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Strike-slip deformation belts are interesting structures in the crust and are of significance in
petroleum exploration. The Shunbei 5 fault belt (SB5), a long strike-slip deformation belt in
the Tarim Basin, played an important role in the formation of a recently discovered major
oilfield known as the Shunbei oilfield. In this study, models of plan view and vertical profile
were established to interpret SB5 with multi-cycled tectonic activities. To this end, its
structural framework, tectonic evolution, and associated plate tectonics were investigated
using 2D and 3D seismic data. SB5 was formed as a dextral simple shear belt at the end of
the Middle Ordovician. In the plan view, R-shears and P-shears with local transpressional
and transtensional structures were observed. Along the vertical profiles, various structural
styles occurred at various depths and strata in response to various stratigraphy
mechanisms. Although these structures show clear boundaries between them, they
correspond to the same formation time, indicating that they underwent deformation
simultaneously. The second activity of SB5 occurred at the end of the late Ordovician,
during which it was a dextral transtensional strike-slip deformation belt consisting of left-
stepping en echelon R-shears. The R-shears were transtensional during the progressive
deformation. Subsequently, SB5 underwent several strike slips of weak strength. Notably,
SB5 cut through a deep Middle Cambrian gypsum salt layer and connected the deep
Lower Cambrian source rock with deep Lower and Middle Ordovician carbonates to form
the oil and gas reservoirs. The established models are of reference value in the
interpretation of other subsurface strike-slip deformation belts.
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INTRODUCTION

Strike-slip faults are an important tectonic feature in nature. A
strike-slip deformation belt commonly consists of various
structures with different mechanics, such as normal faults,
shear faults, and reverse faults or folds (Riedel, 1929;
Chinnery, 1963; Wilcox et al., 1973; Sylvester, 1988). These
structures can form petroleum traps in a basin. Moreover,
strike-slip faults may cut deep below the surface to form
petroleum migration pathways. Therefore, strike-slipping
structures are of important significance in petroleum
exploration (Lowell, 1985; Allen and Allen, 2013; Chen et al.,
2018; El Ghamry et al., 2020).

In recent years, the China Petroleum and Chemical
Corporation (Sinopec) discovered a major oilfield known as
the Shunbei oilfield around the Shunbei 5 well in the middle
west of the Tarim basin (Figure 1). The oil and gas reservoirs exist
in Lower and Middle Ordovician carbonates, unevenly
distributed along faults at depths exceeding 7,000 m (Cao
et al., 2020). Its total resource is estimated at 17 × 108 t, of
which oil and gas account for 12 × 108 t and 5,000 × 108 m3,
respectively (Jiao, 2018). The reservoirs are fractures and caves

and are characterized by ultra-depth, and ultra-high pressure and
temperature.

The formation of the Shunbei oilfield is related to the Shunbei
5 strike-slip deformation belt (SB5). The strike-slip faults in this
belt connected the deep Lower Cambrian source rock with the
Ordovician carbonates. The complex structural framework of SB5
determined the uneven distribution of oil and gas along the fault
(Cao et al., 2020). However, the interpretation of the structural
framework of SB5 is debatable (Deng et al., 2018; Li et al., 2019;
Liu, 2020; Wang et al., 2020). The active time of SB5 is difficult to
determine and its formation mechanism is not clear. U-Pb
isotopic dating of calcite in fractures in Ordovician Carbonate
rocks indicated that the formation of SB5 began at the end of the
Middle Ordovician (Wu et al., 2020). However, according to
seismic data, the formation time of strike-slip faults in the Tabei
and Tazhong uplifts was in the late Ordovician and the strike-slip
faults in the Tazhong uplift formed earlier than those in the Tabei
uplift (Wu et al., 2012; Zhen et al., 2015; Han et al., 2017; Deng
et al., 2018; Wu et al., 2018; Huang, 2019).

In this study, models were constructed to determine the
kinematic types and analyze the plane structural framework of
strike-slip deformation belts from the perspective of structural

FIGURE 1 | Plate tectonics and tectonic units of the Tarim Plate (Basin).

Frontiers in Earth Science | www.frontiersin.org September 2021 | Volume 9 | Article 7550502

Yuan et al. Shunbei 5 Strike-Slip Deformation Belt

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


geology theory. Indicators for identifying the formation time of
strike-slip faults in the vertical profile and plan view were initially
established. Based on these models and indicators, the structural
framework and formation time of SB5 were interpreted.
Integrating plate tectonics, the formation mechanism of SB5
was discussed and its significance in petroleum geology was
addressed. The presented formation mechanisms of the strike-
slip faults can provide guidance for the exploration of the Shunbei
oilfield and contribute to better understanding of global strike-
slip faults.

GEOLOGICAL SETTING

The Tarim Basin is located in the Xinjiang Uygur Autonomous
Region of China, with an area of 56 × 104 km2. It is situated on the
Tarim plate and is surrounded by mountains such as the Tianshan
mountains to the north, Kunlun mountains to the south, and
Altyn-Tagh mountains to the southeast (Figure 1). SB5 is located
in the central Tarim Basin, across the Tazhong Uplift, Awati
Depression, and Tabei Uplift (Figure 2).

The sedimentary cover includes Nanhua, Sinian, Paleozoic,
Mesozoic, and Cenozoic sediments (Figure 3). The late
Proterozoic Nanhua system comprises continental rift
sediments; the rift occurred during the breakup of the Rodinia
supercontinent (Wu L. et al., 2016; Shi et al., 2016; Ren et al., 2018;
Shi et al., 2018). During the Sinian, the Tarim Basin entered a
thermal depression with the deposition of cold climate marine
and ice ocean carbonates, clastic rocks, and moraine and volcanic
clastic rocks (Deng et al., 2019).

During the Cambrian, the south and north margins were passive
margins, and the inner basin was a successive basin with marine
carbonates, mudstone, gypsum salt rocks, and siliceous mudstone.
The marine carbonate sedimentation continued to the end of the
Middle Ordovician when the first episode of the Caledonian
movement occurred (Han et al., 2021). During the Upper
Ordovician, marine clastic sediments with thick mudstone were
deposited, developing suitable cap rocks (Lu et al., 2015). During the
Silurian, marine clastic sediments were deposited. The late
Caledonian movement at the end of the late Ordovician and the

early Hercynian movement caused regional unconformity between
the Silurian and Upper Devonian (Figure 3).

From the late Devonian to the Triassic, the tectonic regime of
the Tarim Basin changed into margin subduction and collision
with interactive marine and terrestrial deposits. The Upper
Devonian and Carboniferous strata comprise marine clastic
rocks. The Permian and Triassic strata comprise terrestrial
clastic rocks and volcanic rocks (Figure 3). The Middle
Hercynian movement occurred at the end of the
Carboniferous, the late Hercynian movement at the end of the
Permian, and the Indochina movement at the end of the Triassic.

From the Jurassic to the Oligocene, the Tarim Basin
experienced inner plate tectonics after collision, with the
deposition of terrestrial clastic rocks and gypsum salt rocks
(Figure 3). The middle Yanshanian movement occurred at the
end of the Jurassic, the late Yanshanian movement at the end of
the Cretaceous, and the early Himalayan movement at the end of
the Paleogene.

In the Neogene, the Tarim basin was a reactive foreland basin,
with the deposition of terrestrial clastic rocks and gypsum salt rocks.

The Tarim Basin is rich in oil and gas resources, with
estimated oil reserves of 59.94 × 108 t (Zhou et al., 2005),
ordinary gas reserves of 117398.96 × 108 m3, and non-
ordinary gas reserves of 3 × 1012 m3 (Zhou et al., 2005;
Huang, 2019). Through extensive exploration works covering
more than 30 years, the source rocks, structural styles, trap types,
and reservoir model have been well established in three
hydrocarbon-bearing systems, the Kuqa depression, platform
basin area, and the southwest depression (Du et al., 2019).

DATA AND METHODOLOGY

The Shunbei-5 strike-slip deformation belt and its related structures
were determined based on 2D and 3D seismic data provided by
Sinopec between 2009 and 2016 (Figure 2). The geochronologic
calibration of the seismic reflectors was performed by the Institute of
Exploration and Development and Northwest Petroleum Bureau,
Sinopec. The seismic data were interpreted in OpenWorks
(Halliburton Landmark). Seismic coherence slices were used to

FIGURE 2 | 2D Seismic profile showing some tectonic units of the Tarim Basin. (N + Q)-Neogene and Quaternary, E-Paleogene, (J + K)-Jurassic and Cretaceous,
T-Triassic, (D3 + C + P)-Upper Devonian and Carboniferous and Permian, (S + D1-2)-Silurian and Lower and Upper Devonian, O3-Upper Ordovician, O1-2-Lower and
Middle Ordovician, Cam3-Upper Cambrian, Cam1-2-Lower and Middle Cambrian, Z-Sinian
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identify the individual fault segments (Bahorich and Farmer, 1995).
The coherence slices of surface T7

0 (stratigraphic boundary between
the Kepingtage and Sangtamu Formations) and T7

4 (stratigraphic

boundary between the Upper Ordovician and Middle Ordovician)
were used to analyze the structural characteristics of faults and fault
combinations.

FIGURE 3 |Generalized stratigraphy of the Shunbei 5 strike-slip deformation belt in Tarim Basin (Modified after Lu et al., 2015; Deng et al., 2019; Han et al., 2021).
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A strike-slip deformation belt has various types of structures
(Allen and Allen, 2013). Here, a composite strike-slip deformation
belt is defined as a large-scale strike-slip deformation belt with
multiphase activities, various mechanics, and directional structures
both superposing in vertical sections and arraying in maps. Based on
physical modeling of a wrench zone, en echelon tensional fractures
(T-fracture) and shear fractures were identified (Riedel, 1929).
Synthetic shears (R-shears) and antithetic shears (R’-shears) were
defined as Riedel shears (Skempton, 1966; Hills, 2012). Other
secondary structures in a wrench zone include P-shears, Y-shears,
and convergent structures such as folds and reverse faults (Harding,
1974; Schreurs, 1994; Xu et al., 2017; Chen, 2020b; Chen, 2020a).
Applying these methods and theories, the formation time and
formation mechanism of SB5 were determined.

STRUCTURAL FRAME WORK OF THE
SHUNBEI 5 STRIKE-SLIP DEFORMATION
BELT
The Shunbei 5 strike-slip formation belt (SB5) is located in the
central part of the Tarim basin (Figure 1). In this study, emphasis
was placed on the central part of SB5.

Usually, the wrench direction of a subsurface strike-slip
deformation belt is determined by the arraying styles of faults
(Figure 4; Ghosh and Chattopadhyay, 2008). Both right-stepping
tensional faults and right-stepping R-shear faults indicate a
sinistral strike-slip fault (Figures 4A,C). Both left-stepping
tensional faults and left-stepping R-shear faults indicate a
dextral strike-slip fault (Figures 4B,D). Regarding SB5, in the
T7

0 reflector, the faults array in a right-stepping en echelon belt
(Figures 5A,B, 6A,B. The echelon angles of the faults generally
range from 14° to 35°, with some at 44° ± 5° (Figures 6A,B). Along
the vertical profiles, the faults appear to be normal faults
(T-fracture) (Figure 7, Figure 8). Considering Figures 4B,D,
these faults were deduced to be R-shears, and they indicate a
dextral transtensional strike-slip fault. In the T7

4 reflector, the
faults array in complex patterns (Figures 5C,D, 6C,D). The
echelon angles of the faults generally range from 16° to 32°

(counterclockwise), and from 9° to 12° (clockwise), with some
at 43° (Figures 6C,D), corresponding to R-shears, P-shears, and
several spreading branches of R-shears, respectively (Figures 4B,
5). Nevertheless, these faults present the characteristics of dextral
strike-slip faults on the coherence slices of surface T7

4,
accompanied by alternating transtensional and
compression zones.

FIGURE 4 |Wrench directions and fault arraying types. (A) Right-stepping tensional faults indicating a sinistral strike-slip fault system, (B) Left-stepping tensional
faults indicating a dextral strike-slip fault, (C) Right-stepping R-shear faults indicating a sinistral strike-slip fault system, (D) Left-stepping R-shear faults indicating a
dextral strike-slip fault system. α is the angle between the direction of principal displacement zone and the T fracture, and β is the angle between the direction of principal
displacement zone and R-shears.
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Although strike-slip deformation belts are complex, those with
a small slip distance would have a simple structure. In general, the
fault mechanics of strike-slip deformation belts are determined by
the mechanical properties of the rocks (Chen, 2020b). These

faults can form various structural assemblages along the
horizontal plane. Figure 9 shows a dextral simple shear with a
small slip distance as an example. Both physical modeling and
numerical simulations such as PFC calculation indicate that

FIGURE 5 | 3D coherence slice of the Shunbei 5 strike-slip deformation belt (SB5). (A) T7
0 reflector indicating the bottom of the Silurian, (B) Fault interpretation of a,

(C) T7
4 reflector indicating the bottom of the Upper Ordovician, (D) Fault interpretation of c.
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R-shears commonly occur earlier, followed by P-shears and
Y-shears (Cho et al., 2008). Y-shears occur parallel to the main
displacement zone, such as P1 and P11 in Figure 9. P-shears
occur in the oversteps of R-shears, being the boundaries of
convergent bends such as P3. Central parts of R-shears appear
to be transtensional, such as P2. Direct slip will occur at the
transitional zone between R-shears and P-shears, such as P7.
In SB5, transpressional structures formed at the oversteps
(Figure 5D). Transpressional structures are characterized by
reverse faults or folds in seismic profiles, as shown in Figures
7A,C,E,G,I–K. Transtensional structures formed in the central
part of the R-shears (Figure 6). Transtensional structures are
characterized by normal faults or grabens in seismic profiles, as
shown in Figures 7B,F,H. Parallel normal faults were observed
in the T74 reflector along an R-shear (Figures 6D, 9). The fault
arraying patterns were identical to those shown in Figure 4. A
total of eight transpressional zones and five transtensional
zones were identified in SB5, alternating with each other.

TIME AND MECHANISM OF THE SHUNBEI
5 STRIKE-SLIP DEFORMATION BELT

Due to the differences in the thicknesses and mechanical
properties of rocks, various structural assemblages may
superpose on vertical sections to form composite superposition
relationships. Consequently, the formation time of wrench
formation becomes difficult to determine. Although structural
assemblages on vertical sections are very complex, the wrench
time can be determined from the strata cut by the strike-slip
faults. As strata mechanics and rock thicknesses vary, the same
tectonic movement may lead to different structural styles in
various strata. In other words, various strata may exhibit
different structures along the vertical profile. As shown in
Figure 10A, these structures have clear boundaries between
them, but these were correspond to the same formation time.
A1 is a superposition of a compressive structure (e.g., a fold)
overlain by extensive structures (e.g., normal faults), A2 a

FIGURE 6 | Strike-weighted rose diagrams for each fault set in the bottom of the Silurian (T7
0) and the bottom of the Upper Ordovician (T7

4). (A) The north segment
of SB5 in T7

0; (B) The south segment of SB5 in T7
0; (C) The north segment of SB5 in T7

4; (D) The south segment of SB5 in T7
4. PDZ � principal displacement zone. The

boundary between the northern and southern segments of SB5 is the turning pint of SB5 in Figure 5B.
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superposition of normal faults overlain by a compressive fold, A3
a superposition of normal faults overlain by other normal faults,
and A4 a superposition of a compressive fold overlain by other
compressive fold and reverse faults. If various structures with
different mechanical properties occur in a layer boundary, they
correspond to two tectonic movements (Figure 10B). B1 is a
superposition of first reverse faults interspersed by secondary
normal faults, B2 a superposition of first normal faults
interspersed by secondary reverse faults, B3 a superposition of

first normal faults interspersed by other secondary normal faults,
and B4 a superposition of first reverse faults interspersed by other
secondary reverse faults.

The formation time should be determined based on the strata cut by
wrench related faults, unconformities, and arraying patterns of the
wrench related structures. In Figures 7, 8, each profile exhibits different
structural styles from deep to shallow areas. Through the superposition
of structures from the T9

0 and T7
4 reflectors, the following patterns

could be identified: transpressional–transtensional–transpressional

FIGURE 7 | 3D seismic profiles of the Shunbei 5 strike-slip deformation belt (SB5) (see Figure 6 for locations).
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(Figure 7A), transpressional–transtensional (Figure 7B),
transpressional–transpressional (Figure 7C),
transtensional–transtensional (Figure 7D),
transpressional–transtensional–transpressional (Figure 7E),
transtensional (Figure 7F), transtensional–transpressional
(Figure 7G), transpressional–transtensional (Figure 7H),
transtensional–transpressional (Figure 7I), transpressional–
transpressional (Figure 7J), and transtensional–transpressional
(Figure 7K). Regarding Figure 8, the superposition reveals a
transtensional shear. These structures were delimited by layer
beddings, and referring to Figure 10A, they were deduced to be
formed at the end of theMiddle Ordovician. This time is identical to
the age of the first periodic calcite vein in fractures (Wu et al., 2020;
Wang et al., 2021). Except for the transpressional structures in
Figures 7C,E, the structures in the T7

0 reflector were mostly
transtensional zones, appearing as en echelon patterns on the
plan view (Figure 5B) and normal faults in vertical profiles
(Figures 7, 8). The normal faults cut into the T7

4 reflector, and
referring to Figure 10B, their formation time was found to be
different, which is the end of the Ordovician. This time is identical
with the age of another penetrative calcite vein in fractures (Yang
et al., 2020). As mentioned above, SB5 underwent several times of
activities after the two times of activities (Figures 2, 7, 8).

The formation of the SB5 strike-slip fault is related to plate
tectonics around the Tarim Plate (basin). The activity at the end
of the Middle Ordovician was caused by the near N-S
compression, which is related to the closing of the Proto-
Tethys Ocean (Wu et al., 2020), during which the SB5 strike-
slip fault was a simple shear belt. The activity at the end of the late
Ordovician is related to the southward subduction of the
Northern Kunlun Ocean, the northwestward subduction of the
Altyn Ocean and the southward subduction of the Northeast
Tianshan-Junggar Ocean (Wu G. H. et al., 2016; Wu et al., 2020),
during which the SB5 strike-slip fault was a transtensional zone.
From the Silurian to Middle Devonian, the east Kunlun-Qaidam
Plate and middle Kunlun terrain attached to the Tarim Plate,

causing the closing of the Altyn Ocean and the Northern Kunlun
Ocean, respectively. At the end of the Permian, the north
Tianshan-Junggar Ocean and the south Tianshan Ocean
closed, making the Tarim Plate become a part of the Eurasian
Plate. At the same time, the southern part of the Tarim Plate
changed from a passive margin into an active margin with
volcanic arcs. Collisions occurred between the Tianshuihai
terrain and the Tarim Plate, and between the Qiangtang
terrain and the Eurasian Plate in the early Triassic and at the
end of the Triassic, respectively (Hendrix et al., 1992; Graham
et al., 1993; Pan et al., 1997). In the Jurassic, the Tethys Ocean
Plate was subducted beneath the Qiangtang Plate. With the Lasa
collision (140–125 Ma), the Lasa Plate attached to the Qiangtang
Plate. In the late Cretaceous, the Kexisitan Plate collided the Lasa
Plate at the southwest part (Hendrix et al., 1992; Graham et al.,
1993), causing local erosion. The Himalayan collision occurred in
the middle-late Cenozoic (45 Ma), attaching the Indian Plate to
the Eurasian plate and closing the Tethys Ocean. This collision
caused an extensive N-S compression.

CONTROL OF THE SHUNBEI
5 STRIKE-SLIP DEFORMATION BELT ON
THE FORMATION OF THE OIL RESERVOIR
The SB5 reservoir is a typical reservoir with a total oil production
of 2.86 × 104 t (Figure 11).

FIGURE 8 | 3D seismic profile of a transtensional part of an R-shear (see
Figure 6 for location).

FIGURE 9 | Structures in a dextral strike-slip fault deformation belt with
one-time activity and a small strike-slip distance.
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Although there are four sets of source rocks in the Tarim basin,
source analysis proved that the oil and gas in the Shunbei oilfield
are contained in the source rock at the bottom of the Cambrian
strata (Song et al., 2016; Gao et al., 2018; Ma et al., 2018; Gu et al.,
2020; Chen et al., 2021). Analyses of the physical and geochemical
properties and fluid inclusions in rocks indicate that the time of
the first hydrocarbon charging in the Shunbei oilfield was in the
late Silurian, following which several charging events might have
occurred (Wang et al., 2019; Cao et al., 2020; Wang et al., 2020).
The time of the first hydrocarbon charging agrees with the
hydrocarbon expulsion peak in the Tarim Basin (Wang et al.,
2020).

The reservoir lies in the Middle Ordovician stratum overlain
by Upper Ordovician marl and mudstone, which serve as the cap
rocks (Figure 11). The source rock is the base of the Lower
Cambrian. The Middle Cambrian includes gypsum and salt rock
formations, which are suitable cap rocks (Chen et al., 2021). SB5
played an important role both in the hydrocarbonmigration from
the Cambrian source rock to the reservoir and in the formation of
the Ordovician reservoirs. Firstly, a strike-slip fault can cut deep

to connect deep source rocks with shallow reservoirs. Normal
faults and thrust faults may cut along a detachment, similar to salt
layers, but they cannot penetrate deep source rocks. A typical
strike-slip fault alternates between transtensional and
transpressional areas; the former provide suitable migration
paths and the latter form suitable traps. Transtensional areas
have been found to offer higher oil output per unit pressure drop
than transpressional areas (Liu, 2020). Secondly, wrenching
improves the porosity and permeability of rocks. In the
Shunbei oilfield, the accumulation spaces are fractures and
caves; the former is related to the wrenching and the latter is
related to carbonate rock corrosion along the strike-slip faults
(Jiao, 2018; Qi, 2019; Lv et al., 2021).

CONCLUSION

The Shunbei 5 strike-slip deformation belt (SB5) of the
Shunbei area of the central Tarim Basin is an important
intracratonic strike-slip fault system with high potential for

FIGURE 10 | Possible vertical superposition of wrench related structures in various strata. (A) Structures formed in one movement, (B) Structures formed in two
movements; Ml1-Mechanical layer 1, Ml2-Mechanical layer 2, FS-First time structure, SS-Second time structure
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oil and gas exploration. Based on detailed structure
characterization and geometric analysis, the tectonic
architecture and structural evolution of SB5 were
determined and proposed, respectively. Moreover, the
control of the strike-slip deformation belt on the formation
of oil and gas reservoirs is discussed. The main findings can be
summarized as follows:

1) The Shunbei 5 strike-slip deformation belt (SB5) was
formed at the end of the Middle Ordovician with the
closing of the proto-Tethys Ocean, during which it was a
dextral parallel strike-slip fault belt comprising R-shears
and P-shears. In the plan view, transpressional and
transtensional structures are alternately arranged.
Along the vertical profile, the lithological strata exhibit
different structural styles, attributable to the varying
mechanisms.

At the end of the late Ordovician, SB5 was affected by the
southward subduction of the Northern Kunlun Ocean, the

northwestward subduction of the Altyn Ocean, and the
southward subduction of the Northeast Tianshan-Junggar
Ocean, during which it was a transtensional dextral strike-
slip fault belt. The structures were left-stepping R-shears with
transextension in the progressive deformation.

2) SB5 cut through the Middle Cambrian gypsum salt layer to
connect the Lower Cambrian source rock with the Ordovician
reservoirs, leading to the formation of the oil and gas
reservoirs of the Shunbei oilfield.

3) A simple shear strike-slip deformation belt with a small
displacement may consist mainly of R-shears. The
oversteps may include transpressional structures with
P-shears. Outside the oversteps, the main structures
may be transtensional. Moreover, the transition of the
R-shears and P-shears may exhibit a parallel pattern.
Even with one tectonic movement, various rocks may
exhibit various structures with different mechanical
properties according to differences in their mechanical
properties. This finding may facilitate a deeper

FIGURE 11 | Reservoir modeling (A) and vertical profile (B) of the Shunbei 5 reservoir.
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understanding of other strike-slip deformation belts
around the world.
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