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The Tazhong Uplift is an important petroliferous secondary structure unit in the Tarim Basin and has undergone
multiple structural deformation. In the current study, we use 3D and 2D seismic data to investigate the nature of
the fault system in the Tazhong Uplift. The deformation of the Cambrian sedimentary rocks in the Tazhong Uplift
is generally neglected but noted in this study. We found that the Lower-Middle Cambrian rocks are involved in
thrust faults. NE-trending weak zones acted as accommodation faults formed at the connective positions and
bends of the deep thrust faults. The Middle Cambrian compressional stress stemmed from the northeastern
margin of the Tarim Block, pointed SW, and caused the uprising of the Tabei Uplift. The second deformation
occurred in the Late Ordovician. In this instance, the compressional stress stemmed from the SW direction of the
Tazhong Uplift, which originated from the amalgamation of the Western Kunlun Terrane and Tarim Block. The
main strike-slip fault surfaces and subordinate faults developed along the weak zones generated in the Middle
Cambrian. The collision that occurred in the southeast part of the Tarim Block in the Middle Silurian to Middle
Devonian resulted in the third deformation. The representative structures that occurred during this compressive
deformation were the intensive NEE-trending thrust faults in the southeast of the Tazhong Uplift. The three
stages of deformation played different and important roles in hydrocarbon accumulation. These strike—slip faults
holding the high-productivity hydrocarbon wells generally experienced early-stage Cambrian deformation, had
wide fracture damage zones in the Ordovician carbonate rock strata, and had weak en echelon faults in the
Silurian to Middle Devonian clastic rocks.

1. Introduction Paleozoic, which controlled the formation of faults and uplift and

depression patterns (Nakajima et al., 1990; Jia, 1997). After the gen-

Hydrocarbon exploration indicates that strike-slip faults in the
central Tarim Basin show important impacts on hydrocarbon accumu-
lation, and hundreds of highly productive wells were drilled along the
faults (Fig. 1), which have been categorized as intracratonic strike-slip
faults (Deng et al., 2019). The good breakthrough of the Tahe, Shunbei,
and Fuman oil fields by CNPC and Sinopec has also demonstrated that
strike-slip faults are closely related to the distribution of the deeply
buried Ordovician karst-type carbonate reservoirs (Lu et al., 2017). The
formation process and deformation mechanism of the strike-slip faults
have thus been the focus of studies in the Tarim Basin (Wu et al., 2012; Li
et al., 2013; Yang et al., 2013; Han et al., 2017; Qiu et al., 2019).

The Tarim Basin experienced several tectonic movements in the

eration of a crystalline basement in the Archaeozoic and Proterozoic, the
Tarim Block formed during the breakup of the Rodinia supercontinent,
and paleo-oceans developed around the block (Mattern and Schneider,
2000; Xu et al.,, 2005a; Zhang et al., 2009). The Tarim Basin was
generally considered an extensional setting before the Early Ordovician
(Li et al., 2013). The subduction of the paleo-oceans started in the
Middle to Late Ordovician, and the margins of the Tarim Block trans-
lated into active continental margins. A representative tectonic event
was the subduction and disappearance of the Kudi Ocean during the Late
Ordovician (Wang et al., 2004; Sobel and Arnaud, 1999). Another
important event was represented by intense Devonian thrusting and
folding in front of the Altyn Mountain (Lin et al., 2009), which might
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Fig. 1. Schematic diagram of the Tarim Basin showing the division

have been generated by the closure of the Qilian Ocean (Sobel and
Arnaud, 1999; Wu et al., 2017). The South Tianshan Ocean in the north
of the Tarim Block was subducted and closed in a scissor-like form
before the Late Carboniferous (Allan et al.,1992; Han et al., 2011). A
remarkable phenomenon is the widely developed Permian magmatic
activity, which might be related to a mantle plume in the Tarim Basin
(Chen et al., 1997, 2006; Yang et al., 2005).

Numerous studies have investigated the structural styles, timing, and
formation processes of these strike—slip faults in the central Tarim Basin.
However, a great deal of debate still exists. The strike-slip faults present
a conjugate style in the Tabei Uplift and have a NE-trending parallel
pattern in the Shuntuo Low Uplift and Tazhong Uplift (Fig. 1). Some
authors have proposed that the strike-slip faults were mainly generated
during the orogenic movements around the Tarim Block in the Middle
Caledonian (Zhang et al., 2011; Wu et al., 2021). By contrast, others
believe that the main formation time was the Early Hercynian (Ma et al.,
2012; Li et al., 2013). Recently, based on detailed structural analysis of
the strike-slip faults in the Shuntuo Low Uplift, a two-stage evolution
model of the Late Ordovician and Silurian to Devonian was proposed
(Han et al., 2017). Detailed studies on fault segmentation, stepovers, and
kinematic parameters of the strike-slip faults have also been conducted
(Deng et al., 2019; Sun et al., 2021; Shen et al., 2022; Wang et al., 2022;
Liu et al., 2023). However, systematic documentation of the structural
evolution of fault system is still lacking. Previous studies have concen-
trated on the kinematic parameters and deformation processes of the
strike-slip faults. Comprehensive research on fault system, deep struc-
tures, and basin basement is lacking.

The Tazhong Uplift (Fig. 1) has great petroleum potential and has
undergone multiple structural deformation. The Tazhong Uplift pro-
vides an unprecedented window to research the detailed evolution of the
fault system in the central Tarim Basin, due to its complicated Paleozoic
strike—slip and thrust faults. In the present study, 3D and 2D seismic data
from the Tazhong Uplift and surrounding areas were used to restore the
complicated deformation processes of the strike-slip and thrust faults.

of major tectonic units (the corner icon indicates the location in China).

The transformation of compressional stress in the tectonic background
was analyzed, and the formation mechanism and implications for hy-
drocarbon accumulation in these faults were proposed. Overall, the re-
sults of the above analyses informed the proposal of an entitative
relationship between strike-slip and thrust faults.

2. Geological setting and methods

The Tarim Basin is a superposed basin with a Precambrian craton
basement surrounded by the Tianshan, Kunlun, and Altyn Mountains
(Fig. 1), which have an area of approximately 56,000 km? in China (Li
et al., 1996).

Based on the analysis of basement morphology, the development of
boundary faults, and the characteristics of sedimentary covers, the
Tarim Basin is generally divided into four major depressions and two
major uplifts: the Kuqa Depression, Tabei Uplift, North Depression Belt,
Central Uplift Belt, and Southwest and Southeast depressions from the
north to the south (Fig. 1). The North Depression Belt includes the three
subunits of Awati Sag, Manjiar Sag, and Shuntuo Low Uplift, whereas
the Central Uplift Belt includes Bachu, Tazhong, and Tadong uplifts
(Fig. 1).

The Tazhong Uplift extends in a NW-SE direction and is connected
by the Bachu Uplift in its western part (Fig. 1). The Tazhong Uplift is
bounded by the major Tazhong No. 1 thrust fault in the north and the
southern boundary fault (Tazhong No. 4 thrust fault) in the south, which
has a length of 250-300 km along the long axis and 50 km along the
short axis (Fig. 1).

The Paleozoic sedimentary successions overlaying the Tazhong Up-
lift comprise the Cambrian to Permian system, with 22 formations. Thick
beds of marine carbonate rocks developed in the Cambrian-Upper
Ordovician with an evident top boundary of the Lianglitage Formation
(seismic-reflecting surface of TOs) (Fig. 2). Thick gypsum and salt layers
developed during the Middle Cambrian (Fig. 2). The Silurian to Permian
strata are mainly composed of clastic rocks with intercalated limestone.
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Fig. 2. Comprehensive stratigraphic column of the Tazhong Uplift showing the stratigraphy and the seismic reflecting surfaces (horizons) (obtained from Tarim Oil

Company, CNPC).

The Permian is characterized by widespread volcanic rocks (Fig. 2).
The 2D and 3D seismic data were explored by Open Works (Halli-

burton Landmark) in this study, and the geochronologic calibration of

the seismic reflectors was performed by the Institute of Exploration and

Development, Tarim Oilfield Company, CNPC. Seismic coherence slices
and horizontal time slices were extracted from the 3D seismic volumes.
The coherence slices of interface T€; (base of the Cambrian), TO3s (top
of the Paleozoic carbonate rocks), and TS (base of the Silurian) were



S. Chen et al.

Journal of Asian Earth Sciences 265 (2024) 106086

/-/'/ Tazhong

s
~<
~

Shunbei
.\5 fault \/
v B .
p SO - Fig. 11 Shuntuo )
y Ny Low Uplift
/ / SF e
v SF1 P N Fig. 4a

Fig. 3. Fault system diagram of the Tazhong Uplift. Three major groups of faults developed in the Tazhong Uplift and around the area: the NW-striking thrust faults,
the NE-striking strike—slip faults, and a fold-and-thrust belt at the southeast end of the Tazhong Uplift. See Fig. 1b for location.

utilized to investigate the structural styles, spatial distribution, and
combinations of thrust and strike-slip faults. The horizontal time slices
of interfaces TE, (base of the Middle Cambrian) and TOs; (top of the
Paleozoic carbonate rocks) were produced. The time thickness maps of
the Middle Cambrian and Upper Cambrian were used to analyze the
change in the ancient topography.

3. Results
3.1. Overadll characteristics of fault system

Three major groups of faults developed in the Tazhong Uplift and
around area: the NW-striking thrust faults, the NE-striking strike—slip
faults, and a fold-and-thrust belt at the southeast end of the Tazhong
Uplift (Figs. 1 and 3). The NW-striking thrust faults control the
morphology of the uplift and include four major faults. The Tazhong No.
1 fault is generally regarded as a boundary fault between the Tazhong
Uplift and Shuntuo Low Uplift. The Tazhong No. 1 fault dips SW and
extends over 160 km in a NW-SE direction. The Tazhong No. 1 fault can
be further divided into three parts (Li et al., 2013). The NW-striking
Tazhong No. 2 and Tazhong No. 3 fault belts each have a NE dip, and
they cut the uplift (Fig. 4a). The Tazhong No. 3 fault belt represents the
long axis of the Tazhong Uplift and separates it into two parts (Fig. 4a).
The Southern boundary fault is generally named the Tazhong No. 4 fault
belt. The Tazhong No. 4 fault belt dips to the north and extends over 200
km in a NW to nearly EW direction (Figs. 3 and 4a).

The other major fault type in the Tazhong Uplift is known as NE-
striking strike-slip faults. These structures have a pervasive distribu-
tion and are perpendicular to the NW-striking thrust faults (Fig. 3). More
than 10 master strike-slip faults were identified in the seismic profile
(Fig. 5). These strike-slip faults generally cut and sinistrally displaced
the thrust fault belts laterally (Fig. 3). Most strike-slip faults were
terminated by the Tazhong No. 1 fault belt and developed horsetail
splays. Individual faults cut through the Tazhong No. 1 fault and
extended it into the Shuntuo Low Uplift (Figs. 1 and 3).

The third group is a fold-and-thrust belt developed at the southeast

end of the Tazhong Uplift (Figs. 1 and 3). Structures in this belt have an
arc-shaped planar feature and extend in a macroscopic, slightly E-W
direction (Figs. 1 and 3). The thrust faults in the Tazhong Uplift were cut
and modified by the arc-shaped belt at the east end of the uplift, sug-
gesting a superimposed structure (Fig. 3). In the seismic section, the belt
is characterized by basement-involved thrusts in the Tanggu Depression
(Fig. 4b). The Cambrian and Ordovician strata were drawn into the
thrust belt and truncated by the Carboniferous sediments, whereas the
Silurian and Devonian were absent (Fig. 4b).

3.2. Thrust faults

In the NE-trending 3D seismic sections across the Tazhong Uplift, the
thrust faults have an evident two-layered configuration (Fig. 6a and 7).
Deep thrust faults have developed in the structural layer, which is
composed of Cambrian and Precambrian strata. The deep thrust faults
generally dip steeply to the NE and terminate at the base of the Upper
Cambrian. Small fault-propagation folds developed in the hanging wall,
and unconformities were generated at the base of the Upper Cambrian
(Fig. 7). In the 3D coherency horizon slice map of the base of the
Cambrian, these deep thrust faults are bow-shaped and extend subpar-
allel in a NW-SE direction. In the western part of the Tazhong Uplift, a
series of overthrust nappes were composed of several short faults,
whereas the deformation was concentrated on a single fault in the
eastern part of the uplift (Fig. 6a).

The superficial thrust faults are represented by belts Tazhong No. 1,
No. 2, No. 3, and No. 4 (Fig. 7). Some of the faults are basement-involved
thrusts, such as the Tazhong No. 3 fault, which is also characterized by
steep master and back faults. The faults propagate upward from the
basement, cut the Cambrian, Ordovician, Silurian, and Carboniferous
strata, and were covered by the Permian. Tight folds were clamped by
the master and back faults and deformed pre-Permian strata (Fig. 7b and
7e). Another type of thrust fault generally has gentle dip angles and slips
off in the gypsum and salt layers within the Middle Cambrian strata,
which are represented by the Tazhong No. 2 fault (Fig. 7). Gentle fault-
propagation folds developed in the hanging walls, which generated a
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Fig. 5. Seismic profile across the Tazhong Uplift showing NE-trending strike-slip faults and stratigraphy interpretations. The strike-slip faults had a steep altitude and
a recognizable flower structure. The SE part of the Tazhong Uplift was upraised, and some Devonian and Silurian deposits were eroded and truncated by

Carboniferous. See Fig. 3 for location.

significant unconformity at the base of the Silurian (Fig. 7b, 7c, 7d, and
7e). The Tazhong No. 1 fault belt configuration varies: it is basement-
involved style in the west and cover decollement in the east. An asym-
metric fault-propagation fold was generated on the hanging wall, with
growth strata developed in the uppermost part of the Ordovician (Fig. 7a
and 7c¢).

3.3. Strike-slip faults

In the NW-trending seismic section, the strike-slip faults had a steep
altitude and recognizable flower structure (Fig. 5). However, structural
analysis using the high-precision 3D seismic sections shows that the
strike-slip faults have multilayer structures and present different
deformation styles in different structural layers. There are five typical
strikeslip faults (Fig. 8). The strike-slip faults propagate upward from
the basement and are generally restricted by the Carboniferous strata,
creating a composite flower structure (Fig. 8). The strike-slip faults can
be divided into deep, middle, and upper structural layers in a vertical
direction based on their structural characteristics.

The deep structural layer involves Lower and Middle Cambrian and
Precambrian strata (Basement-T€3). In the deep structural layer,
strike-slip faults generally display a nearly vertical fault surface. The
offset of the phase axes along the major fault is not evident, and a small
uplift and anticline controlled by the faults are evident (Fig. 8). The
gypsum and salt layers suffered complicated plastic deformation due to
the strike-slip faults, presenting local thickening, thinning, salt arching,
and small reverse faults (Fig. 8).

The middle structural layer is composed of Upper Cambrian to
Middle Ordovician carbonate rocks, Upper Ordovician mudstones, and
muddy limestones (T€3-TS). In this structural layer, the vertical major
and branched faults generally constitute positive flower structures. The
top surface of the Lower Paleozoic carbonate rocks (TOss) exhibited a
notable seismic reflection in the sections. Deformed by strike-slip faults,
the surface is generally hogged to the anticline. In some cases, the hinge
zones of the anticlines were cut by shallow faults, and the surface was
displaced downward (Fig. 8). In the middle structural layer, the strike-
slip faults generally terminate in the Upper Ordovician mudstones.
These mudstones were also deformed by the faults and truncated by the
base of the Silurian (TS) (Fig. 8).

The upper structural layer includes the Silurian and Devonian strata
(TS-TC), which are mainly composed of clastic rocks. The strike-slip
faults generally exhibit negative flower structures in this structural
layer. In the seismic sections, two or more steep normal faults clamping
a graben converged at depth from the negative flower structures. These
shallow faults generally cut the Silurian (TS) and stopped in the Upper
Ordovician, which present a composite flower structure (Fig. 8). In some
cases, the shallow faults propagate downward and cut the top surface of
TOss, which destroys the deep anticlines and positive flower structures

(Fig. 8).

The strike-slip faults also displayed different distribution patterns at
different interfaces. Based on a detailed seismic interpretation, three
interfaces were selected to present the characteristics of the faults
(Fig. 6): the base of the Cambrian (T€;), the top of the Lower Paleozoic
carbonate rocks (TOs;s), and the base of the Silurian (TS).

The strike-slip faults are intermittent at the coherence slices of the
T€; interface. Notably, strike-slip faults were generally located at the
connective positions between the two thrust faults or the bends of thrust
faults (Fig. 6a). The major strike-slip faults at the interface of the TO3g
appear as linear structures, and are continuous. Subordinate faults
developed along major strike-slip faults. Some faults displayed linear
structures in the south and horsetail splays in the north (e.g., SF4 and
SF5) (Fig. 6b). The thrust faults were generally cut and sinistrally dis-
placed by the strike-slip faults (e.g., SF4, SF5 and SF8) (Fig. 6b). At the
TS interface, the normal faults in the upper structural layer appear in a
right-stepping en echelon arrangement along deep strike—slip faults. The
normal faults have large intersecting angles (—~45°) with major faults
and should be interpreted as T fractures, which were formed by the
sinistral displacement of the NE-striking basement faults (Tondi et al.,
2012) (Fig. 6¢).

4. Discussion
4.1. Timing of the deformation

Three periods of tectonic deformation were identified using the
structural characteristics and unconformities: the Middle Cambrian,
Late Ordovician, and Middle Silurian to Middle Devonian. The first
deformation occurred in the Middle Cambrian and was represented by
the deep thrust faults and the unconformity at the base of the Upper
Cambrian (Figs. 7 and 9). The strike-slip faults also record this defor-
mation through small anticlines and plastic deformation of the
Cambrian gypsum and salt layers (Figs. 8 and 9).

The second stage of deformation was represented by the major
Tazhong No. 1 and No. 2 thrust faults (Fig. 7). A significant unconfor-
mity appeared at the base of the Silurian strata (TS), suggesting that this
deformation occurred during the Late Ordovician. The growth strata
also developed in the uppermost part of the Ordovician, beside the
thrust faults and folds (Fig. 7a and 7c). The main strike-slip fault sur-
faces formed in this period and generated positive flower structures in
the Lower Paleozoic carbonate layers (Fig. 10). Regional deformation
and unconformities (Fig. 10) also developed on the top of the flower
structures. Stratigraphic and structural bodies are generally terminated
or displaced by fault traces on seismic slices (Nathan et al., 2014; John
et al,, 2015; Waldron et al., 2015). The Shunbei 5 strike-slip fault
(Fig. 1) is an arc-shaped major fault that extends more than 300 km in
the western part of the Shuntuo Low Uplift. In a small 3D seismic cube
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thrust faults are bow-shaped and extend subparallel in a NW-SE direction. The strike—slip faults are intermittent and generally develop in the connective positions
between the two thrust faults. (b) The major strike-slip faults appear as linear structures and are continuous at the interface of the TO3,. Subordinate faults developed
along major strike-slip faults. Some faults displayed linear structures in the south and horsetail splays in the north. (c) At the TS interface, the normal faults in the
upper structural layer are in a right-stepping en echelon arrangement along deep strike-slip faults.

near the Tazhong Uplift, the offsets on the horizontal time slices of
interface TE; reveal a dextral movement of the Shunbei 5 fault (Figs. 3
and 11). Meanwhile, at the interface of the TO3g, the offset of the seismic
events shows a sinistral movement (Fig. 11). The opposite kinematic
character of the strike-slip fault also corresponds to the two-phase
Middle Cambrian and Late Ordovician deformation.

The third deformation is represented by an arc-shaped fold-and-
thrust belt in the Tanggu Depression that runs parallel to the Cherchen
fault (Figs. 3 and 4b). The apparent unconformity before the Carbonif-
erous constrains the deformation that occurred during the

Silurian-Devonian (Fig. 4b). The NW-trending Tazhong No. 3 fault in
the Tazhong Uplift also corresponds to this deformation (Fig. 7b and 7e).
The en echelon-arranged normal faults along the strike-slip faults
formed in the Silurian-Devonian were generated during this deforma-
tion (Fig. 6¢ and 10). The growth index (Han et al., 2017) obtained from
the growth strata controlled by shallow normal faults indicates that they
were formed during the Middle Silurian to Middle Devonian (Fig. 10).
Recently, several calcite U-Pb dating ages of the cements of the
strike-slip faults have been published (Wu et al., 2021; Wang et al.,
2021). The ages range from the Middle Caledonian to the Late Hercynian
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Fig. 7. Thrust faults interpreted from 3D seismic profiles in the Tazhong Uplift showing an evident two-layered configuration. The deep thrust faults generally dip
steeply to the NE and terminate at the base of the Upper Cambrian, and the superficial thrust faults are represented by belts Tazhong No. 1, No. 2, No. 3, and No. 4.
See Fig. 6a for locations. T1: Tazhong No. 1 fault; T2: Tazhong No. 2 fault; T3: Tazhong No. 3 fault.

and have several peaks of 470-430 Ma, 380-350 Ma, and 310-260 Ma
(Wu et al., 2021; Wang et al., 2021). The calcite U-Pb ages thus record
the latter two periods of deformation that occurred in the Late Ordovi-
cian and Middle Silurian to Middle Devonian.

4.2. Structural evolution and formation mechanism of fault system

The formation process of the strike-slip faults has been widely
studied due to its control of hydrocarbon accumulation in the central
Tarim Basin (Li et al., 2013; Han et al., 2017; Deng et al., 2019; Qiu
et al., 2019; Sun et al., 2021; Yao et al., 2023). However, the structural
timing and evolution of these faults are still highly debated. Early-phase
scholars proposed that the strike—slip faults were formed during the

Silurian to Devonian periods (Li et al., 2013). The scholars considered
that the faults resulted from strong oblique compression from the Altyn
domain during the Hercynian orogeny (Wu et al., 2011; Ma et al., 2012;
Li et al., 2013). However, some authors have proposed that the NE-
trending sinistral strike-slip faults acted as conjugate Riedel shear (R')
of the major NW-striking dextral shear zone (Tazhong No. 1 and No. 4
faults) (Figs. 1 and 3), which formed during a large clockwise rotation
during the Devonian (Lan et al., 2015). Recently, based on the structural
analysis of the south margin of the Shuntuo Low Uplift, some authors (e.
g., Han et al., 2017) have proposed that the composite flower structure
of the strike-slip faults results from a two-stage deformation.

A detailed deformation process and structural evolution of the Taz-
hong Uplift are proposed in this study based on an integrated analysis of
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Fig. 8. Strike-slip faults interpreted from 3D seismic profile in the Tazhong Uplift. The strike-slip faults have multilayer structures and show different deformation
styles in the deep, middle, and upper structural layers. See Fig. 6b for locations from SF1 to SF5.
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Fig. 8. (continued).

thrust and strike-slip faults. In the multiple tectonic evolutions of the
Tarim Basin, a long-term extensional setting from the Precambrian to
the Middle Ordovician has been proposed (Jia, 1997). Several key events
occurred during this period. The Tarim Block was separated from the
Rodinia supercontinent, and paleo-oceans developed around the block
(Guo et al., 2005; Xu et al., 2013b). The Kudi Ocean opened between the
Tarim Block and the Western Kunlun Terrane (Mattern and Schneider,
2000). An ocean basin named the Qilian Ocean developed in the
southeast of the Tarim block, separating the Qaidam, Altyn Tagh, and
Eastern Kunlun terranes from the Tarim block (Yin et al., 2007). The
Kudi Ocean is connected to the Qilian Ocean and forms an open ocean in
the Early Paleozoic (Gehrels et al., 2003). Meanwhile, the Kunlun Ocean
opened further south of the Tarim Block (Fig. 15a) (Xiao et al., 2005).

10

The South Tianshan Ocean (Paleo-Asian Ocean) also gradually formed
(Xiao et al., 2008; Han et al., 2011) (Fig. 15a).

Under the proposed long-term extensional setting (Jia, 1997), Pre-
cambrian grabens or half-grabens controlled by normal faults devel-
oped, and thick Cambrian marine deposits formed. However, a notable
squeezing action occurred during the Middle Cambrian, which gener-
ated deep thrust faults in the Tazhong Uplift (Fig. 6a, 7, and 9). The deep
thrust faults generally have NE dips and a SW-bulging bow-shaped
planar distribution (Fig. 6a), suggesting that the compressional stress
pointed SW from the Shuntuo Low Uplift. The Middle Cambrian dextral
movement of the boundary of the Shunbei 5 fault in the western Taz-
hong Uplift is consistent with the direction of extrusion (Fig. 11). Based
on the continuous 3D seismic data, time thickness maps of Middle
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Fig. 9. Seismic profiles summarizing the Middle Cambrian deformation of the deep thrust faults and strike-slip faults. Fault-propagation folds developed in the
hanging wall of the thrust faults, and unconformities were generated at the base of the Upper Cambrian. The strike-slip faults generated small anticlines and plastic

deformation of the Cambrian gypsum and salt layers.

Cambrian (Fig. 12a) and Upper Cambrian (Fig. 12b) in the central Tarim
Basin were produced, which can reflect the ancient topography at the
end of the Early Cambrian (Fig. 12a) and at the end of Middle Cambrian
(Fig. 12b), respectively. The center of subsidence in the Middle
Cambrian was the Shuntuo Low Uplift and sedimentary grooves existed
in the Tabei Uplift (Fig. 12a). At the end of the Middle Cambrian, the
ancient topography changed significantly (Fig. 12b). The northeastern
part of the Tabei Uplift was upraised, which caused the sag in the
Shuntuo Low Uplift to extend in a NW-SE direction (Fig. 12b). In the NE-
trending seismic profile, the Lower and Middle Cambrian gradually
become thinner from the Shuntuo Low Uplift to the Tabei Uplift, which
indicates an uplift of the Tabei area and an erosion of the Middle
Cambrian (Fig. 13). Thus, the compressional stress was perpendicular to
the strike of the major structural alignment (Fig. 12b). This phenomenon
confirmed the Middle Cambrian deformation and the compressional
stress stemmed from the northeastern margin of the Tarim Block
(Fig. 12b).

It is significant that a close connection exists between thrust faults
and strike-slip faults during this Cambrian squeezing action. The
strike-slip faults developed at the connective positions and bends of the
thrust faults, which acted as accommodation faults (tear faults) (Fig. 6a).
In the horizontal time slices of interfaces of T€; of the Tazhong Uplift
(Fig. 14), the kinematic characteristics of the thrust and strike-slip faults
were clearly present. The strike-slip faults at the connective positions
and bends of the thrust faults have opposite kinematic characters,
proving the adjusted function of the strike-slip faults and the Middle
Cambrian compressional stress pointed to SW and from the Shuntuo Low
Uplift (Fig. 14). This phenomenon indicates that Cambrian compression
generated the embryonic form of the strike-slip faults (Fig. 15a). The
role of preexisting basement structures has been emphasized by previous
studies, which control the development of strike-slip faults (e.g., Yang
etal., 2013; Huang, 2014). However, there is no definite evidence in the
geological and seismic data of basement faults. In the aeromagnetic
map, NNE-striking negative and positive magnetic anomaly belts were
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identified in the southern area of the Tarim Block, which supports the
existence of basement structures in the Tazhong Uplift (Xu et al., 2005b;
He et al., 2011).

The Middle Cambrian squeezing action identified in this study
generated deep thrust faults and orthogonal weak zones to adjust the
differential deformation, which further formed NE-trending strike-slip
faults. The dynamic sources of this Cambrian deformation might be the
southward subduction of the South Tianshan Ocean under the Tarim
Block (Fig. 15a), coinciding with the subduction at 515-485 Ma pro-
posed in the adjacent Junggar Ocean (Xu et al., 2012, 2013a; Ren et al.,
2014). Further investigation into the dynamics is still needed, which is
beyond the scope of this study.

The Tarim Block experienced a stable continental margin and
depression in the Middle to Late Ordovician. The Manjiar Sag developed
during this period, in which thick Middle-Upper Ordovician carbonate
sediments were deposited (Fig. 2). Significant compressive deformation
occurred during the Late Ordovician, resulting in a large erosion of the
Upper Ordovician on the Tazhong Uplift. The south-dipping Tazhong
No. 1 and north-dipping Tazhong No. 4 faults constituted a large back-
thrust structure that controlled the overall shape of the Tazhong Uplift
(Fig. 4a). Growth strata developed alongside the uplift and high-angle
unconformity generated at the Silurian base (Fig. 7). During this
compressive deformation, the Tazhong Uplift may have been located at
the leading edge of the tectonic compression and absorbed most of the
shortening. The boundary Tazhong No. 1 and No. 4 faults might be
preexisting weak basement zones and control the generation of the
Tazhong Uplift. The compressional stress originated from the SSW di-
rection and was perpendicular to the strike of the boundary Tazhong No.
1 thrust fault. Deformation concentrated in the Tazhong Uplift during
this tectonic event. Under the control of the NE-striking basement weak
zones formed in the Middle Cambrian, the main fault surface and sub-
ordinate faults were generated in the carbonate rock strata and consti-
tuted positive flower structures (Figs. 8 and 15b). The strike-slip faults
generally have linear structures in the south and horsetail splays in the
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Fig. 10. Seismic profile showing three stages of deformation of the strike-slip fault. The Middle Cambrian and Late Ordovician deformation generated un-
conformities. The shallow en echelon-arranged normal faults controlled growth strata.

north, suggesting that the faults were restricted by the Tazhong No. 1
fault and propagated from the south to the north (Figs. 3 and 6b). The
sinistral movement of the boundary of the Shunbei 5 fault in the western
Tazhong Uplift also corresponds to a northward extrusion (Fig. 11). The
NE-trending strike—slip faults also present sinistral displacements under
the northward extrusion (Figs. 3, 6b, and 15b). These phenomena verify
that the compressional stress originated from the south of the Tarim
Block.

The subduction and closure of the Kudi Ocean might have occurred
in the Late Ordovician, which was recorded by ~ 460 Ma arc-related
granites (Sobel and Arnaud, 1999) and 453-428 Ma collision-related
mylonite (Wang, 2004). This collision of the Western Kunlun Terrane
should be the dynamic source of the Late Ordovician deformation in the
Tazhong Uplift (Fig. 15b).

From the Silurian to the Devonian, thick clastic rocks were deposited
in the Tarim Basin. Intense compression and thrusting occurred during
the Devonian period. The representative structures that occurred during
this compressive deformation were the intensive thrust fault system at
the southeastern end of the Tazhong Uplift (Figs. 1, 3, and 4b). These
faults have NEE strikes and are parallel to the structural alignment of
Altyn Mountain (Fig. 1). In seismic sections, these faults generally dip
steeply to the SE. The pre-Carboniferous strata were highly deformed
and generated fault-propagation folds. The Devonian, Silurian, and
some Upper Ordovician deposits were eroded and truncated by the base
of the Carboniferous (Fig. 4b).

All the structural characteristics indicate that deformation occurred
in the Devonian, and the compressional stress originated from the Altyn
Mountain at the SE edge of the Tarim Block. The subduction-related
high-pressure metamorphic rocks record a southward subduction of
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the Qilian Ocean, dated at 435 + 20 Ma (Sobel and Arnaud, 1999). The
metamorphic rocks and suture zone were intruded by Middle Devonian
A-type granites, suggesting that the closure of the ocean and collision in
the southeastern part of the Tarim Block occurred before the Middle
Devonian (Sobel and Arnaud, 1999). The Middle Devonian thrusting
was also an intensive deformation in the Tarim Basin (Jia, 1997; Wu
etal., 2012), which should have originated from this collision (Fig. 15c).
The intensive thrust faults in front of the Altyn Mountain absorbed the
most shortening, and the Tazhong Uplift experienced a remote effect
during this deformation. The SE part of the Tazhong Uplift was upraised,
and some Devonian and Silurian deposits were eroded (Fig. 5). During
the entire tilting of the Tazhong Uplift during the Devonian, the pre-
generated NE-striking strike-slip faults suffered large-angle oblique
compression. Oblique compression resulted in a small sinistral
displacement of the strike-slip faults and induced en echelon normal
faults in the Silurian to Devonian clastic rock layers (Fig. 6¢, 8, and 10).
Thus, the strikes of the normal faults were parallel to the compressional
stress (Fig. 15¢). The growth strata controlled by shallow normal faults
indicate that they were formed during the Middle Silurian to Middle
Devonian (Han et al., 2017), coinciding with the thrust faults in front of
the Altyn Mountain (Fig. 1b). In this deformation, the NW-striking thrust
faults in the Tazhong Uplift might have generated transpressional
movements, which were represented by the steep Tazhong No. 3 fault
(Figs. 4 and 7).

4.3. Implications for hydrocarbon accumulation

Recent petroleum exploration suggests that strike—slip faults around
the Manjiar Sag are significant for hydrocarbon accumulation in the
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Fig. 11. Horizontal time slices of interfaces of TE; and TO3, showing opposite kinematic character of the Shunbei 5 strike—slip fault. See Fig. 3 for location.

Tarim Basin (Lu et al., 2017; Wu et al., 2020; Yang et al., 2022; Zhou
et al., 2013). Hundreds of highly productive oil wells were drilled along
the strike-slip faults. Several oil fields, such as the Tahe, Shunbei, and
Fuman oil fields, have been constructed based on petroleum develop-
ment along strike-slip faults. The producing oil strata are found in the
Upper Ordovician carbonate beds in the Yijianfang and Yingshan for-
mations (Lan et al., 2015) (Fig. 16). The solution-fracture reservoir is the
most favorable reservoir type and is formed by the movements of
strike-slip faults (Lu et al., 2017; Wu et al., 2020). The oil-source cor-
relation indicates that the dark mudstones of the Lower Cambrian
Yuertusi Formation are the most effective source rocks in the central
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Tarim Basin (Yang et al., 2022). The Yuertusi Formation is known to be
the deepest source rock layer, which is covered by Middle Cambrian
gypsum and salt layers (Fig. 16). The steep strike-slip faults formed the
oil-source channels and connected the deep source rocks with the
Ordovician carbonate rock layers in the central Tarim Basin. The
strike-slip faults were both the oil-source channels and oil-gas accu-
mulation places, which play a key role in hydrocarbon accumulation
(Fig. 16).

The three stages of deformation identified in this study have played
different roles in hydrocarbon accumulation on strike—slip faults. The
Middle Cambrian deformation formed deep weak zones and established
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Fig. 12. Time thickness map of the Middle Cambrian (a) and Upper Cambrian (b) in the central Tarim Basin. The center of subsidence in the Middle Cambrian was
the Shuntuo Low Uplift and sedimentary grooves existed in the Tabei Uplift. At the end of the Middle Cambrian, the northeastern part of the Tabei Uplift was upraised

and caused the sag in the Shuntuo Low Uplift to extend in a NW-SE direction. The compressional stress was perpendicular to the strike of the major struc-
tural alignment.

TWT/S

Fig. 13. NE-trending seismic profile suggesting the Lower and Middle Cambrian gradually becomes thinner from the Shuntuo Low Uplift to the Tabei Uplift.

14



%]

Chen et al.

Journal of Asian Earth Sciences 265 (2024) 106086

e,

0 10 20 km
e —

Thrust
faults

Initial strike-slip
faults

Fig. 14. Horizontal time slices of interfaces of T€, of the Tazhong Uplift showing the kinematic characteristics of the thrust and strike-slip faults. The strike-slip
faults at the connective positions and bends of the thrust faults have opposite kinematic characters.

the foundation for the strike-slip faults. The weak zones cut through
deep formations, especially the Middle Cambrian gypsum and salt
layers, and created channels for hydrocarbon migration (Fig. 16). The
deformation during the Late Ordovician generated the major fault sur-
face and subordinate branches of the strike-slip faults. The faults
destroyed Late Cambrian and Ordovician carbonate rocks and formed
damage zones along them (Lan et al., 2015; Wu et al., 2020) (Fig. 16).
The faults also formed major channels of surface water that penetrated
and washed the damage zones. High-quality solution-fracture reservoirs
were thus generated (Fig. 16). The strike-slip faults were covered by
Silurian to Devonian clastic rocks after deformation in the Late Ordo-
vician. The deformation in the Middle Devonian resulted in minor-scale
reactivation of the strike-slip faults and the formation of shallow en
echelon normal faults. The Devonian was suggested to be a major hy-
drocarbon expulsion stage of the Cambrian source rocks (Yang et al.,
2022). Reactivation of the strike-slip faults facilitated the migration of
oil and gas along the fault into the Ordovician reservoirs. However, if the
shallow normal fault cuts through the Ordovician reservoirs, the oil field
might be damaged, and oil and gas may leak along the faults (Fig. 16).
Therefore, high-productivity wells are generally located on sections that
have good oil-source channels in the deep structural layer, wide frac-
tured zones in the middle structural layer, and weak en echelon faults in
the upper structural layer. Three high-productivity wells and two failed
wells were selected for a comparative study (Fig. 17). All the strike—slip
faults holding the high-productivity wells experienced early-stage
Cambrian deformation and had wide flower structures in the Ordovi-
cian carbonate rock. At the same time, the shallow en echelon normal
faults float on top of the thick Upper Ordovician to Devonian clastic rock
strata (Fig. 17). Meanwhile, the section where the failed wells were
located showed weak deformation in the deep structural layer, and the
shallow normal fault cut through the Ordovician reservoirs (Fig. 17).

5. Conclusions

Three stages of tectonic deformation in the Paleozoic were identified
in the Tazhong Uplift. The first deformation occurred in the Middle
Cambrian, and generated compressional stress pointing to the SW from
the northeastern part of the Tarim Basin. The second deformation
occurred in the Late Ordovician, and originated from the collision be-
tween the Western Kunlun Terrane and the Tarim Block. This collision
formed compressional stress from the SW direction of the Tazhong Up-
lift. The closure of the Qilian Ocean in the southeast part of the Tarim
Block in the Middle Silurian to Middle Devonian resulted in the third
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deformation.

The thrust and strike-slip faults corresponding to multistage defor-
mation are closely related. The Middle Cambrian deformation generated
deep thrust faults in the Tazhong Uplift. Weak zones developed at the
connective positions and bends of the Cambrian deep thrust faults as
accommodation faults (tear faults), which further formed NE-trending
strike-slip faults. Late Ordovician compression generated the NW-
trending major thrust faults and major shape of the Tazhong Uplift.
Under the control of the NE-striking basement weak zones that formed
in the Middle Cambrian, the main strike-slip fault surface and subor-
dinate faults were generated and constituted flower structures. The
Middle Silurian to Middle Devonian compressive deformation formed
intensive NEE-trending thrust faults in the southeast of the Tazhong
Uplift. The Tazhong Uplift was upraised, and the pre-generated NE-
striking strike-slip faults suffered a large-angle oblique compression,
which caused shallow en echelon normal faults.

The three stages of deformation played different roles in hydrocar-
bon accumulation resulting from strike-slip faults. The Middle
Cambrian faults created oil source channels for hydrocarbon migration.
The Late Ordovician deformation formed damage zones in the Ordovi-
cian carbonate rocks and controlled solution-fracture reservoirs. Reac-
tivation of the strike-slip faults in the Middle Devonian facilitated the
migration of oil and gas along the fault into the Ordovician reservoirs.
The strike-slip faults holding the high-productivity wells generally
experienced early-stage Cambrian deformation, had wide fracture zones
in the Ordovician carbonate rock strata, and exhibited weak en echelon
faults in the upper structural layer.
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Fig. 15. Schematic geodynamic models showing the evolution of the fault system in the Tazhong Uplift. (a) Middle Cambrian: NE-trending weak zones developed at
the connective positions and bends of the deep thrust faults as accommodation faults. (b) Late Ordovician: the deformation concentrated in the NW-trending thrust
faults and the Tazhong Uplift was formed. Under the control of the NE-striking basement weak zones formed in the Middle Cambrian, the main fault surface and
subordinate faults generated in the Paleozoic carbonate rock strata. (c) Middle Devonian: the thrust faults have NEE strikes in the SE part of the Tazhong Uplift that
absorbed most shortening and the Tazhong Uplift suffered a remote effect and was upraised. The pre-generated NE-striking strike-slip faults suffered a large-angle
oblique compression, resulting in a small sinistral displacement that induced the development of en echelon normal faults in the shallow clastic rock layers.
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Fig. 17. Structural comparison of the high-productivity wells and failed wells. The strike-slip faults holding the high-productivity wells generally experienced early-
stage Cambrian deformation, had wide fracture zones in the Ordovician carbonate rock strata, and exhibited weak en echelon faults in the upper structural layer.
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