the thrusting action did
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not persist, and the imbricate thrust fault system did not continue, only forming multiple
block faults (see Figure 14).

mm [ ] C ] [ | B (%]

Kuga Kangcun Jideke I§umu elm  CretaceousJurassic-TriassicCambrian orogenic
formation formation formation ormation formation formation formation compression
stress

Figure 14. Development model map of the Qiulitage fold and thrust belt.

6. Conclusions

The QFTB is divided into four segments from west to east based on the differences in
the geometric characteristics of the developed salt-related structures. These segments are
the West QFTB segment, the Central QFTB segment, the East QFTB segment, and the Dina
segment. The West QFTB segment mainly develops salt layers from the Jurassic period,
featuring the formation of buried mountain thrust structures. The Central QFTB segment is
situated at the convergence zone of two salt lakes, characterized by the development of
multiple-row cover detachment thrusts. The East QFTB segment develops salt layers from
the Neogene period, with the formation of cover detachment thrusts. The Dina segment
features basal-involved thrust faults.

The Xishan period is the main deformation period of the QFTB, with a noticeable trend
of decreasing deformation intensity from east to west. In the main deformation period,
the shortening rate in the eastern Dina segment can reach 18%, while in the western West
QFTB segment, it is only 9%.

The differences in the nature of the detachment layer and the stress field are the main
factors leading to the strong segmentation of the QFTB. The type and thickness of the upper
detachment layer determine the number of faults in the fault belt, while the thickness of
the lower detachment layer determines the development mode of the faults. When the
thickness is greater than 800 m, cover detachment thrusts develop. When it is less than
800 m, basal-involved thrust faults develop. In the absence of a lower detachment layer,
imbricate thrust faults do not develop. The stress field mainly affects the dip angle of the
faults. The horizontal thrust distance should be jointly determined by the detachment layer
and stress conditions.
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