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Abstract: Vertical differential structural deformation (VDSD), one of the most significant structural characteristics of strike
-slip fault zones (SSFZs) in the Shunbei area, is crucial for understanding deformation in the SSFZ and its hydrocarbon
accumulation significance. Based on drilling data and high-precision 3-D seismic data, we analyzed the geometric and
kinematic characteristics of the SSFZs in the Shunbei area. Coupled with the stratification of the rock mechanism, the
structural deformations of these SSFZs in different formations were differentiated and divided into four deformation layers.
According to comprehensive structural interpretations and comparisons, three integrated 3-D structural models could
describe the VDSD of these SSFZs. The time-space coupling of the material basis (rock mechanism stratification), changing
dynamic conditions (e.g., changing stress-strain states), and special deformation mechanism of the en echelon normal fault
array uniformly controlled the formation of the VDSD in the SSFZs of the Shunbei area. The VDSD of the SSFZs in this
area controlled the entire hydrocarbon accumulation process. Multi-stage structural superimposing deformation influenced
the hydrocarbon migration, accumulation, distribution, preservation, and secondary adjustments.
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1 Introduction
Vertical differential structural deformation (VDSD) is a
common phenomenon in various structural environments,
such as extension-compression linked structural systems
in passive continental margins (Galloway, 2008;
Choudhuri et al., 2011; Peel, 2014; Hudec and Jackson,
2017) and fold-and-thrust belts at the center or boundary
of sedimentary basins (Huang et al., 2021). In these cases,
gypsum, salt, or overpressure shale/mudstone always play
roles as detachment layers, which are decisive for the
formation of VDSD. Recently, VDSD has also been
discovered in strike-slip fault zones (SSFZs) in the
Shunbei area, central Tarim Basin (Deng et al., 2019a,
2021).
With the oil and gas exploration and development of
SSFZs in the Shunbei and adjacent areas, research on the
structural characteristics and hydrocarbon significance of
these SSFZs has attracted increasing attention (Qi, 2016,
2021; Jiao, 2017, 2018; Han et al., 2017, 2020; Deng et
al., 2018, 2019a, b, 2021; Cao et al., 2020; Wang et al.,
2020a; Sun et al., 2021; Yun, 2021; Shen et al., 2022).
* Corresponding author. E-mail: hedengfa282@263.net

Studies have shown that deep sections of these SSFZs are
characterized by steep strike-slip faults and flower
structures, upon which en echelon normal faults or
grabens are superimposed (Han et al., 2017, 2020; Deng et
al., 2018, 2019a, b, 2021; Wang et al., 2020b; Sun et al.,
2021; Shen et al., 2022). The Shunbei No. 5 SSFZ, for
example, is composed of four deformation layers and the
Middle Cambrian gypsum-bearing formation was regarded
as one of the reasons for the occurrence of VDSD.
However, the en echelon normal fault that developed in
the Carboniferous was not considered a component of the
VDSD (Han et al., 2021a). For the genesis of VDSD,
researchers have also concluded that it resulted from the
stratification of the rock mechanisms and multi-stage
structural deformation (Han et al., 2021a; Sun et al.,
2021).
Although a series of studies has documented the VDSD
of SSFZs in the Shunbei area, the following problems
should have further consideration. First, a more rational
deformation layering of these SSFZs should be proposed.
Second, structural styles occurred in different SSFZs and
different deformation layers require systematic
comparison and classification. Third, in terms of genesis,
there is a lack of a general conceptual model that could
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describe the mechanism of the VDSD. Finally, the
development of the VDSD is nearly simultaneous with the
hydrocarbon accumulation process; therefore, how the
VDSD controlled hydrocarbon accumulation processes
requires a more systematic description.

2 Geological Setting

Silurian, and Carboniferous are slightly different.
Generally, the Sangtamu Formation is composed of thick
mudstone, which is presumably characterized by weaker
rock mechanic properties (Fig. 2).
Strata in the Shunbei area is composed of three rigid
and three weak layers. They were the material basis for the
occurrence of the VDSD in the SSFZs in the Shunbei area.

2.1 Regional geology

3 Data and Methods

The Tarim Basin is a large petroliferous sedimentary
basin built upon ancient cratonic crystalline basement that
split from the Rodinia supercontinent during the
Neoproterozoic. It then underwent multi-cycle tectonic
events that shaped its complex basin-mountain tectonic
framework (He, 1996, 2005; Jia, 2002; He et al., 2011;
Liu, 2014; Qiu et al., 2019). Although the inner strata of
the basin were relatively well developed, unconformities,
resulting from multi-stage tectonic uplift and denudation,
in different tectonic units and formations were widely
developed (Figs. 1c, 2g). These unconformities
experienced multi-stage and multi-direction subduction
and collision processes along the boundaries of the Tarim
Basin (He, 2005; He et al., 2011; Liu et al., 2014; Shi et
al., 2018; Qiu et al., 2019).
Located in the central Tarim Basin, the Shuntuoguole
Lower Uplift is sandwiched between the Tazhong and
Tabei uplifts. The eastern and western areas are bordered
by the Manjiaer and Awati depressions. Briefly, it
developed under a complex paleotectonic environment
(Fig. 1a, c). During its multi-stage tectono-sedimentary
evolution history, there was a series of SSFZs that
developed in the Shunbei and adjacent areas. Among
them, the Nos. 1, 4, 5, and 8 SSFZs, as well as the Shunxi
SSFZ (Graben), present different strikes, lengths, and
deformation characteristics (Fig. 1a), which are the main
research objects of this study.

2.2 Stratigraphy: material basis of structural
deformation
Based on a comprehensive analysis of the stratigraphic
profiles of ultra-deep wells, there are three rigid layers and
three weak layers developed in the Shunbei area, showing
the layering rock mechanisms of stratigraphy (Fig. 2g).
The three rigid layers are as follows. (1) The
Neoproterozoic–Lower Cambrian composed of sandstone
(only in the Sinian), limestone, and dolomite. (2) The
Upper Cambrian–Middle Ordovician is a layer of rigid
carbonates with a thickness of 2,000–3,000 m. (3) Permian
igneous rock is a rigid layer composed of basalt and dacite
(Fig. 2g). Furthermore, the following describes the three
weak layers. (1) The Middle Cambrian is composed of
gypsum, gypsum dolomite, and pure dolomite, in which
the Shayilike Formation likely has a higher gypsum
content than that of the Awatage Formation (Tian et al.,
2021). (2) The Sangtamu Formation in the Upper
Ordovician is a weak formation composed of thick
mudstone and thin marl interbeds, whose thicknesses are
up to 700–1,700 m. (3) The Silurian–Carboniferous is
mainly composed of mudstone, silty mudstone, siltstone,
sandstone, and limestone interbeds. In these three weak
layers, the rock compositions of the Sangtamu Formation,

Eight high precision 3-D seismic cubes collected by the
Northwest Oilfield Company (SINOPEC) over the past 10
years cover the five SSFZs analyzed in this study. Along
with the strikes of these SSFZs, these 3-D seismic
volumes were precisely interpreted to reveal the
deformation characteristics. Besides, numerous drilling
data, provided by the Northwest Oilfield Company
(SINOPEC) and Research Institute of Petroleum
Exploration & Development (RIPED) of the CNPC, were
used to construct integrated stratigraphic profiles and
conduct synthetic seismogram calibrations.
These 3-D seismic volumes were interpreted and
conducted attribute operations in the Petrel E&P Software
Platform. To more optimally present the structural styles,
numerous 3-D structural models were constructed with 3D seismic box probes, as well as contour maps or variance
attribute maps. With the 3-D and 2-D high precision
structural interpretations, we defined and compared the
structural characteristics of different layers. Integrated
conceptual 3-D structural models were further built to
describe the VDSD and its genetic mechanisms.

4 Characteristics of Vertical Differential Structural
Deformation in the Main Strike-slip Fault Zones
The Nos. 1, 4, 5, and 8 SSFZs, as well as the Shunxi
SSFZ (Graben), feature different deformation styles in
their deep and shallow sections. Coupled with rock
mechanic stratification, structural deformation in these
SSFZs in different formations are layered and can be
divided into four deformation layers (Fig. 2).

4.1 Deformation characteristics and structural styles
of the Lower Cambrian–Neoproterozoic (Layer I)
Precise structural interpretations and analyses revealed
that the deformation in various SSFZs in this layer are
different. The northern and central segments of the No. 5
SSFZ are characterized by sub-parallel fault planes and
linear push-up blocks controlled by them (Figs. 2b, 3a–f).
They are alternately distributed with localized pull-apart
sags, symmetrical folds, and weak or no deformation
zones (Fig. 3a–e, g–h, l, n). Deformation in the Shunxi
SSFZ, No. 4 SSFZ, and southern segment of the No. 5
SSFZ are slightly different from that of the northern and
central segments of the No. 5 SSFZ. For them, single or
multiple fault dislocations were also alternately distributed
with symmetrical folds and weak/no deformation zones
(Figs. 2d, e, 3j–k, m, 4h). However, these faults are not
generally organized by parallel geometry, but overlap
segment by segment or have developed discontinuously
along with their strikes. Besides, the Nos. 1 and 8 SSFZs
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Fig. 1. Regional geology background.
(a) Location of the Shuntuoguole Lower Uplift and adjacent areas in the Tarim Basin; (b) structural contour map (in the time domain) and fault distribution of
reflector T74. The fault distribution partly refers to Lan et al. (2015), Chen et al. (2019), Ma et al. (2019), and Deng et al. (2018, 2019b, 2021); (c) structural characteristics of the regional seismic profile across the Shuntuogole Lower Uplift and adjacent areas. F1–No. 1 SSFZ; F4–No. 4 SSFZ; F5–No. 5 SSFZ; F7–No. 7
SSFZ; F8–No. 8 SSFZ; F9–No. 9 SSFZ; F11–No. 11 SSFZ; F12–No. 12 SSFZ; F14–No. 14 SSFZ; F16–No. 16 SSFZ; F18–No. 18 SSFZ; F20–No. 20 SSFZ; Fshunxi–Shunxi SSFZ (Graben). Unconformities are annotated and defined as follows: O3/O1-2, unconformity between the Upper Ordovician and Middle–Lower
Ordovician, corresponding to the T74 reflector (formed in phase I, middle Caledonian); S/O3, unconformity between the Silurian and Upper Ordovician, corresponding to reflector T70 (formed in phase III, middle Caledonian); D3d/S, unconformity between the Donghetang Formation and Silurian; C/S, unconformity between the
Carboniferous and Silurian (formed during the late Caledonian to early Hercynian); P/C, unconformity between the Permian and Carboniferous (formed during the
middle Hercynian)); T/C, unconformity between the Triassic and Carboniferous; T/P, unconformity between the Triassic and Permian; J/T, unconformity between the
Jurassic and Triassic; K/T, unconformity between the Cretaceous and Triassic; E/T, unconformity between the Paleogene and Triassic; K/J, unconformity between
the Cretaceous and Jurassic; E/K, unconformity between the Paleogene and Cretaceous.

Fig. 2. Seismic profiles and structural interpretation of the main SSFZs in the Shunbei area (a–f) and the integrated stratigraphic profile (g).

T90, T80, T74, T70, T60, and T54 are the main unconformities and key reflectors; refer to Fig. 2g for their geological significance. Abbreviations: Z2–Upper Sinian; Є1y–Yuertusi Formation of the Lower Cambrian; Є1x–
Xiaoerbulake Formation of the Lower Cambrian; Є1w–Wusongger Formation of the Lower Cambrian; Є2s–Shayilike Formation of the Middle Cambrian; Є2a–Awatage Formation of the Middle Cambrian; Є3ql–Qiulitage
Formation of the Upper Cambrian; O1-2–Lower–Middle Ordovician; O3l–O3q–Lianglitage and Qiaerbake formations of the Upper Ordovician; O3s–Sangtamu Formation of the Upper Ordovician; (O3–S1)k–Kepingtage
Formation of the Upper Ordovician to Lower Silurian; S1t–Tataaiertage Formation of the Lower Silurian; D1-2k–S2y–Keziertage Formation of the Lower–Middle Devonian and Yimugantawu Formation of the Upper Silurian; D3d–Donghetang Formation of the Upper Devonian; C1b–Bachu Formation of the Lower Carboniferous; C1kl–Kalashayi Formation of the Lower Carboniferous; P–Permian.
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Fig. 3. Structural characteristics and deformation styles of the Neoproterozoic and Lower–Middle Cambrian.
Contour map (a), variance map (b), and 3-D structural framework (c) of the northern segment of the No. 5 SSFZ; contour map (d) and 3-D structural framework
(e) of the central segment of the No. 5 SSFZ; (f) 3-D structural model of a transpressional fold controlled by double parallel faults (an area in the Shunbei 5 well);
(g) 3-D structural characteristics of the transtensional pull-apart sag, compressional fold, and weak or no deformation zones, i.e., a case from the central segment
of the No. 5 SSFZ; (h) multiple faults dislocated in the Neoproterozoic–Middle Cambrian, a pull-apart sag developed in the Neoproterozoic–Lower Cambrian:
location refers to (g); (i) transtensional fault dislocated in the Middle–Upper Cambrian, with transpressional faults and related folds developed in the Neoproterozoic–Lower Cambrian; the two structural compositions are laterally overstepped in the Awatage Formation, a case from the central segment of the No. 5 SSFZ; (j)
single steep fault dislocated in the Neoproterozoic–Middle Cambrian, a case from the southern segment of the No. 5 SSFZ; (k) deformation composed of fold and
multiple steep faults, a case from the southern segment of the No. 5 SSFZ; (l) a detached transtensional fault limitedly developed in the Middle Cambrian and a
symmetric fold in the Lower Cambrian, location refers to (g); (m) a detachment fold limitedly developed in the Middle Cambrian and a fold developed in the
Neoproterozoic–Lower Cambrian, a case from the No. 4 SSFZ; (n) detachment folds limitedly developed in the Middle Cambrian and the weakly deformed Neoproterozoic–Lower Cambrian, location refers to (g).

are weakly deformed, with no notable fault dislocating
traces (Figs. 2a, f, 4j).
Although different deformation styles occurred in this
layer, there is a common characteristic that can describe
the overall deformation observed in this layer for these
SSFZs. It is segmental or differential deformation along
with the strike. This layer is characterized by the
alternative development of fault dislocations, localized
pull-apart sags, symmetrical folds, and weak or no
deformation zones.
However, this is not sufficiently precise to distinguish
the deformation in the Lower Cambrian–Neoproterozoic
and Middle Cambrian as two isolated deformation layers.

Structural interpretation indicated that some faults, which
developed in the Lower Cambrian–Neoproterozoic,
propagated to the Middle Cambrian (Figs. 3h–k, 4h). Most
faults were soft-linked with those that developed in the
upper section of the Middle Cambrian (Figs. 3h–k, 4c, h).
As a result, faults that developed in the two formations
were laterally overlapped in a vertical sense. The Middle
Cambrian, as a weak layer, played the role of a
deformation adjuster.

4.2 Deformation characteristics and structural styles
of the Middle Cambrian (Layer II)
First, the Nos. 1 and 8 SSFZs are characterized by weak
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Fig. 4. Structural characteristics and deformation styles of the Lower–Middle Cambrian.

(a) Contour map, variance map, and fault distributions of reflector T82; (b) 3-D structural model with multiple steep faults dislocating the entire Middle Cambrian,
location refers to (a); (c) transpressional faults, transtensional faults, branch faults, and gypsum detachment structures developed in the Cambrian–Ordovician,
location refers to (a); (d) 3-D model with gypsum detachment related structures and branch faults developing in the Middle Cambrian; (e) intralayered normal
fault detached into the Middle Cambrian; transpressional steep faults and faulted blocks developed in the Lower Cambrian, location refers to (d); (f) single transpressional fault detached into the Middle Cambrian; Lower Cambrian was not deformed; (g) single transtensional fault detached into the Middle Cambrian and a
symmetric fold developed in the Neoproterozoic–Lower Cambrian; (h) transpressional faults and related folds differentially developed in the Neoproterozoic and
Middle–Lower Cambrian; (i) a fold developed in the Middle Cambrian and underlying strata; (j) weak or no deformation in the Middle–Lower Cambrian and
Neoproterozoic. Cases in (a–c), and (g) are from the northern segment of the No. 5 SSFZ. Cases in (d–f) are from the central segment of the No. 5 SSFZ. Cases in
(h–i) are from the southern segment of the No. 5 SSFZ. Finally, (j) is from the No. 1 SSFZ.

deformation in this layer; fault dislocations are relatively
weak (Figs. 2a, f, 4j). However, for the Nos. 4, 5, and
Shunxi SSFZs, fault dislocations commonly occurred in
the Middle Cambrian (Layer II). In specific cases, multiple
faults had strongly dislocated across the entire Middle
Cambrian (Fig. 4b). And, some faults even dislocated the
whole Neoproterozoic–Middle Cambrian (Figs. 3h–k, 4h).
However, in this layer, one of the most representative
characteristics was the development of intralayer
detachment faults (transtensional or transpressional), most
of which detached into the Middle Cambrian gypsumbearing formation (Figs. 3l, 4e–g). There were also minisags or detachment folds that developed in this layer,

which resulted from localized gypsum evacuation or
accumulation (Figs. 2c, 3m–n, 4a, c–d, i). The most
typical detachment folds, mini-sags, or collapse structures
could be observed in the Nos. 4 and 5 SSFZs (Figs. 3m–n,
4d–i).
Other representative structural elements in the Middle
Cambrian were branch faults, which developed along two
sides of some SSFZs, such as the No. 5 and Shunxi
SSFZs. Generally, they were limitedly developed in the
Middle Cambrian (Fig. 4a, c–d). As a compositional
element of the strike-slip deformation system, these
branch faults were defined as R shears.
Compared with deformation in Layers I and III, branch
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faults (R shears) and gypsum detachment structures (e.g.,
mini-sags, detachment anticlines and faults) developed in
Layer II were two types of structures used to distinguish
deformation in Layer II from those of Layers I and III.
However, we note that some faults developed in the Upper
Cambrian–Middle Ordovician also propagated down to
the Middle Cambrian and were laterally overlapped with
faults that developed in the Middle Cambrian (Figs. 3i–k,
4h). Some faults also uniformly dislocated across all of
Layers II and III (Fig. 4c).

4.3 Structural deformation of the Upper Cambrian–
Middle Ordovician (Layer III)
The most typical structural styles that developed in this
formation are flower structures, including positive or
negative flower structures. Stem faults of these flower
structures propagated down to the Upper Cambrian; some
of them were dislocated in the Middle Cambrian (Fig. 2b–
e). Positive flower structures usually have both complex
styles (Fig. 2b) and relatively simple styles, i.e., a “Y”
shape (Fig. 2e). However, negative flower structures are
relatively simple, composed of two or more steep
transtensional faults with fault depressions or mini-sags
developed (Fig. 2a, c–d, f). However, flower structures
only reveal the geometric characteristics of Layer III based
on 2-D profiles. Based on our precise 3-D structural
interpretations and analyses, we observed three categories
of structural styles: deformation dominated by a single
master fault, deformation resulting from double or
multiple overlapping faults, and deformation of grabens or
composite grabens (Fig. 5).

4.3.1 Transpressional, transtensional, and pure
strike-slip deformation dominated by a single
master fault
For deformation dominated by single master faults,
there are three types of structural styles: transtensional,
transpressional, and pure strike-slip deformation. Whether
transtensional or transpressional deformation was
dominated by single master faults, secondary normal/
reverse faults that developed along the two sides of the
master faults, sometimes played the role of a deformation
adjuster (Fig. 5b, c). In 3-D spaces, master and secondary
faults uniformly controlled the development of the
asymmetric fault depressions (Fig. 5b) and asymmetric
anticlines or monoclines (Fig. 5c). However, for pure
strike-slip deformation, there were no compressional or
extensional deformation components, along with the
strikes of the SSFZs, presenting weak deformation in the
seismic profiles and variance attribute maps (Fig. 5a).

4.3.2 Transpressional push-up and transtensional
pull-apart structures
The transpressional push-up and transtensional pullapart structures widely occurred in the Nos. 1, 4, 5, and 8
SSFZs, which were controlled by two or more overlapping
faults. The push-up structure is one of the most significant
deformation types developed in the No. 4 SSFZ, as well as
the northern and central segments of the No. 5 SSFZ. It
formed under kinematic and geometric conditions of two
or more faults left-overlapping with dextral strike-slip or
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right-overlapping with sinistral strike-slip. As a result,
strata in the overlapping areas were uplifted (Fig. 5e, f).
The development of push-up structures was usually
accompanied by the development of secondary adjustment
faults along the two sides of the master faults. As a result,
this type of deformation usually occurred with semispindle or semi-elliptical geometries on surface T74 and
with positive flower structures in the seismic profiles
(Figs. 2b, 5e, f). The transtensional pull-apart structure
was also a significant deformation in this layer; it could be
observed in the Nos. 1, 4, and 8 SSFZs, forming with two
boundary faults that were right-overlapping with dextral
strike-slip or left-overlapping with sinistral strike-slip,
which were different from those of the push-up structures.
Between the two boundary master faults, the central fault
block collapsed. The pull-apart structures were usually
rhombic or spindle-shaped (Fig. 5c, d). Taking the pullapart structure on the No. 8 SSFZ as an example, it formed
under conditions where the boundary faults were leftoverstepping with sinistral strike-slip. The pull-apart
spindle-shaped mini basin had a length and width of
approximately 6.5 and 1.2 km, respectively. Vertically, the
maximum fault throw was measured at the T74 reflector,
which was up to 50 ms (about 150 m) (Fig. 5d).

4.3.3 Grabens or composite grabens

There were long and narrow grabens or composite
grabens developed along the southern segment of the No.
5 SSFZ and Shunxi SSFZ (Fig. 1a). They likely formed
under strong transtensional deformation (Deng et al.,
2021). In detail, two types of composite grabens
developed along the southern segment of the No.5 SSFZ.
One developed to the south of the southern segment of the
No.5 SSFZ (Fig. 1a), characterized by the superimposing
deformation of the early-stage strike-slip and late-stage
graben. In the seismic profiles and 3-D contour maps of
reflector T74, strata along the two sides of the graben are
flat, indicating no development of compressional ridges or
anticlines. In the central graben block, there were linear
strike-slip fault segments developed (Fig. 5g), suggesting
that early-stage deformation was dominated by pure strike
-slip structures. Another composite graben was developed
to the north of the southern segment of the No. 5 SSFZ
(Fig. 1a), composed of an early-stage transpressional ridge
and late-stage transtensional graben (Fig. 5h) (Deng et al.,
2021). Precise 3-D structural interpretation showed there
were early-stage strike-slip faults developed in the central
graben block, and the graben deformed the early-stage
transpressional ridge (Fig. 5h). The strike-slip faults and
transpressional ridge likely simultaneously formed during
phase III of the middle Caledonian. The graben formed
during the late Caledonian because the boundary faults of
the graben had dislocated the entire Ordovician and Lower
Silurian, leading to strong deformation (Figs. 2d, 5h, 6c).
There was also a simple graben developed on the
Shunxi SSFZ (Graben) (Fig. 1), different from the above
two types of composite grabens. In this graben, early-stage
compressional ridges or strike-slip faults were not
observed. However, we did observe two rows of left-step
en echelon normal faults in reflector T57 (in Layer IV),
along with two graben boundary faults (Fig. 5i–l). This
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Fig. 5. Structural characteristics and deformation styles of Upper Cambrian–Middle Ordovician carbonates.
(a) 3-D structural model with a single pure strike-slip fault developed, a case from the No. 1 SSFZ; (b) 3-D structural model showing mini depressions or sags
controlled by a single transtensional master fault and secondary adjustment faults, a case from the central segment of the No. 5 SSFZ; (c) 3-D structural model
showing a single transpressional master fault and related monocline, as well as a rhombic pull-apart sag controlled by overlapping faults, a case from the No. 4
SSFZ; (d) structural characteristics of a typical pull-apart structure developed in the No. 8 SSFZ; (e) typical push-up structure developed along the northern segment of the No. 5 SSFZ; (f) typical push-up structure controlled by three master faults, a case from the northern segment of the No. 5 SSFZ; (g) composite graben
composed of an early-stage strike-slip fault and late-stage transtensional graben, a case from the area to the south of the southern segment of the No. 5 SSFZ; (h)
another composite graben composed of an early-stage strike-slip fault, transpressional ridge, and late-stage transtensional graben, a case from the area to the north
of the southern segment of the No. 5 SSFZ. Contour map (i) and variance map (j) of reflector T74 shows the deformation of the Shunxi SSFZ (Graben). Contour
map (k) and variance map (l) of reflector T57 shows the deformation of the en echelon normal faults upon the lower graben (Shunxi SSFZ).

indicates that dextral strike-slip occurred along with
graben boundary faults during the middle-late Hercynian.
These types of grabens commonly occurred in the
Tazhong Uplift in the same formation; they are usually
defined as companion tensile structures of the NNEstriking SSFZs (Lan et al., 2015). Therefore, with
information on the Shunxi Graben (SSFZ), we suggest that
grabens in the Tazhong area may also be characterized by
a strike-slip deformation component.

Briefly, simple or composite grabens developed in the
Shunxi SSFZ and the southern segment of the No. 5 SSFZ
have one common feature: the graben boundary faults
strongly dislocated the Ordovician–Silurian and might
merge into one fault in the Upper Cambrian.
In conclusion, deformation in Layer III of the different
SSFZs was composed of different structural styles.
Generally, along with the strikes of the Nos. 1, 4, and 8
SSFZs, as well as the northern and central segments of the
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No. 5 SSFZ, the structural deformation was composed of
transpressional, transtensional, or pure strike-slip
structures dominated by single or multiple master faults.
They were characterized by differential or segmental
deformation. However, for the Shunxi SSFZ and southern
segment of the No. 5 SSFZ, they were not characterized
by segmental deformation, but by the development of
simple grabens or composite grabens.

4.4 Structural deformation of the Upper Ordovician
–Carboniferous (Layer IV)
Generally, areas in Tabei and Tazhong began to uplift in
the Middle–Late Ordovician (Liu et al., 2018a; Chen et al.,
2019; Qiu et al. 2019). In response, SSFZs in the Tabei,
Tazhong, and Shunbei areas began to develop
simultaneously under compressional stress fields along the
boundaries of the basin. The Upper Ordovician–
Carboniferous (Layer IV) recorded the multi-stage
structural evolution process. Therefore, accurate structural
interpretations of this layer are key to revealing the
evolution of these SSFZs. Briefly, for the SSFZs in the
Shunbei area, Layer IV was characterized by multi-stage
differential superimposing deformation, which were
differentially composed of en echelon normal fault arrays
and/or a long and narrow graben (Figs. 2, 6).

4.4.1 Deformation dominated by one array of en
echelon normal faults
This deformation occurred along the Nos. 1 and 8
SSFZs (Fig. 2a, f). They were composed of numerous
right-step en echelon normal faults, indicating sinistral
strike-slip. These faults were usually paired and present
simple structural geometries. In the profiles, they
dislocated the central–upper sections of the Upper
Ordovician, Silurian, and lower section of the
Carboniferous (Fig. 6a). Although they were developed
upon the lower master strike-slip faults (PDZ), we found
no evidence of a hard linkage between the upper en
echelon normal faults and lower PDZ.
The en echelon normal fault array on the No. 8 SSFZ,
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as an example, is composed of right-step en echelon
normal faults. However, there is a negligible difference in
the different areas. To the north of the No. 8 SSFZ, en
echelon normal faults all incline northeastward. In the
central and southern areas of the SSFZ, en echelon normal
faults occur as pairs with opposite inclinations. Besides,
these en echelon normal faults have the largest fault traces
and throws in the Tataaiertage Formation (Lower
Silurian). The lengths of some fault traces can be more
than 10 km (Figs. 2f, 6a). These en echelon normal faults
are mainly distributed below the T60 unconformity.
According to the T60 unconformity and the fault
dislocation characteristics (Fig. 2f), we can conclude that
two-stage sinistral strike-slip deformation occurred in
Layer IV. Early-stage strike-slip occurred in the late
Caledonian–early Hercynian, which was the key period for
the development of the right-step en echelon normal
faults. Late-stage strike-slip occurred in the middle-late
Hercynian, i.e., during the inherited propagation of the
early-stage en echelon normal faults (Fig. 7c).

4.4.2 Deformation composed of two or more arrays
of en echelon normal faults
This structural composition is typically developed on
the northern and central segments of the Nos. 4 and 5
SSFZ. For example, along the northern and central
segments of the No. 5 SSFZ, three arrays of en echelon
normal faults developed in the Upper Ordovician–
Carboniferous. The No. 1 array of en echelon normal
faults occurred in the Sangtamu and Kepingtage
formation. They had the longest fault lengths and largest
fault throws, as compared with the Nos. 2 and 3 arrays of
en echelon normal faults. In the Kepingtage Formation, we
found some growth strata, which indicate that strong
dextral strike-slip occurred during the deposition period of
the Kepingtage Formation. The No. 2 en echelon normal
fault array is limitedly developed to the north of the
northern segment of the No. 5 SSFZ, which dislocated the
top of the Kepingtage and Tataaiertage formations;
however, generally, they did not link with the underlying

Fig. 6. 3-D structural models of the three types of deformation styles developed in the Upper Ordovician–Carboniferous (Layer IV).
(a) Deformation style dominated by one array of en echelon normal faults, a case from the No. 8 SSFZ; (b) superimposing deformation along the northern segment of the No. 5 SSFZ, which was composed of three arrays of en echelon normal faults developed in the Upper Ordovician–Carboniferous; (c) typical deformation style composed of the lower graben and inner en echelon faults, as well as the upper en echelon normal fault array, a case from the southern segment of
the No. 5 SSFZ.
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Fig. 7. Integrated 3-D conceptual models showing the VDSD and the hydrocarbon accumulation process in the five strike-slip
faults zones (SSFZs) in the Shunbei area.
(a) 3-D conceptual structural Model A for the No. 4 SSFZ and the northern and central segments of the No. 5 SSFZ; (b) 3-D conceptual structural Model B
for the southern segment of the No. 5 SSFZ and Shunxi SSFZ; (c) 3-D conceptual structural Model C for the Nos. 1 and 8 SSFZs.

No. 1 en echelon normal fault array. In reflector T63, the
No. 2 en echelon normal fault array was also characterized
by dextral strike-slip. Therefore, the No. 2 en echelon
normal fault array is defined as the inherited deformation
of the No. 1 en echelon normal fault array, which formed
during the late Caledonian–Early Hercynian. The No. 3 en
echelon normal faults array can easily be defined: it
dislocated the Tataaiertage Formation–Carboniferous and
featured sinistral strike-slip. It is different from that of the
two lower en echelon normal fault arrays and indicates
that the stress field was altered during the middle-late
Hercynian with the formation of the No. 3 en echelon
normal fault array.
Besides, multiple en echelon normal fault arrays also
occurred in the No. 4 SSFZ in Layer IV (Fig. 2e). Based
on precise structural interpretations of a typical seismic
profile, we found that the Nos. 1 and 2 en echelon normal
fault arrays in the No. 4 SSFZ did not link, rather they
belong to different fault systems. The two arrays of en
echelon normal faults all present strong deformations
which is different from that observed along the northern
and central segments of the No. 5 SSFZ. Moreover, the
No. 3 en echelon normal fault array may be an inherited
deformation of the No. 2 en echelon normal fault array
resulting from weak deformation that occurred during the
middle-late Hercynian (Fig. 2e).

4.4.3 Superimposing deformation composed of
graben and en echelon normal fault arrays

This type of superimposing deformation only occurred

along the southern segment of the No. 5 SSFZ and Shunxi
SSFZ (Graben). Along the southern segment of the No. 5
SSFZ, the boundary normal faults in the graben dislocated
the Middle–Lower Ordovician carbonate rocks and Upper
Ordovician–Silurian clastic rocks. There were also enechelon normal faults limitedly developed in the central
graben block in the Upper Ordovician–Silurian. On the
graben, another array of en echelon normal faults developed
and dislocated the top of the Silurian and Carboniferous,
which formed in the middle-late Hercynian (Figs. 6c, 7b).
Their distribution was controlled by the underlying graben
system, usually in pairs and with opposite inclinations. The
fault throws were far less than that of the underlying graben
boundary faults (Figs. 2, 6c). The same structural
composition also occurred in the Shunxi SSFZ; however,
the en echelon normal faults upon the lower graben had
smaller en echelon angles between the PDZ.
In conclusion, for the SSFZs in the Shunbei area, the
Upper Ordovician–Carboniferous (Layer IV) is
characterized by differential superimposing deformation.
There are three types of deformation styles developed in
different SSFZs, which are composed of en echelon
normal fault arrays and/or long and narrow grabens.
These complex structural compositions recorded the
multi-stage structural evolution processes of different
SSFZs. Generally, they recorded two or three
deformation events that occurred in phase III of the
middle Caledonian, late Caledonian–early Hercynian,
and middle-late Hercynian.
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4.5 Integrated comparison of deformation and
vertical differential structural deformation models
4.5.1 Comparison of deformation
Through precise structural interpretations and integrated
comparisons, different layers of the SSFZs presented
varying structural styles (Table 1). Generally, the Lower
Cambrian–Neoproterozoic (Layer I) was characterized by
differential or segmental deformation, along with the
strikes; different SSFZs featured diverse structural styles.
However, for the Nos. 1 and 8 SSFZs, the segmental
deformation could not appropriately describe their
deformation because they are characterized by weak
deformation (Table 1). The Middle Cambrian (Layer II) is
composed of gypsum-bearing formations. As a result,
gypsum detachment structures, including gypsum
detachment faults and folds, are the most representative
structures of this layer. In serious, the Middle Cambrian is
characterized by the coexistence of fault dislocations and
gypsum detachment structures, as well as the development
of branch faults (R fractures) (Table 1). The Upper
Cambrian–Middle Ordovician (Layer III) is composed of
dolomites and carbonates. As a rigid layer, it was strongly
deformed by a series of brittle deformations, such as
transtensional,
transpressional,
pure
strike-slip
deformations, and grabens or composite grabens, which
were controlled by one or more master and adjustment
faults (Table 1). These deformations led to the
development of fault-controlled fracture-cavity reservoirs
in the carbonates. Based on the fault linking patterns
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among Layers I, II, and III, the Middle Cambrian gypsumbearing formation (Layer II) played a structural
adjustment role. The stem faults in Layer III could
propagate into Layer II; steep faults originating from
Layer I could also propagate into Layer II. However, the
two fault systems did not link or were generally softlinked. The Upper Ordovician–Carboniferous (Layer IV),
a weak formation, is composed of mudstone, silty
mudstone, siltstone, sandstone, and limestone interbeds.
For different SSFZs, this layer is characterized by multistage differential superimposing deformation, which is
differentially composed of en echelon normal fault arrays
and/or pure or composite grabens (Table 1). This layer
presents different deformation characteristics when
compared with the three lower deformation layers.

4.5.2 Vertical differential structural deformation
models

With the above structural analysis and comparison, and
mainly according to the deformation in Layers III and IV,
the VDSD models of the five SSFZs in the Shunbei area
could be classified into three types (Fig. 7). Model A (Fig.
7a) can describe deformation in the No. 4 SSFZ and the
northern and central segments of the No. 5 SSFZ. The two
SSFZs presented similar deformation in Layers III and IV.
In Layer III, the two SSFZs were characterized by
segmental deformation, alternatively composed of
transtensional pull-apart structures; transpressional pushup structures; and single transtensional, transpressional, or

Table 1 Comprehensive comparison of deformation in the four layers.
Layers

Layer IV:
Upper
Ordovician–Carboniferous

Layer III:
Upper Cambrian–Middle
Ordovician

Layer II:
Middle Cambrian

Rock
compositions
Mudstone, silty
mudstone,
siltstone,
sandstone, and
limestone
interbeds
(weak
formation)

Dolomites &
carbonates
(rigid
formation)

Gypsum,
gypsum-bearing
dolomite, and
dolomite
interbeds
(weak
formation)

Deformation
characteristics

Multi-stage
differential
superimposing
deformations

Differential
deformation along
with the strikes;
graben or
composite grabens

Fault dislocations
and gypsum
detachment
structures
coexisting,
and branch
fractures (faults)

Structural styles
a. Deformations dominated by one array of
en echelon normal faults
b. Superimposing deformations composed of
two or more arrays of en echelon normal
faults
c. Superimposing deformation composed of
L&N composite grabens or pure grabens and
en echelon normal fault arrays
a. Pure strike-slip deformations by single
master faults
b.
Transpressional,
transtensional
deformations dominated by a single master
fault and adjustment faults
c. Transpressional push-up structures by fault
overlap
d. Transtensional pull-apart structures by
fault overlap
e. Composite grabens
f. Single Graben
a. Single or multiple steep fault dislocations
b. Intralayered gypsum detachment faults

Cases
Nos. 1 and 8 SSFZs
No. 4 SSFZ and NS & CS of the
No. 5 SSFZ
Shunxi and the SS of the No. 5
SSFZ
Nos. 1, 4 and 8 SSFZs; NS & CS
of the No. 5 SSFZs
No. 4 and NS & CS of the No. 5
SSFZs
No. 4 and NS & CS of the No. 5
SSFZs
Nos. 1, 4 and 8 SSFZs
SS of the No. 5 SSFZ
Shunxi SSFZ
Nos. 1, 4, 5 and Shunxi SSFZs
No. 4 and NS & CS of the No. 5
SSFZs
Nos. 4, 5 and 8 SSFZs

c. Intralayered gypsum detachment folds
d. Weak/no deformations (not notable fault
Nos. 1, 4, 5 and 8 SSFZs
dislocations)
e. Branch faults (R fractures)
Nos. 1 and 5 SSFZs
a. Sub-parallel faults and push-up blocks
No.4 and NS & CS of the No. 5
b. Localized pull-apart sags
SSFZs
Sandstone &
Differential or
c. Single or multiple faults (not parallel) No. 4, SS of the No.5, and Shunxi
Layer I:
carbonates
segmental
dislocations
SSFZs
Lower Cambrian
(Rigid
deformation along
–Neoproterozoic
d. Transpressional folds/ridges
Nos. 4, 5 and 8 SSFZs
formation)
with the strikes
e. Weak/no deformation (not obvious fault
Nos. 1, 4, 5 and 8 SSFZs
dislocations).
Notes:NS & CS = northern and central Segments; SS = southern segment; SSFZ = strike-slip fault zone; L&N = long and narrow (Grabens).
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pure strike-slip faults. In Layer IV, the two SSFZs also
presented similar deformation characterized by the
development of two or three en echelon normal fault
arrays. However, there was a difference between the two
SSFZs with respect to the kinematics of the en echelon
normal fault arrays. For the northern and central segments
of the No. 5 SSFZ, there was a transition in the strike-slip
motion patterns during the formation of the No. 3 en
echelon normal fault array; however, this was not identical
to the No. 4 SSFZ.
For the Shunxi SSFZ and southern segment of the No. 5
SSFZ, their structural deformation are unique and
characterized by the development of grabens or composite
grabens. Conceptual model B can describe their VDSD.
Briefly, the long and narrow graben, as the most important
structure in these two SSFZs, had dominated their
structural framework. They had controlled the
development of the en echelon normal fault arrays in the
inner graben and upon the graben (Fig. 7b).
Model C is composed of the lower overlapping fault
segments (in Layer III) and the upper en echelon normal
fault array (in Layer IV). It is relatively simple and is a
summarization of the deformation in the Nos. 1 and 8
SSFZs. In this model, the en echelon normal faults and
boundary faults of the pull-apart structures were all rightstepping, indicating that sinistral strike-slip dominated the
entire development process of the two SSFZs (Fig. 7c).

5 Discussions
5.1 Genetic mechanisms of vertical differential
structural deformation in strike-slip fault zones

The development of SSFZs is an extended process
controlled by a time-space framework (Fig. 8). Generally,
with the propagation of time and space, strata (material

basis) change with the evolution of depositional or
erosional processes; structural deformation advanced with
the transformation of the dynamic conditions. For the
SSFZs, their formation was unavoidably controlled by the
time-space coupling of the material basis and dynamic
conditions. Special stress-strain mechanisms for the
SSFZs may have also played a significant role in their
development. From these perspectives, we acquired
knowledge on the genetic mechanisms of the VDSD of the
SSFZs in the Shunbei area.

5.1.1 Material basis: stratification of rock mechanisms

Comprehensive stratigraphic profiles showed that there
are three rigid and three weak layers developed in the
Shunbei area (Fig. 2g). Among them, structural
deformation in the weak layers is significantly different
from that in the rigid layers. The Middle Cambrian
gypsum-bearing formation, as a weak layer, played the
role of structural adjuster in the deformation of Layers I
and III. A series of gypsum detached structures, e.g.,
detachment folds, and detachment faults had limited
development (Figs. 4c–g, 8c–e). In theory, under a high
confining pressure, the macro deformation behavior of
gypsum rock is equal to the long-term creep or plastic
deformation (Liu et al., 2018b). Research on detachment
structures also revealed that gypsum, salt, or overpressure
shale, as weak formations, can play an essential role in
absorbing and adjusting the stress and strain originating
from the over- and underlying formations (Galloway,
2008; Choudhuri et al., 2011; Peel, 2014; Reis et al., 2016;
Alves et al., 2017; Jackson and Hudec, 2017). As a result,
structures in the overlying (or underlying) formations do
not easily propagate to the underlying (or overlying)
formations, which can explain the differentiation of
deformation on and underlying the detachment layers.

Fig. 8. Time-space evolution framework, showing five time-space snapshots that reveal deformation and localized stress-strain states of
five structural events.
Time-space coupling of the material basis, changing dynamic conditions, and special deformation mechanism of the en echelon normal faults controlled the formation of the vertical differential structural deformation (VDSD). σ1–maximum principal stress; σ2–intermediate principal stress; σ3–minimum principal stress.
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SSFZs in the Shunbei area developed under this
material basis (Fig. 2c), which is the foundation for the
occurrence of the VDSD in Layers I, II, and III. However,
we note that the gypsum detachment deformation in the
SSFZs in the Shunbei area developed under a strike-slip
background. Therefore, they usually have smaller
structural scales and feature narrower and longer
deformation zones, along with the strikes of the SSFZs,
when compared with large-scale gypsum/salt detachment
structures (Fig. 4c–g).
For the Upper Ordovician–Carboniferous, the rock
mechanisms are relatively weak, which is different from
that of the underlying carbonate strata (Figs. 2g, 6, 8).
Generally, the development of the en echelon normal
faults in the Sangtamu Formation was thought to be
controlled by the detachment of thick mudstone in the
Sangtamu Formation (Sun et al., 2021). However, we
suggest that the most important factor that resulted in the
development of the en echelon normal faults is the special
stress-strain mechanism in the SSFZs, as shown by 3-D
numerical modeling (Stefanov and Bakeev, 2015; Akira et
al., 2016). The stratification of the rock mechanism in the
Sangtamu Formation and underlying carbonates may have
partly impacted the decoupling of the structural
deformation of the two layers (Figs. 2, 6).
Briefly, the Middle Cambrian gypsum-bearing formation
played a decisive role in the development of the detachment
structures and occurrence of structural differential
deformation among Layers I, II, and III. However, the weak
Upper Ordovician–Carboniferous layer, despite a rock
mechanism different from that of the underlying carbonates,
only had a limited impact on the structural differential
deformation between Layers III and IV.

5.1.2 Dynamics: changing stress-strain states and
special deformation mechanism

(1) Changing stress-strain states
The tectonic stress field is temporally unstable (An,
1992; Chen et al., 1998). With multi-stage tectonic events
occurring at the boundaries of the Tarim Basin, the
tectonic stress fields in the inner basin changed
periodically (Qiu et al., 2019; Deng et al., 2021), which
provided varying dynamic conditions for multi-stage
differential superimposing deformation. At the same time,
owing to the stratification of the rock mechanisms, the
structural stress fields were heterogeneous in 3-D space.
Strata with different rock mechanic properties always
featured different stress-strain mechanisms. For example,
the gypsum tended to occur as plastic or creep
deformation (e.g., detachment folds and faults) under a
specific stress field; the rigid carbonates usually presented
brittle deformation (e.g., brittle faults) while the mudstone,
with different physical characteristics, could present brittle
or plastic deformation under different conditions. These
phenomena widely occurred in the SSFZs in the Shunbei
area.
Taking the northern and central segments of the No. 5
SSFZ as an example, evidence shows that at least four
stages of structural deformation occurred along the
northern and central segments of the No. 5 SSFZ. These
were responses to tectonic events that occurred in phases I
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and III during the middle Caledonian, late Caledonian
(deposition period for the Kepingtage Formation), late
Caledonian–early
Hercynian
(before
Donghetang
Formation deposition), and middle-late Hercynian.
According to the structural deformation characteristics, we
reconstructed a time-space evolution model demonstrating
the localized stress-strain states in various formations
during different structural events (Fig. 8).
Before phase I of the middle Caledonian, a carbonate
platform formed in the Central Tarim Basin. Evidence
shows that initial structural deformation (e.g., initial
cracks or joints) occurred in phase I of the middle
Caledonian (Fig. 8a) (Wu et al., 2021; Yang et al. 2021).
During phase III of the middle Caledonian, faults or joints
propagated in 3-D space under the NNE-striking regional
compressional stress field (Fig. 8b) that originated from
the Western Kunlun subduction zone (Qiu et al., 2019).
We inferred that the strongest deformation and vertical
differentiation of structures occurred in the late
Caledonian during the sedimentary period of the
Kepingtage Formation (Fig. 8c). Although the regional
maximum principal stress (σ1) at this stage was uniformly
NNE-striking, differential stress-strain states occurred in
different formations. The Middle Cambrian gypsumbearing formation was dominated by localized
transpressional or transtensional stress fields, resulting in
the formation of detached faults and folds. The
Neoproterozoic–Lower Cambrian and Upper Cambrian–
Middle Ordovician also deformed under the NNE-striking
σ1, but they featured brittle deformation (e.g., brittle faults
and related folds). Large-scale strike-slip fault planes
dislocated these two formations.
The Upper Ordovician–Kepingtage Formation had a
series of syn-depositional en echelon normal faults (the
No. 1 en echelon normal fault array), which developed
during the sedimentary period of the Kepingtage
Formation. This is significantly different from the three
lower formations. A special localized stress field may have
generated and acted on this formation under a uniform
regional stress field (Fig. 8c). Then, before the deposition
of the Donghetang Formation, the No. 2 en echelon
normal fault array developed under the NNE-striking σ1,
but the deformation intensity had attenuated at that point
(Fig. 8d). As shown in Fig. 8e, we inferred that the No. 3
en echelon normal fault array, which developed in the
Tataaiertage Formation–Carboniferous, occurred during
the middle-late Hercynian. The kinematics of the fault
zone during this period changed from early-stage dextral
strike-slip to sinistral strike-slip. Correspondingly, the
strike of σ1 also transformed from the NNE to the SSE
(Fig. 8d, e). With precise structural analysis, we inferred
that when the No. 1 en echelon normal fault array was
forming, the lower principal displacement zone (PDZ) was
deformed strongly; in contrast, when the Nos. 2 and 3 en
echelon normal fault arrays were forming, the lower
deformation may have only propagated to a limited degree
under a specific stress field (Fig. 8c–e).
Our analysis indicates that for the SSFZs in the Shunbei
area, the regional stress conditions changed with
transformations of the boundary constraints of the basin.
Localized stress-strain states were also differentiated
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owing to the stratification of the rock mechanisms. In
other words, the changing stress-strain state resulted in the
VDSD.
(2) Special deformation mechanism for the en echelon
fault arrays
For the SSFZ, there is a special deformation mechanism
in which shear deformation in the lower SSFZ (PDZ)
always induces the development of an upper en echelon
normal fault array. It is a representation of deformation
localization and also a response to the reactivation of the
underlying SSFZ (PDZ) that formed before the
development of the en echelon normal fault array.
Numerous structural, physical, or numerical simulations
have provided evidence for this type of stress-strain
mechanism (Stefanov and Bakeev, 2015; Akira et al.,
2016). Therefore, en echelon normal fault arrays that
formed in the Upper Ordovician–Carboniferous were
dominantly controlled by this type of stress-strain
mechanism. The weak rock mechanism properties of the
Sangtamu Formation–Carboniferous had only a limited
impact on the development of the en echelon normal fault
arrays.

5.2 Hydrocarbon accumulation significance of
vertical differential structural deformation in the
strike-slip fault zones
5.2.1 Hydrocarbon generated from Lower
Cambrian source rock

Abundant field outcrop profiles and drilling data have
confirmed that the Yuertusi Formation of the Lower
Cambrian is a high-quality source rock in the central
Tarim Basin (Zhu et al., 2016; Yang et al., 2020). Studies
have also reached the consensus that the Yuertus
Formation is the most important source rock for the
Shunbei Oil Field (Qi et al., 2016, 2021; Jiao, 2017, 2018;
Yun, 2021).

5.2.2 Influence of Middle Cambrian gypsum-bearing
formation on upward hydrocarbon migration
Generally, the gypsum-bearing formation could be a
perfect caprock if it was not highly dislocated or
deformed by faults. In the Shunbei area, the Middle
Cambrian gypsum-bearing formation may have partially
reduced the vertical migration efficiency of oil and gas,
especially in areas without strike-slip faults dislocating
(Fig. 7). However, there are also situations where the
Middle Cambrian was severely dislocated by steep faults
in some SSFZs. As a result, the gypsum was evacuated
and thinned. And, reservoirs in the Ordovician
carbonates could directly communicate with Lower
Cambrian source rocks through a series of steep faults
(Figs. 2b, e, 3c–f). These steep faults that cut through the
entire Cambrian could contribute to the upward
migration and distribution of hydrocarbons. As a
consequence, the negative effect of the Middle Cambrian
gypsum-bearing formation on upward oil and gas
migration is limited.

5.2.3 Differential hydrocarbon accumulation in
Ordovician carbonate reservoirs
The precise structural interpretation shows that rigid

carbonates from the Upper Cambrian–Ordovician are
characterized by differential or segmental deformation
(Figs. 5, 7). Segmental deformation in these formations
was the most important factor that impacted the
differential distribution and accumulation of oil and gas.
Previous studies have also indicated that differences
existed in the reservoir scale, quality, and oil and gas
output, along with the strikes of the SSFZs (Deng et al.,
2018, 2019a), which is potentially related to the
differential and segmental deformation.

5.2.4 Impacts of multi-stage structural deformation
on hydrocarbon migration, charging, accumulation,
and secondary adjustment

The Upper Ordovician–Carboniferous recorded the
superimposing multi-stage structural deformation process
of these SSFZs (Fig. 8). Analyses of hydrocarbon
accumulation also showed that oil and gas in the Shunbei
area experienced multi-stage charging processes during
the late Caledonian, late Hercynian, and Indosinian–
Himalayan (Zhu et al., 2017; Wang et al., 2019; Cao et al.,
2020; Wang et al., 2020a; Han et al., 2021b). Based on
fault activation and hydrocarbon charging processes, three
situations existed.
(1) Coupled structural activation and hydrocarbon
charging process in the late Caledonia. Generally, this
situation could be attributed to oil and gas accumulation.
However, during this period, the Yuertus source rocks
were going to generate hydrocarbon. Therefore, the
hydrocarbon charging intensity may have been limited.
Previous studies have also shown that the late Caledonian
was not the main charging period (Wang et al., 2020a; Han
et al., 2021b).
(2) Middle-late Hercynian structural activation partially
coupled with late Hercynian–Indosinian hydrocarbon
charging process. In this situation, source rocks from the
Yuertusi Formation had matured (Wang et al., 2020a).
Multi-stage structural events, which occurred in the
middle Caledonian, late Caledonian, and middle-late
Hercynian, could provide optimal conditions for
hydrocarbon migration and preservation. Therefore, this
situation is theoretically beneficial to hydrocarbon
accumulation. However, the development of en echelon
normal faults in the Upper Ordovician–Carboniferous may
be a non-negligible negative factor that affected the
sealing of the thick mudstone caprock in the Sangtamu
Formation. This could lead to the alteration and
destruction of oil and gas reservoirs that formed early in
the Ordovician carbonates. However, dialectically, en
echelon normal faults in the Upper Ordovician–
Carboniferous could simultaneously play negative and
positive roles in hydrocarbon accumulation. These en
echelon normal faults could be pathways for upward
hydrocarbon migration through the Upper Ordovician
caprock and accumulation in the Kepingtag Formation.
This may be a reason for the development of sandstone oil
and gas plays in the Lower Silurian (Li et al., 2020) (Fig.
7).
(3) Hydrocarbon charging during the Himalayan period.
SSFZs in the Shunbei area had no identifiable strike-slip
deformation that occurred since the late Hercynian, which
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is different from the Tabei area (Deng et al., 2018, 2019a).
Studies on the hydrocarbon charging process indicate that
some SSFZs in the Shunbei and adjacent areas
experienced massive oil and gas charging during the
Himalayan period, possibly one of the most important
periods for hydrocarbon charging (Zhu et al., 2017; Deng
et al., 2018; Wang et al., 2020a). This indicates that
reservoir spaces and migration pathways formed by faults
and fractures during the middle–late Caledonian and
Hercynian were preserved until the Himalayan, which had
supported the oil and gas migration and charging during
this period.
In summary, when hydrocarbons generated from the
Lower Cambrian source rock migrated upward, the Middle
Cambrian gypsum-bearing formation may have reduced
the vertical migration efficiency in segments with weak or
no deformation. However, steep faults that dislocated the
entire Cambrian could be attributed to upward
hydrocarbon migration and distribution. Rigid carbonates
from the upper Cambrian–Ordovician were characterized
by differential or segmental deformation, which was the
most important factor that controlled the differential
hydrocarbon distribution and accumulation in the faultcontrolled fracture-cavity reservoirs. En echelon normal
faults that developed in the Upper Ordovician–
Carboniferous could have simultaneously played negative
and positive roles during hydrocarbon accumulation. This
could have led to the alteration and destruction of oil and
gas plays that formed early in Ordovician carbonates and
resulted in oil and gas accumulation in the Kepingtage
Formation.

6 Conclusions
VDSD is one of the most important structural
characteristics of SSFZs in the Shunbei area. Based on
precise structural interpretations and analyses, we
examined its deformation characteristics, genetic
mechanisms, and hydrocarbon accumulation significance.
We obtained the following conclusions.
(1) The main SSFZs in the Shunbei area presented
different deformation characteristics in deep and shallow
sections. Coupled with the stratification of the rock
mechanisms, the structural deformation of these SSFZs in
various formations were differentiated and could be
divided into four layers. The Neoproterozoic–Lower
Cambrian (Layer I) was segmentally dislocated by steep
strike-slip faults, along with the strikes of the SSFZs,
which were alternately distributed with weak or no
deformation segments. The Middle Cambrian (Layer II)
was composed of gypsum-bearing formations and
presented detachment deformations (e.g., gypsum
detachment folds and faults) and fault dislocations. The
Upper Cambrian–Middle Ordovician (Layer III) was
composed of rigid carbonates and characterized by typical
flower structures and single strike-slip faults dislocations.
In 3-D space, they were push-up structures, pull-apart
structures, single strike-slip fault planes, localized minisags, and narrow and long grabens, among others. They
were significantly different from those of Layers I and II.
The shallower section of the Upper Ordovician–
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Carboniferous (Layer IV) was composed of clastic rock,
characterized by differential superimposing deformation
composed of en echelon normal fault arrays and/or narrow
and long grabens. Deformation in Layer IV was also
different from those of the three underlying layers. With
comprehensive structural interpretations and comparisons,
three integrated 3-D structural models could describe the
VDSD of these SSFZs.
(2) The time-space coupling of the material basis (rock
mechanism stratification), dynamic conditions (e.g.,
changing stress-strain states), and special deformation
mechanism for the en echelon faults controlled the
formation of the VDSD of the SSFZs in the Shunbei area.
(3) The VDSD of the SSFZs in the Shunbei area
controlled the entire hydrocarbon accumulation process.
Multi-stage structural superimposing deformation of these
SSFZs influenced hydrocarbon migration, accumulation
and distribution, preservation, and secondary adjustment.
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