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Editorial: Basins and related
tectonics

Guiting Hou*

School of Earth and Space Sciences, Peking University, Beijing, China

KEYWORDS
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exploration, structures, methods

Editorial on the Research Topic
Basins and related tectonics

Sedimentary basins are the largest potential stores of captured carbon dioxide and serve
as important environments for other resources such as hydrogen and hydrocarbon fuels.
Better understanding the stratigraphy, structural geology, and related tectonics of basins is
critical to recognize the evolution history of basins and utilize them for societal and
environmental needs. Since the year 2000, new methods have been applied in basin-
related research, motivating global data and detailed basin data concerning their
tectonics, structures, sedimentary facies, exploration, and utilization. We believe that a
Research Topic focused on basins and their tectonics is necessary to resolve the needs of the
open access-based science community.

This Research Topic presents the state of the basin-related research, including new
methods and ideas applied in the interpretation of seismic reflection data, salt tectonics,
fractures, structure and tectonics of a basin, the prototype basin, tectono-paleogeography,
evolution of basins, and coupling between basins and orogens. The methods include the
seismic profile explanation, balanced section technique, sedimentary facies analysis, and
numerical and physical modeling approaches, along with research from basins including
paleomagnetism, zircon dating ages, sedimentary data, and lithological facies. These papers
contribute to promote research on basins and related tectonics.

The Research Topic Basin and related tectonics concludes 10 papers, including eight
research articles, one method article, and one review article. The Research Topic focused on
the Tarim Basin, Junggar Basin, Sichuan Basin, Songliao Basin, Bohai Bay Basin, and South
China Sea Basin, which are important hydrocarbon basins in China.

The Tarim Basin is a large superimposed basin rich in petroleum resources in
northwestern China, which has experienced five stages of complex tectonic-sedimentary
evolution. The reconstruction of the prototype basin and its surrounding background is of
great significance for understanding the distribution of petroleum reservoirs in the
superimposed basin, and provides a tectonic background and theoretical guidance for
petroleum exploration in the Tarim Basin.

The Tarim Basin is a prospective hydrocarbon basin in northwestern China. Based on
high-confidence paleomagnetic data and peripheral background analysis, the global plate
tectonic patterns of the Tarim Block in different periods of the early Paleozoic, the late
Paleozoic, the Mesozoic, and the Cenozoic are reconstructed by Zhong et al., Xia et al., Li
et al., and Wei et al. According to the distribution of sedimentary facies and the pattern of
uplift and depression, the boundaries of the three stages of the prototype basin are
determined by marginal sedimentary facies, and the denudation areas are supplemented
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by the thickness trend method and restored by decreasing amounts
based on 81 large sections of the whole Tarim Basin. The prototype
basin and tectono-paleogeographic maps of the Tarim Basin in the
different stages of the early Paleozoic, late Paleozoic, Mesozoic, and
Cenozoic are reconstructed by Zhong et al., Xia et al., Li et al., and
Wei et al. based on the aforementioned basic research. The Tarim
Basin underwent important tectonic evolution in the early Paleozoic,
the late Paleozoic, the Mesozoic, and the Cenozoic. The prototype
basin and tectono-paleogeography of the Tarim Basin are related to
the tectonic environment surrounding the basin.

The Junggar Basin is another important hydrocarbon basin in
northwestern China. Li et al. analyzed 15 apatite samples of fission-track
dating and eight zircon samples obtained from the northern Junggar
Basin. Apatite FT ages ranged from 131 to 42Ma, and zircon FT ages
ranged between 205 and 132Ma. The northern Junggar Basin
underwent three tectono-thermal events during 165–161, 93–81, and
72–66Ma. The thermal events of 165–161Ma may suggest magmatic
activity during the Yanshanian stage, while the 93–86 and 72–66Ma
events show Late Cretaceous uplift and cooling. These results suggest
that the Yanshanian tectono-thermal events involve the evolution of the
Junggar Basin in the Mesozoic.

The Sichuan Basin is one of the important basins in
southwestern China. The deep reservoirs are explored and
developed for these years. The Tongnanba anticline in the
northeastern Sichuan Basin was subjected to the compression of
the Micangshan and Dabashan thrust belts, forming a complex
superimposed structure with three deformation structure layers
controlled by three detachment layers in three stages. Zhai et al.
proposed that these deformation layers extended in the NW-SE
direction and formed the long-distance detachment thrust structure
controlled by the Micangshan thrust belt in the late stage.

The Songliao Basin is a large Mesozoic–Cenozoic basin
discovered earlier in China. He et al. proposed that the
hydrocarbon accumulation in the upper member of the Quantou
Formation is controlled by folds and faults in the central Songliao
Basin. The faults in the area are classified into three stages. The
three-dimensional structure of the third member of the Quantou
Formation is explained by the integration of well logging and seismic
data; then, the fracture characteristic and the tectonic history of the
Yangdachengzi oil layer are analyzed in the Research Topic.

The Bohai Bay Basin is a well-developed hydrocarbon basin in
eastern China. Based on the most recent progress of exploration and
development, Wang et al. quantitatively analyzed the structural
characteristics and fault activity of the buried hill using the
balanced section technique in the Research Topic. The structural
evolution of the area was simulated by a tectonophysics modeling
experiment. The NNE-trending fault is a left-handed fault that
formed in the background of the left-handed strike-slip activity
of the Tanlu fault zone. The EW-trending fault is closely related to
the near-SN extension in the Late Cretaceous.

The South China Sea Basin is an important prospective sea basin
with rich hydrocarbon resources. Using 2D and 3D seismic data and
modeling, Guo et al. proposed that the Zhu I Depression in the
basin, as a series of half-grabens bounded by NE-NEE-trending
normal faults, has undergone two phases of extension during the
Paleogene. Two phases of structural-sedimentary evolution suggest
that the Panyu 4 Sag was formed in the multi-stage extension. Since

the Paleogene, the structural evolution of the Panyu 4 Sag has been
controlled by coupling among the Pacific, Eurasian, and Indian
plates, related to the orientation of subduction of the Pacific plate
transferring from NNW to NWW.

Zili et al. proposed two methods that are proposed in the
Research Topic to identify effective faults for hydrocarbon
accumulation in slope areas. The first method focuses on the
location of the sand bodies and paleotectonic ridges,
controlling the lateral migration path of hydrocarbons in
slope areas. The second method resolves the lateral sealing
parts of faults that are oriented perpendicular or oblique to the
channel sand bodies.

These papers on the Research Topic Basin and related tectonics
suggest that the structures, sedimentary facies, and evolution of
these basins are related to the tectonics surrounding these basins.
The tectonics control the structures, facies, configuration of
depressions and uplifts, and stress field, along with the reservoirs,
migration, and accumulation of petroleum in these basins.
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Determining effective faults for
hydrocarbon accumulation in
slope areas of petroliferous
basins: Methods and applications

Fan Zili1,2, Fu Guang1, Fan Xiaodong2*, Wang Shuli2,
Xiao Hongwei2, Fu Hongjun3* and Guo Xiaobo2

1School of Earth Sciences, Northeast Petroleum University, Daqing, China, 2Exploration and
Development Research Institute of Daqing Oilfield Co Ltd, Daqing, China, 3Petrochina Daqing Tamsag,
LLC, Daqing, China

From accumulation mechanisms and the identification of effective faults,

hydrocarbon distribution in slope areas of petroliferous basins is assessed. In

this study, we superimpose two methods to develop a set of key methods,

which can identify effective faults for hydrocarbon accumulation in slope areas.

The first of this set of methods includes locating the distribution area of the

connected sand bodies and paleotectonic ridges overlying the formationwhere

the sand bodies are located, which aids determining the lateral migration path

of hydrocarbons in slope areas. The second set of methods includes identifying

the lateral sealing parts of faults that are oriented perpendicular or oblique to

the channel sand bodies, thereby determining the faults that are effective for

hydrocarbon accumulation. By applying these methods, we identify the

effective faults in the first member of the Nantun Formation (K1n1) on the

Wunan slope of the Wuerxun Depression in the Hailar Basin. The results show

that the effective faults in K1n1 are located mainly in its middle and northern

parts, with a few distributed in the south-central part. This is conducive to

reservoir development, since hydrocarbons which were generated in the

western trough source rocks of K1n1, accumulated in the nearby trap formed

from a suitable configuration of the fault and sand body of K1n1. This is

consistent with previous exploration data, and the observation that

hydrocarbons discovered in K1n1 on the Wunan slope are mainly distributed

in the middle and northern parts of the region, and a small amount occur in the

south-central part. The results show that this set of methods is feasible for

determining effective faults for hydrocarbon accumulation in slope areas.

KEYWORDS

slope area, hydrocarbon accumulation, effective faults, determinationmethod, wunan
slope area, the 1 st member of the nantun formation (K1n1)
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Introduction

Research on hydrocarbon exploration in the slope areas of

petroliferous basins has expanded considerably in recent years.

The results suggest that in slope areas, the distribution of

hydrocarbons is influenced by its lateral migration path and

controlled by whether or not faults are sealed, the relationship

between these faults and the spread of the river channel sand

bodies, as well as the relationship between the faults and the

lateral migration path of the hydrocarbons. Sealed faults along

hydrocarbonmigration pathways that are oriented perpendicular

or oblique to the channel sand bodies are effective in reservoir

formation; other faults are not considered as effective for

hydrocarbon accumulation.

Recently, multiple studies have attempted the identification

of effective faults for hydrocarbon accumulation in slope areas;

these studies adopted a similar methodology. For example, Jin

(2012), Henares et al. (2014), Zhu et al. (2015), Li et al. (2017),

Meng et al. (2020a) and Yang et al. (2020b), made predictions of

the argillaceous content of fault rocks by assessing fault distance

in the target formation, as well as the thickness of the faulted rock

formation and their argillaceous content. Studies also assessed

the lateral sealing of faults according to the predicted relative

value of the argillaceous content of the fault rocks (Lyu et al.,

2016; Fu et al., 2012; Fu and Zhan, 2016; Wang et al., 2017).

Other studies focused on two aspects—the distribution of the

sand body connection area and oil–gas potential field at the top of

the formation, which were then combined to predict the lateral

migration path of hydrocarbons in the slope area (Zhou et al.,

2006; Wang et al., 2009; Fu andWang, 2018a; Wang et al., 2018b;

Fu and Wang, 2019); the relationship between the lateral

migration path of the hydrocarbons and the distribution of

faults were used to identify the effective faults for

hydrocarbon accumulation. A common observation from

these studies is that faults located only along the lateral

migration path of hydrocarbons are effective for hydrocarbon

FIGURE 1
Schematic of typical faults for hydrocarbon accumulation in a slope area; (A) Effective faults for hydrocarbon accumulation; (B) Non-effective
faults for hydrocarbon accumulation.
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accumulation. This has contributed to an improved

understanding of the regularity of hydrocarbon distributions

in slope areas of petroliferous basins and improved

hydrocarbon exploration practices.

However, the distribution of hydrocarbons in slope areas is

affected not only by fault sealing and lateral migration path

distribution, but also by their spatial configuration, in addition to

the spatial configuration of the fault orientations and the

orientation of the channel sand bodies. Relatively few field-

based studies of effective faults for hydrocarbon accumulation

in slope areas combine these influences in their assessments.

Most studies are limited to the spatial configuration between

sealed faults and the lateral migration path of hydrocarbons (Fu

et al., 2014; Wu et al., 2015; Hu et al., 2018) and do not consider

the configuration between sealed faults and the orientation of

channel sand bodies. Thus, these results do not accurately reflect

the hydrocarbon distribution in slope areas; this makes

hydrocarbon exploration practices uncertain and risky.

Effective fault determination methods for hydrocarbon

accumulation in slope areas is important for correct

understanding of the hydrocarbon distribution in slope areas

and for guiding the exploration.

Identifying effective faults for
hydrocarbon accumulation in slope
areas

Exploration studies show how hydrocarbon generated from

source rocks in sag areas move along a lateral migration path in a

sand body to slope areas under the effect of buoyancy.

Hydrocarbons accumulate in traps formed by a suitable

configuration of the lateral migration path of hydrocarbons

with the fault and sand body; no hydrocarbons accumulate if

the configuration of the trap consists of just the fault and sand

body. Most fault and sand body traps form as a result of the

perpendicular or oblique intersection of sealed faults and channel

sand bodies. Therefore, only sealed faults that are perpendicular

FIGURE 2
Schematic determining the lateral migration path of hydrocarbons in a slope area.
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or oblique to the channel sand bodies and located in the lateral

migration path of the hydrocarbons could stop their lateral

migration. This would allow the hydrocarbons to accumulate

in traps formed by suitable configurations of the fault and sand

body (Figure 1A). If sealed faults, perpendicular or oblique to the

channel sand bodies, are not located along the lateral migration

path of the hydrocarbons, they would not accumulate in the

fault—sand body configuration (Figure 1B). This analysis

demonstrates that only sealed faults located in the lateral

migration path of hydrocarbons, and oriented perpendicular

or oblique to channel sand bodies, are effective faults for

hydrocarbon accumulation in slope areas. If any these three

conditions are not met, the fault is not considered effective for

hydrocarbon accumulation in slope areas.

Method of determining effective
faults for hydrocarbon accumulation
in slope areas

To determine the effective faults for hydrocarbon

accumulation in slope areas, the lateral migration path of

hydrocarbons in the slope areas and the distribution of the

sealed faults are identified. Configuring them could help

determine the effective faults for hydrocarbon accumulation.

To determine the lateral migration path of hydrocarbons in

slope areas, the areal distribution of the connected sand body in

the target layer and the distribution of paleotectonic ridges

overlying the sand body are confirmed first. When

superimposed, they demarcate the lateral migration path of

hydrocarbons in the slope area. A distribution map of sand

ratio of the formation in the target formation is made from

drilling data—specifically, the sand ratio of the formation at

known wells and the characteristics of the hydrocarbon in the

sand body. From this, the minimum sand ratio of the formation

in which the sand bodies are located in the hydrocarbon

distribution area is taken as the minimum sand ratio of the

formation required for sand body connection (Zhang et al.,

2018). Encircling the area where the sand ratio of the

formation is larger than the minimum sand ratio of the

formation required for sand body connection, gives us the

sand body connection area (Figure 2). The paleo-burial depth

of the formation top where the sand body occurs is reconstructed

by the paleo-burial depth reconstruction method (Fu et al., 2021)

FIGURE 3
(A) Structural and (B) stratigraphic characteristics of the Wunan slope area.
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to estimate the paleo-burial depth during hydrocarbon

accumulation. The hydrocarbon paleo-potential energy is

calculated from Eq. 1 to create a paleo-potential energy

distribution map (Figure 2). The distribution of paleotectonic

ridges overlying the formation where the sand body is located can

be obtained by the hydrocarbon paleo-potential energy isoline

method (Figure 2). The lateral migration path of hydrocarbons in

the slope area is obtained by superimposing the above-

mentioned sand body connection area with the distribution of

paleotectonic ridges overlying the formation where the sand body

is located (Figure 2).

∅ � gz + p
ρ

(1)

where: ∅ is the paleo hydrocarbon potential energy value of the

fault plane (KJ); g is the gravitational acceleration (m/s2); z is the

ancient burial depth of the fault plane (m); z is the fluid pressure

of the fault plane (MPa), obtained from ρw z, where ρw is the

formation water density (g/cm3); ρ is the hydrocarbon density

(g/cm3).

To determine the distribution of sealed effective faults, it is

necessary to determine the distribution of the sections of the

faults that are laterally sealed and the distribution of faults that

are oriented perpendicular or oblique to the channel sand bodies.

For this, the distribution of faults developed in the target

formation of the slope area is interpreted from 3D seismic

data, the fault distance in the target formation, and the

thickness and argillaceous content of the rock formation being

faulted. The argillaceous content of faults at different sites is

calculated from Eq. 2; thus, the argillaceous content of the fault

rocks at all known wells in the study area is estimated, as well as

the displaying features of the hydrocarbon in nearby target

formations. The minimum argillaceous content of fault rocks

in the hydrocarbon distribution area is taken as the minimum

argillaceous content of fault rocks required for hydrocarbon

accumulation through faults (Fu and Hu, 2016). Sealed fault

sites typically have greater fault rock argillaceous content than

the minimum argillaceous content of fault rocks required to trap

hydrocarbons.

Rf � ∑
n
i�1HiRi

L
(2)

Where Rf is the fault rock shale content (%);Hi is the ith faulted

strata thickness (m); Ri is the ith faulted strata shale content (%); n

FIGURE 4
Schematic of the hydrocarbon accumulation model for the first member of the Nantun Formation (K1n1) in the Wunan slope area.
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is the number of layers of the faulted strata; L is fault

displacement (m).

Research on sedimentary microfacies in the study area help

determine the direction of the spread of channel sand bodies. The

orientation of fault extensions developed within the target

formation are acquired by interpreting the above-mentioned

3D seismic data. The distribution of faults that are

perpendicular or oblique to the channel sand bodies are

obtained by combining the direction of the spread of channel

sand bodies with the orientation of fault extensions. When the

FIGURE 5
Determination of sand body connection distribution area for the first member of the Nantun Formation (K1n1) in the Wunan slope area; (A) The
determination chart of the minimum value of the ratio of the sand and formation required for sand body connecting distribution in the Nantun
Formation; (B) The sand body connecting distribution in oil formation Ⅰ of K1n1; (C) The sand body connecting distribution in oil formation Ⅱ of K1n1.
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distribution of the sealed part of the faults are superimposed over

faults that are perpendicular or oblique with the channel sand

bodies, the parts that overlap mark the distribution area of the

effective faults that seal-in the hydrocarbons (Figure 1).

Superimposing the distribution of the lateral migration path

of the hydrocarbons in the slope area and the distribution of

effective faults which seal them in, the sealed faults that are

located both on the lateral migration path of the hydrocarbons,

and are perpendicular or oblique to the channel sand bodies are

the effective faults for the accumulation of hydrocarbons

(Figure 1).

Feasibility study from the Wunan
slope

The methods discussed in this paper were applied to the first

member of the Nantun Formation (K1n1) on the Wunan slope of

the Wuerxun Depression in the Hailar Basin. We examined the

potential of this method in determining the effective faults for

hydrocarbon accumulation in the Wunan slope area by

correlating the results from this sample study with the

currently known distribution of hydrocarbons in the area.

The Wunan slope area is located to the east of the troughs in

the southern part of the Wuerxun Depression. It includes three

tectonic units—ring depressions, slope breaks, and slope areas

(Figure 3). Currently, the Wuerxun Depression is the focus area

for hydrocarbon exploration. The stratigraphy of this area

includes, from bottom to top, the Lower Cretaceous

Tongbomiao Formation, the Nantun Formation, the

Damoguaihe Formation and the Yimin Formation, the Upper

Cretaceous Qingyuangang Formation, with thin Cenozoic strata

(Figure 3). A large volume of the hydrocarbons occur in K1n1;

they originate from the lower source rocks in K1n1 of the western

trough. In planar view, the hydrocarbons are mainly distributed

near the faults in the slope area of the ring depressions and slope

breaks, but not all faults in the slope area host hydrocarbons. This

is mainly controlled by the distribution of the effective faults for

the hydrocarbon accumulation. To guide the hydrocarbon

exploration in K1n1 in the Wunan slope area requires accurate

identification of the effective faults for hydrocarbon

accumulation.

FIGURE 6
Distribution map with the lateral migration path of hydrocarbons in the first member of the Nantun Formation (K1n1) in the Wunan Slope Area;
(A) Oil formation Ⅰ; (B) Oil formation Ⅱ.
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The typical structure of hydrocarbon reservoirs corresponds

well with the accumulation model for hydrocarbons trapped in

K1n1 along the Wunan slope. Here, the hydrocarbons generated

from the source rocks in the lower part of K1n1 in the western

trough migrate upward through the oil source faults. These faults

not only connect the source rocks in the lower part of K1n1 with

the K1n1 reservoir, they were active at the end of the

sedimentation period of the Yimin Formation which marks

the hydrocarbon accumulation period. Since they are blocked

by the regional mudstone caprock of the first Member of the

Damoguaihe Formation (K1d1), the hydrocarbons laterally

migrate to the K1n1 reservoir and laterally, to its slope area.

They accumulate, finally, in the trap formed by a suitable

configuration of the fault and sand body, and form a reservoir

(Figure 4).

The sand ratio of the formation for the two oil formations in

K1n1 are obtained from the drilling data. When combined with

the hydrocarbon distribution for the Nantun Formation in this

area (Figure 5A), the minimum value of sand ratio of the

formation required for sand body connection is estimated to

be about 19%. The distribution of the sand body connection

area for these two oil formations in theWunan slope area is also

obtained (Figure 5B, Figure 5C). Except for a part of the central

area, Figure 5B clearly shows that sand bodies of oil formation

Ⅰof K1n1 in the Wunan slope area are all connected. The sand

bodies of oil formation Ⅱ of K1n1 are also connected, except for

parts of the central and northeastern area (Figure 5C). The

FIGURE 7
Fault distribution map of the first member of the Nantun
Formation (K1n1) in the Wunan slope area.

FIGURE 8
Evaluationmap of lateral fault sealing of the first member of the Nantun Formation (K1n1) in theWunan slope area; (A) Theminimum argillaceous
content of fault rocks required to close the fault; (B) The distribution of lateral sealing faults.
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burial depth of the top of the K1n1 formation is obtained from

the paleo-burial depth reconstruction method (Fu et al., 2021)

and corresponds to the paleo-burial depth of formation during

the hydrocarbon accumulation period, i.e. the late sedimentary

period of the Yimin Formation (Fu et al., 2013). The

hydrocarbon paleo-potential energy value is calculated from

Eq. 1. The distribution of the paleotectonic ridges that overlie

the formation where the sand bodies are located is obtained

from the hydrocarbon paleo-potential energy field. The

distribution of the lateral migration paths of the

hydrocarbons in K1n1 is obtained by superimposing the

distribution of the sand body connection areas of K1n1 in

Wunan slope area with the distribution of the paleotectonic

ridges overlying the formation where the sand bodies are

located (Figure 6). This figure suggests that there are seven

lateral migration paths, from west to east, in the Wunan slope

area. The three lateral migration paths of the hydrocarbon

extend northward, and the four lateral migration paths of

the hydrocarbon extend southward.

The faults developed within K1n1 in the Wunan slope area

are interpreted from 3D seismic data (Figure 7); the data suggests

that a majority of the faults are oriented NW, a few are oriented

NEE, and a small number are oriented in the N–S direction.

Apart from in the western area, the faults are well-developed and

widely distributed; the average density of faults is 0.4–0.5 per km.

The fault distance in K1n1, the thickness of the rock formation

and the argillaceous content (SGR) of the faulted formations are

estimated from this 3D seismic data. Eq. 2 is used to calculate the

argillaceous content of the faults in K1n1; the minimum

argillaceous content of fault rocks required for hydrocarbon

accumulation is estimated to be about 18%— from the

relationship between the argillaceous content of the fault rocks

at all known wells and the distribution of hydrocarbons in the

area (Figure 8A). The fault lateral sealing of K1n1 in the Wunan

slope area is evaluated accordingly (Figure 8B); it can be seen that

almost all the faults are laterally sealed except for a few in the

north.

Sedimentary microfacies studies in the region suggest that the

orientation of the channel sand body spread in the Wunan slope

area is NNE (Figure 9). This is compared with the fault

distributions that are perpendicular or oblique to channel

sand bodies in the Wunan area (Figure 7 and Figure 9). The

results show that the faults in K1n1 that are perpendicular or

oblique to the river channel are mainly oriented NW and near-

N–S; a few are oriented in the NE direction (Figure 10). Faults

perpendicular or oblique to the channel sand bodies in the region

FIGURE 9
Channel sand body distribution map of the first member of
the Nantun Formation (K1n1) in the Wunan slope area.

FIGURE 10
Distribution map of sealed faults in the first member of the
Nantun Formation (K1n1) in the Wunan slope area oriented vertical
or oblique to the channel sand body.
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are widely distributed, except for in the southwestern

region—where they are not developed.

Effective sealing faults that aid hydrocarbon accumulation in

K1n1 are widely distributed in the study area—except in the

southwest, where these faults are not developed (Figure 8,

Figure 10). The distribution of effective faults for hydrocarbon

accumulation in K1n1 in the Wunan slope area are obtained by

superimposing the distribution of the hydrocarbon lateral

migration paths and the distribution of the effective sealing

faults that support hydrocarbon accumulation (Figure 11). It

can be seen that the effective faults for hydrocarbon

accumulation are mainly distributed in the middle and

northern part of K1n1; a comparatively smaller number of

faults are distributed in the south-central part. Thus, oil

formation Ⅰ has fewer effective faults for hydrocarbon

accumulation in K1n1 than oil formation Ⅱ.
The hydrocarbons discovered in K1n1 are mainly

distributed in the middle and northern part of the Wunan

slope area, near the effective faults for hydrocarbon

accumulation (Figure 11). Here, hydrocarbons that

accumulate near effective faults are obtained from the

lateral migration of hydrocarbons from the source rocks of

K1n1 of the western trough. Their accumulation is conditional

on the configuration of the trap formed by the fault and sand

body; they are found by drilling.

Conclusion

The lateral migration path of the hydrocarbons in the slope area

were determined by identifying the sand body connection area, and

the paleotectonic ridges overlying the formation where the sand

body is located. By determining the lateral sealing part of the faults

and faults that are perpendicular or oblique to the channel sand

bodies, the effective faults for sealing hydrocarbons can be

determined. The superimposition of these two methods creates a

set of key methods to determine the effective faults for hydrocarbon

accumulation in slope areas.

These methods were applied to effective faults determination

in the Wunan slope area of the Wuerxun Depression in the

Hailar Basin. The effective faults in K1n1 were identified mainly

in the middle and northern part, with a smaller number

distributed in the south-central part. This is conducive to

hydrocarbon accumulation from the source rocks in K1n1 in

the western trough given the nearby trap formed from fault and

sand body configurations. This result is consistent with the

discovery of hydrocarbons in K1n1 in the Wunan slope area,

i.e., hydrocarbons are mainly located in the middle and northern

part, and with a smaller volume in the center of the southern part.

These methods could be applied to sandy mudstone

petroliferous basins to identify effective faults for hydrocarbon

accumulation in slope areas.

FIGURE 11
Relationship between hydrocarbon accumulating effective faults and hydrocarbon distribution in the first member of the Nantun Formation
(K1n1) in the Wunan slope area; (A) Oil formation Ⅰ of K1n1; (B) Oil formation Ⅱ of K1n1.
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The Junggar Basin is a multicycle intracontinental sedimentary basin developed on
the pre-Mesozoic deformed basement. For a long time, the Junggar Basin and its
adjacent Altai orogeny have been a focus of debate for geologists studying the
opening and closing history of the Paleozoic Asian Ocean and Cenozoic
intracontinental deformation. However, there has been no detailed research on
the intracontinental tectonic activities of northern Xinjiang since the Mesozoic,
particularly the Yanshanian tectonic activities in the northern Junggar Basin.
Fission-track (FT) dating was conducted on 15 apatite samples and eight zircon
samples obtained from the northern Junggar Basin to better understand the
Yanshanian tectonic evolution. The results showed that apatite FT (AFT) ages
ranged from 131 to 42 Ma and zircon FT ages ranged from 205 to 132 Ma. Based
on the AFT track thermal history modeling and the regional geological data, we
proposed that the northern Junggar Basin underwent three tectonic thermal events
during 165–161, 93–81, and 72–66 Ma. The thermal events of 165–161 Ma may
indicate magmatic activity during the Yanshanian, while the 93–86 and 72–66 Ma
events reflect Late Cretaceous uplift and cooling. This study has confirmed the
tectonic evolution of the Yanshanian in the northern Junggar Basin from the
perspective of thermochronology. It has also revealed that the Yanshanian
orogeny, a regional tectonic event, may have also occurred in northwest China.

KEYWORDS

fission-track thermochronology, yanshanian, tectonic evolution, northern junggar basin,
magmatism

Introduction

Junggar Basin is an important sedimentary energy basin rich in oil, gas, and coal resources
in northwest China (Xiao et al., 1992; Zhao, 1992; Cai et al., 2000). This basin is sandwiched
between the Altay and Tianshan Mountains and is part of the Central Asian Orogenic Belt
(CAOB). Its Paleozoic tectonic evolution is mainly characterized by a continental margin
collision and orogeny. In the Late Paleozoic, the Junggar Basin and its adjacent areas formed a
large tectonic collage mainly comprising island arcs, microcontinental blocks, and a
paleooceanic crust (Zhang et al., 2017; Xiao et al., 2020; Zhu et al., 2020). After the
Mesozoic, the Junggar Basin entered a stage of intracontinental evolution, and the tectonic
activity of this basin was mainly controlled by the far-field effects of the Indian–Eurasian plate
collision (Allen et al., 1994; Jolivet et al., 2001; Zhang et al., 2017). The tectonic thermal
evolution and intracontinental deformation of the Junggar Basin and its adjacent areas since the
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Mesozoic have attracted the interests of many geologists (Zhou and
Cai, 1990; Qiu et al., 2002; Jia et al., 2005; Wang and Xu, 2006; Dong
et al., 2019; Cao et al., 2020; Hou et al., 2020; He et al., 2021; Wu et al.,
2021; He et al., 2022a; Zhang et al., 2022).

Few studies have been conducted on Mesozoic tectonic activities
in the Junggar Basin and its adjacent areas compared with those on
Paleozoic and Cenozoic activities, and the tectonic processes and
patterns during the Mesozoic are not clear. (Li et al., 2010; Yu et al.,
2016; Wu et al., 2021; He et al., 2022b; Zhang et al., 2022). East Asia
was widely affected by the Mesozoic Yanshanian orogeny, which
resulted in complex intracontinental deformation, violent magmatic
intrusions, and volcanic eruptions (Qiu et al., 2018; Yan and Qiu,
2020). This further led to substantial changes in the surface structures,
landforms, paleoenvironments, and paleoecosystems of East Asia, and
it is of considerable importance to the tectonics of eastern China
(Dong et al., 2000; Dong et al., 2007; Dong et al., 2015; Dong et al.,
2019; Faure et al., 2012; Zhu et al., 2020; Qiu et al., 2022a). Owing to
the weak influence of the Yanshanian orogeny in northwest China,
particularly the Junggar Basin, the Yanshanian tectonic event has not
attracted considerable attention (Qiu et al., 2022b). With studies being
conducted on the Yanshanian orogeny and its thermal effects in

western China, researchers have gradually realized the significance
of the Yanshanian orogeny for understanding mineralization in the
Junggar Basin and Yanshanian tectonic evolution (Zhang et al., 1994;
Dong et al., 2000; Fang et al., 2006; Guo et al., 2006; He and Gao, 2008;
Yang et al., 2015; Yang et al., 2017; Sun et al., 2018; Dong et al., 2019;
Zhu et al., 2020). However, the strength and timing of the Yanshanian
tectonic evolution in the northern Junggar Basin are still poorly
understood. Therefore, this paper will discuss the Yanshanian
tectonic evolution of the northern Junggar Basin in the late
Mesozoic from the tectonic thermochronology perspective.

Fission-track (FT) thermochronology was developed on the basis
of the closure temperature theory and the concept of cooling age,
which effectively records tectonic events in the low-temperature range
and recovers corresponding geothermal histories (Gleadow et al.,
1986; Gallagher et al., 1998; Ruiz et al., 2004; Ketcham et al., 2018;
Tian et al., 2020a). FT thermochronology has been widely used in a
variety of studies, including analysis of the thermal history of
sedimentary basins, rock uplift rates, constrained stratigraphy ages,
and the tectonic evolution of basins (Zhu et al., 2005; Patel et al., 2014;
2015; Ge et al., 2016; Ansberque et al., 2018; Jian et al., 2018; Bernet,
2019; Zattin and Wang, 2019; Peng et al., 2020; Tian et al., 2020b; He

FIGURE 1
(A) Simplified tectonic map of the Central Asian Orogenic Belt. (B) Structural map of Junggar Basin and its adjacent areas (modified from Li et al., 2010).
(C) Structural sketch and sample collection points of the study area.

Frontiers in Earth Science frontiersin.org02

Li et al. 10.3389/feart.2023.1023655

1918

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1023655


et al., 2021; He et al., 2022a; He et al., 2022b). We studied the tectonic
thermal evolution, including the peak age, of the northern Junggar
Basin during the Yanshanian via zircon and apatite FT (AFT) dating.
We concluded that the northern Junggar Basin experienced
magmatism 165–161 Ma and later multiple uplift and denudation
events 93–81 Ma and 72–66 Ma, respectively, which may be the
response of northwest China to the Yanshanian orogeny.

Geological setting

The Junggar Basin is located in the southwestern CAOB
(Figure 1A) at the intersection of the Kazakhstan, Siberia, and
Tarim plates (Figure 1B). It is superimposed on the Precambrian
crystalline and Hercynian-folded, metamorphic basements (Xiao
et al., 1992; Li et al., 2010). Moreover, it is slightly triangular and
extends for approximately 130,000 km2. The study area, located in the
northern part of the Junggar Basin, included the structural units of the
Wulonggu depression, the Luliang uplift, the Shiyingtan uplift, the
Dibei uplift, and the Wuxia fault-step belt. Further, it is bordered by

the Zaire and Halarat Mountains to the northwest and by the
Karamaili and Almantai Mountains to the northeast (Figure 1C).
The evolution of the northern Junggar Basin involved five main
tectonic stages: residual basin (Early Hercynian), intracontinental
rift basin (Late Carboniferous to Early Permian), multicycle
intracontinental compressional depression basin (Late Hercynian to
Indosinian), multicycle intracontinental basin (Yanshanian to Early
Himalayan), and intracontinental orogen (Mid-late Himalayan)
(Zhao, 1992; Han et al., 2006; Zhang et al., 2017).

The Paleozoic in the study area is dominated by dark gray
pyroclastic rocks. The Paleogene rocks are mainly purplish-red and
silty mudstones with a small distribution range. Widely distributed
Neogene rocks are mostly sandstones, conglomerates, and
mudstones (Figure 2.). The Triassic mainly comprises gray to
black mudstones interbedded with sandstones. The Early
Jurassic is dominated by fluvial–lacustrine sandstones,
glutenites, mudstones, and coal seams with abundant fossils.
The Middle Jurassic Xishanyao Formation is dominated by
fluvial–lacustrine coal-bearing clastic rocks, whereas the
Toutunhe Formation is dominated by intermittent lacustrine

FIGURE 2
Generalized stratigraphic column of the Northern Junggar Basin showing sample locations, lithology and depositional facies.
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brownish-red sandstones and pebbly sandstones. The Late Jurassic
Qigu Formation is largely absent. The Early Cretaceous Tugulu
Formation mainly comprises shallow lacustrine mudstones
interbedded with sandstones, and the Late Cretaceous is mostly
absent.

Based on the comprehensive analysis of outcropping rock, seismic
profiles, and stratigraphic characteristics, the Yanshanian period
stratigraphic unconformities in the north of the Junggar Basin are
mainly between the Toutunhe and Xishanyao Formations, the
Cretaceous and the Jurassic, and the Paleogene and the Cretaceous

FIGURE 3
Stratigraphic unconformity in northern Junggar Basin. (A)The outcrop profile shows the angular unconformity between the lower Cretaceous and the
upper Jurassic. (B) Unconformity in the study area shown by seismic profile.

TABLE 1 Details of samples used in this study.

Sample Location Stratigraphy Lithology Rock specimen

D-1 Luliang uplift T2-3xq Sandstone Drilling core

D-2 Luliang uplift J1b Sandstone Outcrop rock

D-3 Luliang uplift J1s Sandstone Outcrop rock

D-4 Luliang uplift J2sh Sandstone Outcrop rock

D1 Luliang uplift C Tuff Drilling core

Y-1 Shiyingtan uplift C Tuff Drilling core

Y-2 Shiyingtan uplift p Tuff Outcrop rock

Y-3 Shiyingtan uplift K1tg Sandstone Outcrop rock

Y1 Shiyingtan uplift C Tuff Drilling core

F-1 Luliang uplift J2sh Sandstone Drilling core

F-2 Luliang uplift J1-2 Sandstone Outcrop rock

F-3 Luliang uplift J1-2 Sandstone Outcrop rock

H-1 Shiyingtan uplift J1b Sandstone Outcrop rock

H-2 Shiyingtan uplift J1s Sandstone Outcrop rock

H-3 Shiyingtan uplift J2x Sandstone Outcrop rock

L-1 Wulonggu depression J1s Sandstone Outcrop rock

L-2 Wulonggu depression K1tg Siltstone Outcrop rock

T-1 Northern orogenic belt C Granite Outcrop rock
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(Figure 3). The unconformities were mostly a result of weak
compression–deformation during uplift–exhumation.

Materials and methods

Samples

A total of 23 samples were analyzed, i.e., 15 samples were analyzed
via AFT dating, and eight samples were analyzed via zircon fission-
track (ZFT) dating. The samples were collected from surface detrital
rocks from Mesozoic strata and three drill cores (wells Y, D, and F)
from the study area (Table 1; Figure 1C; Figure 2). Samples D and F
were obtained from Luliang uplift, among which D1 was collected
from the Carboniferous drilling core, D-1 and F-1 were collected from
the Triassic and Jurassic drilling cores respectively, and D-2, D-3, D-4,
F-2, and F-3 were collected from the Jurassic outcrop rocks. Samples
L-1 and L-2 were collected from the Jurassic and Cretaceous outcrops
in theWulonggu depression, respectively. Samples Y and H were from
the Shiyingtan uplift, among which Y1 was from the Carboniferous
drilling core, Y-1 was from the Jurassic drilling core, Y-2 and Y-3 were
from the Jurassic and Cretaceous outcrop rocks, respectively, and H-1,
H-2, H-3 were from the Jurassic outcrop rocks. Sample T-1 was
collected from the Carboniferous outcrop rock on the northern edge of
the Junggar Basin. The samples were mainly sandstones, siltstones,
and Carboniferous to early Cretaceous tuffs. Each sample weighed
more than 3 kg.

FT dating

Sedimentary detrital grains exhibit three annealing states: unreset,
partial reset, and reset (Bernet and Garver, 2005; Braun et al., 2006).
The FT ages of unreset grains have a low test probability (P [χ2] < 5%)
and the unreset grains are older than the stratigraphic age; this mainly
represents the uplift–exhumation cooling age of a source region.
Variation in the lag time between the FT age and the sedimentary
age of unreset grains reveals the uplift–exhumation history of the
source region. The FT ages of reset grains have a high test probability
(P [χ2] > 5%) and the reset grains are younger than the stratigraphic
age; this age mainly represents the cooling age when the grains rise
through the closure temperature after high-temperature annealing.

Using reset grain ages, track lengths, and thermal history
modeling, we determined the tectonic thermal evolution of the
Junggar sedimentary basin. The FT ages of the partial reset grains
were generally older than or close to the stratigraphic age, which
indicated the FT mixed ages of the partial reset grains in the source
area (Braun et al., 2006). Using an appropriate statistical method to
analyze these mixed ages, we can obtain the cooling age and tectonic
thermal evolution information for the source region and sedimentary
basin.

The closure temperature is the temperature of a
thermochronological system at the time corresponding to its
apparent age; it varies with grain size, chemical composition, and
cooling rate (Dodson, 1973). Generally, the effective closure
temperatures of apatite and zircon are approximately 120°C ± 10°C
and 240°C ± 50°C, respectively (Dodson, 1973; Zaun and Wagner,
1985; Laslett et al., 1987; Hurford, 1991; Braun et al., 2006; Bernet,
2009; Tian et al., 2020a). If the grains rapidly rise through the closure

temperature after high-temperature annealing, the FT age represents
the cooling age of the tectonic thermal events. If the grains have been
exposed to a long-term and complex thermal history after high-
temperature annealing, the FT ages of the grains are mostly mixed
ages, which must be analyzed and screened to obtain an effective
cooling age. Commonly used methods for analyzing the FT age of a
single grain include the radial chart view, P (χ2) test, and binomial
fitting. FT age groups can be directly obtained using the radial chart
view method, whereby grains in the same group undergo the same
thermal event. The P (χ2) test is used to determine whether the grains
belong to the same group depending on whether their ages obey the
Poisson distribution. The binomial fitting method requires at least
50 grains, and their peak ages can be directly determined via data
fitting (Galbraith and Laslett, 1993; Brandon, 1996; Brandon, 2002).
Overall, the statistical distribution of FT ages, length characteristics,
and peak age analyses can be used to obtain quantitative chronological
constraints for tectonic thermal events.

Zircon and apatite grains used for FT analysis were separated from
the samples via conventional heavy-liquid separation and magnetic
separation techniques. FT dating was performed using the external
detector method (Galbraith and Laslett, 1997) at the Institute of High
Energy Physics, Beijing, China. The separated grains were mounted in
epoxy resin and polyfluoroalkoxy fluororubber sheets, and the inner
surfaces of the grains were exposed via polishing. The zircon grains
were etched in a KOH–NaOH eutectic solution at 220°C for 30 h. The
apatite grains were etched in a 6.6% HNO3 solution at 25°C for 30 s to
reveal the spontaneous FT. A low-uranium-content muscovite
detector was used to determine induced FT density, and CN5 and
CN2 uranium dosimeter glasses were used to detect apatite and zircon
neutron fluxes, respectively. After irradiation, the muscovite external
detector was etched in 40% HF at 25°C for 30 min, and the number of
tracks was counted using a microscope (Olympus) under 1,000x
magnification. The FT ages were calibrated using the zeta
calibration method (Hurford and Green, 1983; Green, 1985), with
a zircon zeta value of 124.1 ± 6.4 (1σ) and an apatite zeta value of
357.8 ± 6.9 (1σ).

Results

The results of the FT dating (see Tables 2, 3) showed the AFT
central ages ranged from 42 ± 3 to 131 ± 9 Ma and the ZFT ages ranged
from 134 ± 9 Ma to 205 ± 17 Ma; the distribution of FT ages was
mainly related to tectonic units. The FT ages indicated four main age
groups: 165–161, 131–122, 93–86, and 72–66 Ma. This indicates the
multistage uplift–exhumation thermal evolution of the northern
Junggar Basin during the Middle to Late Yanshanian.

Apatite FT dating

The P (χ2) test is usually used to determine whether grains belong to
the same group (Galbraith and Green, 1990; Galbraith and Laslett, 1993).
P (χ2)> 5%means that the grains belong to the same group and undergo a
single cooling process. P (χ2) < 5% means that the grains belong to
different groups and represent a mixed age, for example, when the grains
come from different source regions and remain in the partial annealing
zone for a long period. The AFT dating results (Table 2; Figure 4)
indicated that the P (χ2) of all the samples was>5%, and the track length of
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TABLE 2 Apatite fission track data of the northern Junggar Basin.

Sample Grains(n) Stratigraphyage ρs (105/
cm) (Ns)

ρi (105/
cm) (Ni)

ρd (105/
cm) (N)

P
(χ2)
(%)

Central age
(Ma) (±1σ)

Pooled age
(Ma) (±1σ)

L
(μm)
(N)

D-1 29 T2-3xq 2.728 (503) 4.581 (852) 8.130 (10,300) 100 93 ± 6 93 ± 6 10.9 ±
2.0 (104)

D-2 27 J1b 3.192 (423) 7.248 (1,454) 97.4 (10,300) 98.1 72 ± 4 72 ± 4 11.1 ±
1.8 (101)

D-3 28 J1s 4.175 (685) 8.422 (1,453) 9.582 (10,300) 91.7 92 ± 5 92 ± 5 11.6 ±
1.7 (106)

D-4 29 J2sh 4.584 (542) 9.702 (1,176) 9.693 (10,300) 100 88 ± 6 88 ± 6 11.5 ±
1.6 (92)

Y-1 28 C .877 (118) 1.226 (165) 8.911 (10,322) 100 122 ± 15 122 ± 15 10.4 ±
2.0 (105)

Y-2 28 P 2.262 (149) 2.657 (175) 7.906 (10,322) 99.9 128 ± 15 128 ± 15 12.2 ±
2.3 (103)

Y-3 28 K1tg 3.702 (564) 7.029 (1,071) 8.576 (10,300) 98.2 86 ± 5 86 ± 5 11.3 ±
1.7 (104)

F-1 12 J2sh 7.500 (443) 30.467
(1,687)

8.800 (10,300) 55.1 42 ± 3 42 ± 3 11.4 ±
1.6 (54)

F-2 23 J1-2 3.656 (806) 8.685 (1932) 8.688 (10,300) 7.5 66 ± 5 70 ± 4 12.1 ±
1.9 (108)

F-3 31 J1-2 5.308 (1,142) 12.262
(2,518)

8.130 (10,300) 59.0 67 ± 3 67 ± 3 11.8 ±
2.0 (102)

H-1 27 J1b 4.350 (860) 6.298 (1,315) 9.805 (10,300) 100 129 ± 7 129 ± 7 12.3 ±
1.7 (92)

H-2 28 J1s 1.094 (492) 1.472 (647) 9.247 (10,300) 100 131 ± 9 131 ± 9 13.5 ±
2.1 (115)

H-3 13 J2x 2.907 (340) 7.557 (525) 8.688 (10,300) 12.5 67 ± 8 64 ± 6 12.5 ±
2.2 (40)

L-1 28 J1s 4.040 (1,232) 6.887 (1890) 9.805 (10,300) 25.2 108 ± 6 110 ± 5 12.7 ±
1.8 (107)

L-2 27 K1tg 3.536 (642) 6.648 (1,248) 9.917 (10,300) 71.2 101 ± 6 101 ± 6 12.8 ±
1.6 (112)

Note: n is the number of grains analyzed; ρs is spontaneous fission track density; NS, is the number of spontaneous fission tracks counted; ρi is induced fission track density; Ni is the number of induced

fission tracks counted; ρd is fission track density measured in dosimeter glass CN5; Nd is the number of induced fission tracks counted in dosimeter glass CN5; P (χ2) is chi-square probability; σ is the
error of mean confined track lengths; L is mean confined fission track length; N is the number of tracks.

TABLE 3 Zircon fission track data of the northern Junggar Basin.

Sample Grains
(n)

Stratigraphy
age

ρs (105/
cm) (Ns)

Ρi (105/
cm) (Ni)

ρd (105/
cm) (N)

P
(χ2) (%)

Central age
(Ma) (±1σ)

Pooled age
(Ma) (±1σ)

D-1 21 T2-3xq 108.264 (2,246) 18.106 (362) 3.353 (5,868) 33.1 134 ± 9 135 ± 9

D-2 20 J1b 145.521 (1,649) 22.541 (264) 3.691 (5,868) 0.5 165 ± 16 165 ± 14

D1 23 C 132.233 (4,556) 19.154 (644) 3.402 (5,868) 1.3 151 ± 10 151 ± 9

Y1 22 C 135.304 (3,405) 17.451 (454) 3.476 (5,868) 24.3 174 ± 13 176 ± 12

F-3 19 J1-2 143.861 (3,013) 24.041 (501) 3.680 (5,868) 59.1 146 ± 9 146 ± 9

H-1 25 J1b 135.174 (5,036) 18.440 (684) 3.327 (5,868) 66.2 161 ± 10 161 ± 10

L-1 21 J1s 143.134 (4,288) 18.694 (587) 3.252 (5,868) 38.8 163 ± 10 163 ± 10

T-1 23 C 98.461 (2,410) 11.889 (291) 3.828 (5,933) 27.6 205 ± 17 207 ± 16

Note: n is the number of grains analyzed; ρs is spontaneous fission track density; NS, is the number of spontaneous fission tracks counted; ρi is induced fission track density; Ni is the number of induced

fission tracks counted; ρd is fission track density measured in dosimeter glass CN2; Nd is the number of induced fission tracks counted in dosimeter glass CN2; P (χ2) is chi-square probability; σ is the
error of mean confined track lengths.
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the grains presented a single peak. This indicated that the sampled grains
belong to a single age group, which means that all the sampled grains
underwent a single cooling process. The AFT central ages ranged from
42 ± 3 to 131 ± 9Ma, and the peak ages weremainly 131–122, 93–86, and
72–66Ma.

Zircon FT dating

The ZFT dating results are shown in Table 3 and Figure 5. Six
samples showed P (χ 2) > 5%, indicating that the grains belong to the
same group. The D-2 and D1 samples showed P (χ2) < 5%, indicating

FIGURE 4
Fission track length histograms and radiograms of apatite grains from the northern Junggar Basin. The left panels of each group are fission track length
histograms, the right panels are fission track radiograms, in which, X and Y-axes represent the age accuracy and standard deviations of single grains,
respectively.

FIGURE 5
Radiograms of ZFT single grain ages from the northern Junggar Basin. X and Y-axes represent the age accuracy and standard deviations of single grains,
respectively.
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mixed ages. These two samples were analyzed using the binomial
fitting method (Figure 6). Sample D-2 had peak ages of 144 and
380 Ma, and sample D1 had peak ages of 151 and 332 Ma. Because the
ages of 380 and 332 Ma were older than the stratigraphic age of the
samples, they reflected the thermal history of the grains in the source
regions. Therefore, we determined the peak ages to be 144 and 151 Ma,
representing the thermal history of the basin. Overall, the ZFT ages
ranged from 134 ± 9 Ma to 205 ± 17 Ma, and the peak ages were
mainly 165–161 Ma.

Thermal history modeling

Shortening AFT patterns reflect cooling paths through the apatite
partial annealing zone. Important information can be obtained by
modeling the thermal history of apatite grains using specific ages and

track lengths, including the timings and temperatures of tectonic
thermal events in basins. The partial annealing zone is defined as the
temperature range in which FTs can be partially retained on a
geological time scale. The track will be completely annealed when
the temperature is above that zone, and it will be well preserved when
the temperature is below that zone. When the temperature is within
this range, the FT length will shorten or become non-existent, and a
new fission track will be simultaneously produced. Generally, the
partial annealing zone of apatite is 60°C–120 °C (Braun et al., 2006;
Tian et al., 2020a).

In this study, the AFTSolve program (Ketcham, 2005) was used to
model the time–temperature path based on the grain ages and track
lengths of 11 typical samples. The initial Dpar value was 1.5 μm, and
the initial track length was calculated based on the Dpar value. The
initial modeling temperature is the temperature of the stratum during
deposition, generally approximately 20°C; therefore, it was set as

FIGURE 6
Frequency histograms of single grains of ZFT ages and age components calculated by binomial fitting method.

FIGURE 7
Results of thermal history modeling.
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10°C–30°C. Themaximum burial time and temperature range were the
modeling constraints, and the modeling temperature was less than the
maximum burial temperature of the stratum. For each sample, inverse
thermal history modeling was run for 100,000 paths to find the best
fitting curve. The modeling results (Figure 7) showed that there were
two tectonic thermal events in the northern Junggar Basin during the
Yanshanian, which resulted in partial or complete annealing of apatite.
The first tectonic thermal event (buried heating) occurred between
165 and 161 Ma, and the second tectonic thermal event occurred
between 131 and 128 Ma.

Discussion

Yanshanian magmatism

Large-scale magmatic activities mainly occurred in the Junggar
Basin and its adjacent areas during the Paleozoic. The intracontinental
tectonic thermal evolution started in the Mesozoic (Xiao et al., 1992;
Qiu et al., 2002); therefore, magmatic activities were substantially
weakened, resulting in reduced volcanic age records. However, based
on detrital zircon geochronology, large numbers of late Mesozoic
magmatism have been recorded for detrital materials collected from
the Junggar Basin. For example, via zircon U–Pb dating, Yang et al.
(2013) obtained peak ages of 144 and 162 Ma from the Manas section
of the Junggar Basin, Fang et al. (2015) obtained a peak age of 153 Ma
for the grains obtained from the Toutunhe section, and Zhu et al.
(2020) obtained peak ages of 132 and 169 Ma for the grains obtained
from theWangjiagou section and 161 Ma for the grains obtained from
the Kelamaili section. Additionally, Liu et al. (2018) used laser ablation
inductively coupled plasma mass spectrometry to obtain a zircon
U–Pb age of 189 Ma for the grains obtained from the northeastern
Junggar Basin, confirming the existence of Early Jurassic magmatism
in the northeastern Junggar Basin.

Yanshanian magmatism in orogenic belts adjacent to the
Junggar Basin has also been studied, particularly in the Altay
and Tianshan areas. Zhang et al. (1994) determined a
tectonomagmatic Ar–Ar age of 131 Ma (Middle Yanshanian) for
granites in the Altay area. Chen et al. (1999) obtained an Ar–Ar age
of 149–135 Ma from tectonic thermochronological records for
granites in the Altay area. Zircon U–Pb ages of 154.9 ± 1.9 Ma
and 152.7 ± 1.8 Ma were determined for Eastern Tianshan by Liu
et al. (2019). These studies have confirmed the existence of
Yanshanian magmatism around the Junggar Basin.

In our study, ZFT ages ranged from 205 to 132 Ma, with a peak age
of 165–161 Ma. Except for samples D-1 and T-1, the FT ages of other
samples were concentrated at approximately 160 Ma, indicating that
the study area experienced important tectonic thermal events during
this period. Generally, the FT age of the old strata in the same area
should be newer than that of the new strata above it. However, the
Carboniferous sample T-1 has the oldest FT age of 205 ± 17 Ma. This
may be related to the fact that the sample was collected from the
orogenic belt on the northern margin of the Junggar basin, which has
experienced different tectonic evolution processes. High temperatures
are required for annealing and partial annealing of zircon owing to its
high closure temperature (240 °C ± 50 °C). Considering the evidence of
the existence of Middle Yanshanian magmatism in the Junggar Basin
and the two tectonic thermal events that resulted in the partial or
complete annealing of apatite, we chose to interpret the tectonic

thermal event that occurred from 165 to 161 Ma to be a result of
magmatism. The AFT ages ranged from 131 to 42 Ma, with peak ages
of 131–122 Ma, 93–86 Ma, and 72–66 Ma. The FT ages of the four
samples, Y-1, Y-2, H-1, and H-2, were distributed between 122 and
131 Ma. These samples were collected from the Shiyingtan uplift, and
the sampling points were relatively close, which may reflect a tectonic
thermal event of 130 Ma. Considering that the closure temperature of
zircon is higher than that of apatite, the ZFT (165–161 Ma) and AFT
ages (131–122 Ma) probably represent FT age recordings of the same
tectonic thermal event, possibly reflecting a nearly continuous
Yanshanian tectonic thermal event.

Yanshanian tectonic events are also reflected in the sedimentary
characteristics and contact relationships of the strata. The appearance
of intermittent brownish-red lacustrine sandstones in the Toutunhe
Formation shows that the climate tended toward an arid environment.
The angular unconformity at the top of the Toutunhe Formation and
the absence of the Upper Jurassic strata (Figure 3) indicate that uplift
may have started after the deposition of the Toutunhe Formation in
the Middle Jurassic. An unconformity at the base of the Cretaceous is
widely developed across the whole region and the whole of western
China. This indicates a strong tectonic event that lasted from the
Middle to Late Jurassic to the Early Cretaceous. Based on the most
recent international stratigraphic age of 163.5 Ma for the Upper
Jurassic and our newly obtained 165–161 Ma ZFT ages, we
consider the start of the Yanshanian orogeny in the northern
Junggar Basin to be approximately 163 Ma.

Uplift and cooling events in the Late
Yanshanian

Our new AFT ages show that there were two uplift and cooling
events at 93–86 and 72–64 Ma, which correspond to the widespread
absence of Upper Cretaceous strata in the study area. Additionally,
these uplift and cooling events are also reflected in the sedimentary
characteristics and contact relationships of adjacent areas. For
example, Upper Cretaceous strata are absent in the eastern Tarim
Basin, and Paleogene strata directly overlie Lower Cretaceous strata.
There is an angular unconformity between Upper Cretaceous and
Lower Cretaceous strata in the Turpan–Hami Basin and between
Upper Cretaceous and Lower Jurassic strata in the western Tianshan
Mountains (Zhu et al., 2005; 2020; He and Gao, 2008; Yang et al., 2015;
2017). Thermochronology studies have also documented Late
Cretaceous uplift–exhumation events in the Junggar Basin and its
adjacent areas: AFT ages of 90–25 Ma for an uplifting event in
northern Junggar Basin (Li et al., 2010; Li et al., 2014); AFT ages
of 120–45 Ma for cooling stages in the southern margin of the Junggar
Basin (Zhang et al., 2022); AFT thermochronology and seismic
profiles revealed a rapid uplift (ca. 100–60 Ma) in the Late
Cretaceous Paleocene in the eastern Junggar Basin (Wu et al.,
2021); AFT ages of 120–60 Ma for Cretaceous uplifting events in
the Altai region (Yuan et al., 2004; Johan et al., 2006); AFT ages of
110–70 Ma for a rapid uplift–exhumation event in the Tianshan
Mountains (Hendrix et al., 1994; Guo et al., 2002; Glorie et al.,
2010; Luo et al., 2012; Zhang et al., 2017); and the Eastern
Tianshan and southern part of the east Junggar experienced
moderate to rapid basement cooling throughout the Cretaceous
(He et al., 2022b). These studies indicate that an uplift–exhumation
event occurred during the Late Cretaceous that affected the Junggar
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Basin and its adjacent areas, which may have been the result of a distal
collision between the Kohistan–Dras island arc and the Lhasa terrane.

Influence of the yanshanian orogeny on the
Junggar Basin

The Yanshanian orogeny, a major geological tectonic event,
occurred after the formation of the Triassic continent in East Asia.
Beginning around 170 Ma in the Middle Jurassic, there were three

main successive tectonic periods: a deformation period (175–136 Ma),
an extension period (135–90 Ma), and a weak
compression–deformation period (89–80 Ma) (Dong et al., 2019).
The Yanshanian orogeny substantially influenced the tectonic
evolution of eastern China; however, in northwest China, the
effects of the Yanshanian orogeny seem to be relatively weak
(Figure 8). A regional tectonic uplift event led to the shrinking of a
sedimentary basin (Chen et al., 2004; Jia et al., 2005).

Generally, the effects of the Yanshanian orogeny on the Junggar
Basin were relatively minor and mainly manifested via the overall

FIGURE 8
Structural strength characteristics of middle Yanshanian in Northwest China (modified from Chen et al., 2004).

FIGURE 9
Schematic diagram of Mesozoic multi-plate convergence in East Asia continent.
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uplift of the basin, the narrowing and discontinuity of Jurassic
sedimentation, and the deposition of glutenite in front of the
orogenic belt (Jia et al., 2005; Zhang et al., 2006; He and Gao,
2008). Consequently, the Yanshanian orogeny in the Junggar Basin
has mostly been ignored. However, widely developed unconformity at
the base of Cretaceous strata is found in the Junggar Basin and across
western China (Zhou and Cai, 1990; Jia et al., 2005; He and Gao, 2008;
Yang et al., 2015; Yang et al., 2017) and stretches as far west as
Kazakhstan (Jolivet et al., 2013). Additionally, the Yanshanian
orogeny transformed Jurassic and younger strata via large-scale
uplift and denudation, formation of a thrust system, multiple large-
scale uplifts, and reactivation of large-scale faults in western China
(Hendrix et al., 1992; He and Gao, 2008; Dong et al., 2019). This
indicates that the Yanshanian orogeny was an important regional
tectonic event.

Driving force of the yanshanian tectonic
events in northwest China

With the disintegration of the united paleocontinent, three giant
continental margin convergence orogenic systems (i.e., the
Mongolia–Okhotsk orogenic system in the north, the Paleo-Pacific
orogenic system in the east, and the Bangonghu–Nujiang orogenic
system in the west) were formed around the East Asian continent in
the Jurassic. Deformation and propagation of these marginal tectonic
belts to the interior of the continent led to a large-scale
intracontinental orogeny that formed the Yanshanian multiplate
convergence tectonic system (Figure 9). The Mongolia–Okhotsk
orogenic system, proximal to the northeast Junggar Basin, is a
northeast-trending orogenic belt. The closing of the
Mongolia–Okhotsk ocean occurred about 182–174 Ma, and the
metamorphic peak of the collision zone occurred about
175–165 Ma (Zorin, 1999; Mo et al., 2005). This tectonic event
may have been the driving force for the development of the Middle
and Late Jurassic unconformity in the northern Junggar Basin and its
adjacent areas. During the Late Jurassic–Early Cretaceous, the Lhasa
block collided with the southern edge of Asia and the
Bangong–Nujiang Tethys Ocean was completely closed (Allen
et al., 1994; Jolivet et al., 2001), which may have exacerbated
tectonic deformation in the northern Junggar Basin and its
adjacent areas. Additionally, the northeast–southwest directed
continental collision between the Kolyma–Omolon block in
northeast Russia and the Siberian craton during the Late Jurassic
to Early Cretaceous (Oxman, 2003) resulted in compressive stress
transfer from the northeast edge of Siberia to Junggar and its adjacent
areas through the rigid Siberian craton. In the Late Cretaceous, the
Gangdise block collided with the Lhasa block (Hendrix et al., 1992).
The combination of these block collisions led to an intracontinental
orogeny in Central Asia and a cooling uplift event in the late Mesozoic.
The opening and development of the Yanshanian tectonic events were
closely related to the plate convergence and collision of the Paleo-
Pacific, Tethys, and Mongolia–Okhotsk tectonic domains. The
tectonic evolution of the Junggar Basin and its adjacent areas has
been affected by these multiplate compression and collision events.

Conclusion

1) The central AFT and ZFT ages in the northern Junggar Basin are
131–42 Ma and 205–132 Ma, respectively.

2) These new thermochronological data indicate that the tectonic
evolution of the northern Junggar Basin mainly occurred in
165–161, 93–81, and 72–66 Ma. We have interpreted the
165–161 Ma tectonic thermal event as the result of magmatism
and the 93–81 and 72–66 Ma events as uplift and cooling events,
respectively. We prove that the magmatism indicates the opening
of the Yanshanian orogeny in the Junggar Basin, and the 93–86 and
72–64 Ma uplift and cooling events are the results of the collision
between the Kohistan–Dras island arc and the Lhasa terrane.

3) Our new FT data thermochronologically confirm the Yanshanian
tectonic evolution in the northern Junggar Basin, which confirms
that the Yanshanian orogeny, a regional tectonic event, may have
extended to northwest China.
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The proto-type basin and
tectono-paleogeographic
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The Tarim basin is a large composite and superimposed sedimentary basin that has
undergone complex multi-period and polycyclic tectonic movements.
Understanding the proto-type basin and tectono-paleogeographic evolution of
this complex superimposed basin is important for understanding the basin-
mountain coupling and dynamical mechanisms of the Paleo-Asian and Tethys
tectonic systems as well as hydrocarbon exploration and development. Based on
previous works, together with the recent exploration, and geological evidences,
three global plate tectonic pattern maps, four Tarim proto-type basin maps (in
present-day geographic coordinates) and four regional tectono-paleogeography
maps (in paleogeographic coordinates) during the Late Paleozoic are provided in this
paper. Based on these maps, the proto-type basin and tectono-paleogeographic
features of the Tarim basin during the Late Paleozoic are illustrated. The Devonian to
Permian is an important period of terranes/island-arcs accretion and oceanic closure
along the periphery of the Tarim block, and a critical period when the polarity of
Tarim basin (orientation of basin long-axis) rotated at the maximum angle clockwise.
During the Late Paleozoic, the periphery of the Tarim block was first collisional
orogeny on its northern margin, followed by continuous collisional accretion of
island arcs on its southern margin: on the Northern margin, the North and South
Tianshan Oceans closed from East to West; on the South-Western margin, the
Tianshuihai Island Arc gradually collided and accreted. These tectonic events
reduced the extent of the seawater channel of the passive continental margin in
theWestern part of the basin until its complete closure at the end of the Permian. The
Tarim basin was thus completely transformed into an inland basin. This is a process of
regression and uplift. The Southwest of the Tarim basin changed from a passive to an
active continental margin, through back-arc downwarping and eventually complete
closure to foreland setting. The intra-basin lithofacies range from shelf-littoral to
platform-tidal flat to alluvial plain-lacustrine facies. The tectonic-sedimentary
evolution of the Tarim basin is strongly controlled by peripheral geotectonic setting.
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1 Introduction

As the largest interior basin in the world, Tarim basin is an
outstanding natural laboratory to study proto-type basin and
tectono-paleogeography. A clear determination of the proto-type
basin of Tarim basin and its peripheral tectono-paleogeography can
be useful to understand tectonic evolution of Paleo-Asian and Tethyan
tectonic systems, to evaluate its resource potentials, and even to
deduce the paleoclimate.

For these reasons, many studies have been performed to
understand the dynamic evolution of basins and their relationship
to paleogeography (Allen and Allen, 1990; Jia et al., 2004; Woodcock,
2004; Lin et al., 2012b; Ingersoll, 2012; Liu J. D. et al., 2014; Ingersoll,
2019). Numerous studies on tectono-paleogeography have also been
performed in different areas and periods of the Tarim basin with
different focuses: some focus on the development process of the
Craton (Wang et al., 2017; Wang et al., 2019), some on the spatial
and temporal spreading of the sedimentary faciesʼ belts (Carroll et al.,
1995; Zhang J. et al., 2007; Zhang J. et al., 2008; Wu et al., 2013; Li S. Z.
et al., 2014; He et al., 2015) and some on the division of the
stratigraphic sequence (Lin et al., 2009; 2012a; Zhao et al., 2009;
Zhao et al., 2011). These studies have all made progress to varying
degrees, and have provided guidance for hydrocarbon source rock
evaluation and hydrocarbon exploration. However, due to the limited
data or low accuracy, the maps compiled by different scholars in
different periods have certain differences, mainly in the study area,
sedimentary boundary, and microfacies distribution (Zheng et al.,
2022). Moreover, with the progress of oil and gas exploration and
development, there may still be some problems with these previous
studies: 1) The previous paleo-plate tectonic patterns do not highlight
the position of Tarim block. 2) The previous proto-type basin is only
limited in the Tarim basin, lacking of overall analysis, and basin-
mountain coupling processes. 3) The previous tectono-
paleogeographic maps are still compiled in “fixed theory” (Feng
et al., 2004; Hou et al., 2014). Therefore, it is necessary to carry
out a new round of research on proto-type basin and tectono-
paleogeography.

Based on numerous previous research results, the Tarim proto-
type basins for each period of the Late Paleozoic were recovered using
the latest field sections, drilling logs and seismic sections in this paper.
In addition, the tectono-paleogeographic maps in each period were
also given in conjunction with the investigation of peripheral plates of
the Tarim basin to show the role of surrounding tectonic setting in
controlling the basin interior. It is hoped that these maps will provide a
basis for the interaction between the Tarim basin and the Paleo-Asian
and Tethys tectonic systems, and provide fundamental supports for
assessment of hydrocarbon exploration prospect in the Tarim basin.

2 Geological setting and plate tectonic
configuration

The Tarim basin, a large-scale superimposed basin (Jia et al., 1997;
He et al., 2007; Gao et al., 2017), is located in Central Asia, in the
Xinjiang Province in China. It covers an area of 560 × 103 km2 and is
the largest inland basin in China. It can be divided by seven first-order
tectonic units: the Kuqa Depression, the Tabei Uplift, the Northern
Depression, the Central Uplift, the Southwest Depression, the
Southeast Faulted Uplift, and the Southeast Depression (He et al.,

2016). These seven first-order tectonic units are subdivided into
17 Secondary structural units (Figure 1A).

2.1 Tectonics and stratigraphy

Tectonically, the periphery of the Tarim basin underwent oceanic
opening, subduction, oceanic closure, island arcs accretion, and
collision processes during the Phanerozoic (Tapponnier et al., 2001;
Xiao and Santosh, 2014). The processes reflect several phases of
tectonism, magmatism, and metamorphism. Therefore, the tectonic
environment around Tarim basin is quite complex (Figure 1A). The
Tarim basin is separated from the Kazakhstan-Junggar block by the
Tianshan Orogenic Belt to the North (Gao et al., 2013). The Tianshan
Orogenic Belt is part of the Central Asian Orogenic Belt and is divided
by two Paleozoic sutures (Windley et al., 1990; Allen et al., 1991; Ma
et al., 2014) into three parts: the Northern Tianshan, Central Tianshan
and Southern Tianshan. The Central Tianshan is also commonly
referred to as the Yili-Central Tianshan Terrane together with the Yili
block in the West (Allen et al., 1993). To the Southwest of the Tarim
basin is the West Kunlun Orogenic Belt, which includes the North
Kunlun, the Central, and South Kunlun, and the Tianshuihai Terrane
(Zhang C. L. et al., 2019); to the Southeast are the Altyn-Qilian Island
Arc, the Qaidam block, and Bayankala block. To the South are the
North Qiangtang block, South Qiangtang block, Lhasa block and
Himalayan Orogeny (Sobel and Dumitru, 1997; Pan et al., 2002).

Stratigraphically, the Tarim basin contains a pre-Sinian cratonic
crystallized basement, above which a complete sedimentary sequence
of the Sinian and Palaeozoic accumulated (Liu et al., 2016). During the
Sinian and Paleozoic, marine calcareous, and terrigenous deposits
were dominant until the Carboniferous (Laborde et al., 2019). A
carbonate platform surrounded by passive continental margins and
a deep shelf developed widely in the Cambrian and Ordovician,
respectively. The Lower Silurian to Middle Devonian was
dominated by sandstones of littoral deposits. A strong uplift event
occurred in the late Middle Devonian, forming a regional
unconformity (Figure 2) between the Middle and Upper Devonian.
Shallow marine clastic rocks and limestone with biogenic limestone as
interbeds occurred in the Carboniferous units (Li et al., 2015). The
Permian sediments transition from bottom to top mainly frommarine
carbonates and sandstones to lacustrine or fluvial clastic rocks
(Deledaer, 1996), with intervening volcanic rocks. After the
Permian, marine deposition ceased in the Tarim basin with a
change from calcareous to terrigenous deposits characterizing most
of the Mesozoic sediments.

2.2 Plate tectonic configuration

The basis for recovering the proto-type basin and tectono-
paleogeography is to understand the plate tectonic framework.
Plate tectonic framework involves large-scale basin-mountain
coupling and controls the formation and evolution of ocean-
continent configuration, orogenic belts, and basins. Therefore, it
can be used to reveal the process of ocean closure and orogenic
uplift (Huang et al., 2023).

At present, most of the global plate tectonic evolution maps are
reconstructed by Gplate software based on the global paleomagnetic
database (Müller et al., 2018). However, large foreign plates are the
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priority core plates, and the three plates in China (Tarim block, North
China block and South China block) are not paid enough attention.

The three plates in China should be constrained by high-confidence
paleomagnetic data (Huang et al., 2008; 2018) and tectonic comparison in
geological affiliation. The positions of the three plates in China can be
appropriately adjusted on the same latitude, but they cannot be adjusted

arbitrarily, and the spatial constraints between plates should be
considered. The new global tectonic configuration in the Late
Paleozoic is reconstructed by GPlate software based on the high-
confidence paleomagnetic data (Huang et al., 2023).

In Devonian, the Tarim block, the North China Plate and the
South China Plate were separated from the Gondwana continent and

FIGURE 1
Schematic structural maps of the Tarim basin and adjacent areas, and location of the study area. (A) Schematic structural map of the Tarim basin and
adjacent areas (modified after He et al., 2016); Structural units of Tarim basin: 1-Kuqa Depression; 2-Kalpin Faulted Uplift; 3-Tabei Uplift; 4-Kongque River
Slope; 5-Awati Depression; 6-Shuntuoguole Uplift; 7-Manjiaer Depression; 8-Bachu Uplift; 9-Tazhong Uplift; 10-Guchengxu Uplift; 11-Kashi Depression; 12-
Maigaiti Slope; 13-Tangguzibas Depression; 14-Tanan Uplift; 15-Shache Bulge; 16-Yecheng Depression; 17-Southeast Depression. (B) Location of
20 basin-scale seismic sections used to calculate shortening. These shortening data are integrated on four representative lines (AA’, BB’, CC’, and DD’) (cf.
Laborde et al., 2019). The seismic section NS08 and the balanced cross-section recovered from it are shown in Figure 5.
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the Laurentia-Baltica-Siberia continent. The Tarim block was at
around 15°N and formed a “ TN

S ” pattern with the North China
Plate and South China Plate. The Tarim block was generally in a
“Western compression, eastern extension” tectonic setting: the Paleo-
Asian Ocean (Paleo-Tianshan Ocean) westward subducted under the
Siberian-Kazakh continent, the Paleo-Asian Ocean domain was
contracting, and the Southern Kunlun/Southern Altyn Ocean to
the east was expanding (Figure 3A).

In Carboniferous, Gondwana, and Laurasia merged to form the
main body of Pangaea, laying the foundation for the basic pattern of
global plate tectonics (Figure 3B). The Tarim block drifted northwards
to about 25°N and the Paleo-ocean (North and South Tianshan Ocean)
on the northern edge of the Tarim block entered a period of major
closure (Han et al., 2006;Wang et al., 2007; Charvet et al., 2011; Han and
Zhao, 2018; Alexeiev et al., 2019). In the Late Carboniferous, Tarim
block collided with Kazakh-Yili (Gao et al., 2009; Su et al., 2010; Han
et al., 2011; Liu D. et al., 2014; Zhang et al., 2014a; Wang et al., 2022). By
rotating clockwise, Tarim block gradually collided with Kazakhstan
from east to west, forming the Kazakh Horseshoe Orocline (Abrajevitch
et al., 2007; Görz andHielscher, 2010; Li J. et al., 2014; Yi et al., 2015). At
this time, the Tarim block ended its history of independent drift and
became the southern edge of the Eurasian continent (Zhao et al., 2003;
Xiao et al., 2008; Wilhem et al., 2012; Xiao et al., 2013). Tarim block
regulated its position in relation to the other blocks in the Laurasia by
rotating clockwise (Li et al., 2015).

During the Early-Middle Permian, the Western and middle
segments of the Paleo-Asian Ocean had been closed, leaving only
its Eastern segment unclosed. Tarim block joined the main body of
Pangaea (Zhao et al., 2018). As a result of the crustal uplift caused by
the late Hercynian tectonic movement, the seawater in the remnant
bay of the Southwestern Tianshan area was gradually retreating
Westward. The sedimentary environment within the basin also
changed from marine to terrestrial (Chen et al., 2006; Luo et al.,
2012; Zou et al., 2014). At the same time, the Tarim block produced
intense volcanic activity, with large igneous provinces developing from
251 to 272 Ma. In the Late Permian (c. 270 Ma), Pangaea reached its
largest scale, and was surrounded by the Panthalassa (Figure 3C). A
series of orogenic belts, including the Central Asian Orogenic Belt and
the Uralian Orogenic Belt, on the Laurasia and its periphery, resulting

in the final assembly of Pangaea (Li and Jiang, 2013). At the end of the
Permian, the Paleo-Asian Ocean closed completely (Eizenhöfer et al.,
2014; 2015a; 2015b), the Paleo-Tethys Ocean subducted northwards
and the Neo-Tethys Ocean began to spread. Tarim block was located
to the north of the Paleo-Tethys Ocean and had been collaged with the
Eurasian plate to the North. After the assemblage of Pangaea, the
positions between the plates were adjusted by strike-slip faults. The
Tarim block was adjusted by a large left-lateral strike-slip fault.

3 Methology and database

The proto-type basin analysis based on the thought of “mobile
tectono-paleogeography”, which includes basin resetting, restoration,
and reshaping (Hou et al., 2019; He et al., 2020), is the core of this
study. Basin resetting is to restore the geotectonic position of the
proto-type basin in its development period. Basin restoration is to
restore the initial status of the proto-type basin, including its scope and
sedimentary facies distribution. Basin reshaping is to restore the
superposition and modification processes, mainly the restoration of
the amount of elongation/shortening of the basin.

Specifically, there are four steps in creating proto-type basin maps
with tectonic background.

Firstly, replenishing the erosion thickness and restoring the intact
isopach maps of the Tarim basin, which is mainly based on the
residual strata thickness (Figure 4) from Bureau of Geophysical
Prospecting, China, according to the characteristics of the
sedimentary thickness trends in the different basins. The thickness
trend method can find the boundary of the proto-type basin with the
help of the trend of the isopach in the isopach map, and it can also be
analyzed by the trend surface of a certain thickness layer in the seismic
profile (Zhang X. B. et al., 2007; Yu et al., 2016).

Secondly, extending the intact isopach maps outwards based on
the amount of shortening (Table 1) counted by 81 balanced cross-
sections (Lou et al., 2016; Laborde et al., 2019) to restore the pre-
deformation deposition extent and proto-type basin boundary.

Thirdly, restoring the distribution of lithofacies (intra-basin and
marginal facies) according to lithofacies-paleographic maps and
isopach maps. When the lithofacies-paleographic maps contradict

FIGURE 2
Silurian-Triassic tectonic-sedimentary evolution in the Tarim basin.
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the isopach maps, take the former as more credible due to the
compilation of lithofacies-paleographic maps based on analysis of
wells and outcrops in the whole basin.

Finally, completing the peripheral tectonic background of the
Tarim basin according to the previous literatures and then
obtaining the Tarim proto-type basin maps in the fourth chapter.

The maps compiled in this paper include two aspects: 1) The
Tarim proto-type basin maps with peripheral tectonic setting under
the current geographical coordinates in Late Paleozoic in the fourth
chapter; 2) Tectono-paleogeographic maps of Tarim block and its
peripheral areas under paleogeographic coordinates in Late Paleozoic
in the fifth chapter.

FIGURE 3
Reconstructing of global plates distribution in Devonian Period (A), Carboniferous Period (B), and Permian (C).
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The data used in this study include: the residual strata thickness of
Tarim basin from Devonian to Permian (Bureau of Geophysical
Prospecting, China), lithofacies distribution maps of Tarim basin in
different periods of Late Paleozoic, 81 seismic sections and their
balanced cross-sections, and some information on drillings and
outcrops. These basic data are mainly provided by the Tarim
Oilfield Company.

3.1 The residual thickness of the Tarim basin

Bureau of Geophysical Prospecting INC. has completed a set of
residual thickness maps (Figure 4) based on the fine interpretation of
basic seismic horizons in the Tarim basin, combined with information
from drilling and geological outcrops. These residual thickness maps
are the basis for recovering the original thickness distribution of the
basin prior to deformation.

Based on the residual strata thickness in Figure 4, according to the
characteristics of different type basins, restore the intact isopach
map. For a marginal basin, the isopach should be open, outward,
and asymmetric. While for an intracratonic basin, the isopach should
be concentric and closed. If encountering a platform or a surficial sea,
then the isopach should be symmetrical but with openings connected
to the shelf or marginal sea. For other kinds, their isopachmaps should
also be restored in accordance with their characteristics and locations
in the Tarim block.

3.2 The amount of shortening of the basin

It is key work to calculate the shortening amount according to the
balanced cross-sections in reconstruction of proto-type basin. The
balanced cross-sections can provide information on the elongation/
shortening of the strata (Lin et al., 2015; Wang et al., 2020a; Wang
et al., 2020b). The restoration process for balanced cross-sections, where
the mass conservation principle is the basic criterion, is usually inverse,
i.e., starting from a current interpreted structural cross section to its pre-
deformed morphology (Dahlstrom, 1969; Zhang and Chen, 1998). The
stratum length balance restoration method and the area balance
restoration method (Jiang et al., 2018) are used in this study. And the
restoration process is carried out in 3D-MOVE software, including three
steps: compaction correction, fault displacement restoration and layer
leveling. The stratigraphic lengths and the amount of shortening in each
period can be obtain after restoring the balanced cross-sections.

Figure 1B shows the positions of 20 basin-scale sections used in
this study for the statistics of basin shortening data. Among them,
10 balanced cross-sections are restored by us. Here, the NS08 section is
taken as an example to show the shortening process of the basin
(Figure 5).

Because the deformation mainly exists along the margin of
Tarim basin, the total shortening of each section is distributed to its
two ends according to the ratio of deformation at both ends
(Figure 6). These shortening data are integrated on four
representative lines (AA’, BB’, CC’, and DD’) (Figure 1B;
Table 1). The extension or shortening amount measured in this
paper is from Devonian, Carboniferous, and Permian to Cenozoic.
Data since the Cenozoic are referenced from Laborde et al. (2019).

The foreland (mountain front) zone is the main deformed part of
the proto-type Tarim basin, with the largest proportion of Cenozoic
shortening accounting for 70–90%. Overall, the distribution of
shortening in the marginal segments of the Tarim basin shows a
certain regularity: the shortening decreases from west to east, which is
probably due to the increasing distance from the Pamir tectonic
syntax.

4 Reconstruction of Tarim proto-type
basin in the Late Paleozoic

4.1 Late devonian: A back-arc extensional
basin in the southwestern Tarim basin

In the Early-Middle Devonian, Tarim basin basically inherited its
Silurian sedimentary framework (Li et al., 2015). By the end of the
Middle Devonian, the Early Hercynian Movement made the Tarim
basin strongly uplifted and subjected to denudation and planation,
forming a regional angular unconformity (Liu et al., 2008) (Figure 2)
between the Middle and Upper Devonian. The tectonic framework of
the Tarim basin undergone important changes as a result of the Early
Hercynian movement (Huang, 1986; He et al., 2005; Li et al., 2015; Wu
et al., 2016), which made the basin present a tectonic environment of
“compression in the northeast and southeast, extension in the
southwest” (Figure 7A). The northeast and southeast of Tarim basin
uplifted strongly, forming the denudation areas in these regions
(Figure 7A). The compression from these two directions caused the
basin to tilt uplift from East to West, showing a pattern of “Eastern
uplift, Western depression” (Lin et al., 2012b), and seawater mainly
invaded the basin from the West (Hu et al., 2010; Ma et al., 2019). The

FIGURE 4
Residual strata thickness of Tarim Basin in Devonian Period (A), Carboniferous Period (B), and Permian (C).
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Southwest of Tarim basin changed from passive continental margin to
back-arc extensional environment (Figure 7A).

There were several inherited paleo-uplifts in the basin, including
Shaya Uplift in the North, Tadong Uplift in the East and Tanan Uplift
in the South (Chen, 2000). The basin formed an open-sea basin with

Westward opening and a tectonic depressive bay basin centered on the
Awati Depression (Ma et al., 2019) (Figure 7A).

It is controlled by the paleo-geomorphic background that the shelf-
shore facies (Liu et al., 2016) were mainly developed in the basin from
West to East (Figure 7A). Tarim basin was surrounded by shallow

FIGURE 5
Geological interpretation of seismic section NS08 (A) and its recovered balanced cross-section (B). The location of seismic section NS08 is shown in
Figure 1.
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continental shelf, theWestern part of which was relatively open with huge
thickness turbidite clastic rocks (Lin et al., 2011). From west to east, the
sedimentary environment showed a changing trend from shelf-shore to
backshore-delta around the paleo-uplift (Figure 7A). Shelf facies mainly
developed gray-green mudstone intercalated with thin siltstone, shore
facies mainly developed tabular cross bedding and low angle cross
bedding quartz sandstone (Zhang H. et al., 2009). Delta facies
developed in well TB2 and estuarine facies developed in well TZ4 (Xu,
2009; Jia et al., 2017) (Figure 7A). Marginal facies such as deltas
(Figure 7A) indicated the boundaries of proto-type basin and the
major provenance areas. The quartz sandstone of the lower sandstone
section of the Donghetang Formation was deposited in the Bachu-
Maigaiti area. The Kalpin paleo-uplift in the North and the Madong
paleo-uplift in the South provided sufficient clastic materials, forming a
shelf-shore sedimentary system, and the sand body sedimentation
gradually migrated Eastward (Su, 2019). The H1 well area received
provenance from the southern paleo-uplift in the basin (Figure 7A),
and developed gravelly shore facies (Zhu et al., 2016). The Kuqa area
received the provenance from the Tabei paleo-uplift and the Xingdi area
(Su, 2019).

It is the tectonic background around the basin that controlled the
above phenomena in the basin. On the periphery of the basin, the
eastern segment of the South Tianshan Ocean began to shrink and the
western segment was still expanding (Figure 7A). The Central-South
Kunlun Island Arc, which was collaged to the southwestern margin of
the Tarim basin at the end of the Early Paleozoic (Matte et al., 1996;
Zhang Y. et al., 2019), was a low underwater uplift (Figure 7A). The

Southern Kunlun Ocean lied between the continental margin of the
Southwest margin of Tarim basin and the Tianshuihai Island Arc,
which began to move to the southwest of the Tarim basin. The Altyn-
Qilian Island Arc, which was collaged to the Southeast edge of Tarim
basin at the end of the Early Palaeozoic (Xu et al., 2011), had become a
part of the Southeast Uplift. The Southern Altyn Ocean, which existed
between the Altyn—Qilian Island Arc and Qaidam block, subducted
northward, causing the Southeastern Tarim basin to continuously
uplift (Figure 7A).

4.2 Late carboniferous: Transition from a
back-arc extensional basin to a back-arc
downwarping basin in the southwestern
Tarim basin

From the beginning of Carboniferous, the Tarim block generally
subsided and undergone extensive marine transgression (Zhuang
et al., 2002; Ma et al., 2019). There were marked differences in the
paleogeography and the width of the sedimentary facies expressed due
to their location (Figure 7B).

The range of the proto-type basin changed significantly
(Figure 7B). The boundary of the proto-type basin in the East
starting from the Westernmost part of the Kongque River Slopes,
passing through the Manjiaer Depression to the south and reaching
the Guchengxu Uplift. At the junction of the south side of Guchengxu
Uplift and the Southeastern Fault-Uplift, the boundary turned

FIGURE 6
Distribution of shortening at the basin margin calculated from each seismic section.

TABLE 1 Shortening amount of Tarim Basin between Devonian, Carboniferous, Permian Periods and present (/km).

Distribution of the shortening amount Cenozoic Devonian Carboniferous Permian

Period Period Period Period

North margin of AA’ 36.00 39.88 38.68 37.50

South margin of AA’ 32.00 41.30 41.00 36.68

North margin of BB’ 21.00 31.03 30.51 25.80

South margin of BB’ 35.00 40.43 40.05 36.00

North margin of CC’ 22.00 38.87 36.30 17.80

South margin of CC’ 0.90 9.02 8.88 7.60

North margin of DD’ ~0 12.00 7.30 ~0

South margin of DD’ 0.30 16.05 8.00 6.70
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southwest and basically extended parallel to the Southeastern Fault-
Uplift to the southern Tarim basin.

In terms of the Uplift-Depression Framework, the entire Tarim
basin still maintained the overall geomorphology of high in the East
and low in theWest (Xie et al., 1997; Zhang G. et al., 2007) (Figure 7B),
specifically manifested as ring uplifts in the North, East, and southeast
(Li et al., 2015), and depressions in the central and Western regions
(Figure 7B). The Northeast of the basin was the main denudation area.
The middle part was an intracraton depression (Zhang G. et al., 2007),
with stable sedimentation.

Within the Tarim proto-type basin, the large areas (such as Kuqa
Depression, Shaya Uplift, and Kalpin Uplift) West of the Kongque River
Slopes in the Northern part of the basin were submerged due to the
transgression from Southwest to Northeast (Xie et al., 1997) (Figure 7B).
The area with larger relative water depth was in the west of Kuqa
Depression. The water depth of Shaya Uplift to the South was
relatively shallow. In general, the basin developed interactive marine
and terrestrial deposits andmarine carbonate rocks deposits (Carroll et al.,
1995) (Figure 7B). The Carboniferous System was generally 500–1000 m
thick, and its loss in Eastern and Southeastern Tarim basin was caused by
uplift and denudation in the late stage (He et al., 2005; Wu et al., 2020).

From East to West, tidal flat facies, restricted platform facies,
open platform facies, and shallow marine shelf facies developed in

sequence (Ye et al., 1997; Pu et al., 2014) (Figure 7B). The tidal flat
facies developed in the Eastern part of the basin were in the form of
NE-SW trending strips, the width of which was greater within the
Guchengxu Uplift and the Manjiaer Depression (Figure 7B). The
tidal flat facies mainly developed mudstone and limestone during
the sedimentary period of Xiaohaizi Formation (Gu et al., 2003).
For example, the Xiaohaizi Formation of well TZ33 drilled
limestone with a single layer thickness of more than 5 m and
mudstone with a relatively thin layer thickness. The restricted
platform facies had the largest distribution range, occupying
most of the central Tarim basin (Figure 7B). The lithology of
restricted platform facies was mainly gray thin-layer mudstone
and medium-thick layered limestone, with argillaceous limestone
developed locally. On the outside of the restricted platform, there
was the band-shaped high-energy facies (Xu, 2009) with unstable
width between the restricted platform and the open platform
(Figure 7B). The high-energy facies band in the platform had an
S-shaped trend, which might be related to the two finger-shaped
residual bays left in the west and southwest of the Tarim basin
(Figure 7B). In the high-energy zone, the platform margin reef was
mainly developed along the S-shaped platform margin (Guo et al.,
2018), and its lithology was mainly bioclastic limestone. The
outside of the high-energy zone was open platform facies, which

FIGURE 7
Proto-type basin of Tarim and adjacent areas in late Devonian (A), late Carboniferous (B), late Middle Permian (C) and late Permian (D).
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was mainly composed of continuously deposited thick layers of
limestone (dolomite), but generally mud rocks were not developed
(Qi et al., 2020). There was a mixed sedimentation zone (Figure 7B)
in Southwest of the Tarim basin, which was similar to the foreland
basin on the Eastern side of the Andes.

The Tianshuihai Island Arc began to collage and approach, but
it had not completely closed the Tarim basin (Figure 7B). The
South Kunlun Ocean shrinked further and was close to almost
closure. The Southwestern Tarim basin changed from a back-arc
extensional basin to a compressive downwarping basin. Currently,
the Southwestern margin of the Tarim basin was the active
continental margin (Li et al., 2015) (Figure 8). The residual
ocean of the South Altyn lied between the Qaidam and Tarim
block. The subduction zones in the north and south of Qaidam
block were both subducted towards it (Figure 7B).

4.3 Late Middle Permian: Transition from
back-arc flexural basin to foreland basin

Since Permian, large-scale regression occurred in the western
Tarim basin (Liu et al., 1994; Liu X. et al., 2014), and the eastern
Tarim basin became the uplift erosion area. During the Middle
Permian, the Paleo-Tethys Ocean south of the Kangxiwar Fault
continued to subduct to the Tarim block (Hofmann et al., 2011;
Yang et al., 2011; Liu K. et al., 2014; Zhang Y. et al., 2019) (Figure 7C),
which further developed the southwest back-arc flexural basin.
Increased orogenic activity in the northern Tarim block uplifted
the eastern and northern parts of the basin, accompanied by large-
scale intermediate-acid volcanic magmatism (Liu et al., 2016)
(Figure 7C).

The range of the proto-type basin changed greatly (Figure 7C).
From the north side of the Kalpin Fault-Uplift to the east, including
most of the Kuqa Depression and the eastern Shaya Uplift were
uplifted and exposed to erosion. East of the central part of the
Manjiaer Depression, the central part of the Guchengxu Uplift and

most areas east of Southeastern Fault-Uplift were uplifted and eroded
(Qi et al., 2020). Overall, the Tarim basin was surrounded by a semi-
enclosed uplift in the northwest, north, east, and southeast, along
with an island arc belt developed in the southwest, as a residual
epeiric sea that might open only in the west (Zhu et al., 2007)
(Figure 7C).

The central and eastern Tarim basin in the Middle Permian was a
westward sloping intra-cratonic depression basin (Chen X. et al.,
2013). The paleo-geomorphological features were generally shallow
in the southeast and deep in the northwest, with the greater water
depth in the NE-E direction.

A set of residual shallow sea and tidal flat deposits were
developed in the western basin (Ye et al., 1997) (Figure 7C).
The residual shallow sea was mainly developed in the southwest
of the basin, extending eastward into two branches (Figure 7C).
The northern branch extended northeast to the eastern part of the
Madong Thrust Belt, and the southern branch extended eastward
to the western part of the Southeastern Fault-Uplift. Alluvial fans of
varying sizes developed within the mud flat deposits. Typical wells
drilled in mixed flat deposits, such as well SN5, were dominated by
mudstones and silty mudstones, interbedded with thin to medium
bedded fine sandstones and gravel-bearing fine sandstones (Qi
et al., 2020). Banded mixed-flat deposits were developed
between residual shallow sea and mud flat. At the same time,
beach sandbars were more developed in the mixed flat,
especially in the frontal area of the braided river (Figure 7C).
The emergence of the thousand-meter continental molasse (He
et al., 2005) in the Duwa Formation in southwestern Tarim basin
indicated that a back-arc foreland basin was formed in
southwestern Tarim basin (Zou et al., 2014; He, 2022).

Besides sedimentary rocks, plenty of magmatic rocks were
developed in the western part of Tabei Uplift, Bachu Uplift,
Tazhong Uplift, Southwest Depression, Awati Depression and
western Manjiaer Depression, and their rock types mainly included
basic basalt, diabase, gabbro and alkaline syenites (Liu et al., 1994;
Chen et al., 2006).

FIGURE 8
Carboniferous-Permian proto-type basin configuration in Tarim basin (modified according to He et al., 1992; Gong, 2010; Zhou et al., 2014).
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4.4 Late permian: A closed terrestrial intra-
cratonic basin in whole

At the end of Permian, the Southern Tianshan area was
completely orogenic uplift with the shrinkage of the residual sea
in the southwest Tianshan area (Carroll et al., 1995). Alay area
uplifted and transformed into an orogenic belt (Figure 7D). At the
same time, Tarim basin was fully integrated into the Paleo-Eurasia
continent (Zhao et al., 1990), and only the Paleo-Tethys Ocean
existed on its South side. The continuous Northward subduction of
the Paleo-Tethys Ocean (Xiao et al., 2003; Schwab et al., 2004;
Robinson et al., 2007; Zhang Y. et al., 2019; Zhang et al., 2020)
resulted in the complete collage and collision of the Tianshuihai
Island Arc with the Tarim block (Li H. et al., 2014), which eventually
closed the opening of the Western Tarim block (Figure 7D).
Therefore, the main characteristics of the paleogeographic pattern
of Tarim block and its surrounding areas in the Late Permian were
that the sea water had completely retreated, and Tarim basin became
a closed terrestrial intra-cratonic basin in whole (He et al., 2013; Ma
et al., 2019) (Figure 7D).

Compared with the Late Carboniferous and Middle Permian, the
proto-type basin at the end of the Permian was narrowed in the
southwest (Figures 7C, D). In the Southern part of the basin, the proto-
basin marginal uplift extended Westward. The proto-type basin in the
east is basically bounded by the large uplift area.

The continuous uplift in the southeastern Tarim basin resulted in
great changes in the uplift-depression framework of the Late Permian.
Specifically, the paleogeomorphology changed from the former
marine facies and residual marine facies of “high in the east and
low in the west” into the closed lacustrine facies (Qi et al., 2020).
Geomorphologic features also showed the typical lake-basin landscape
of “high at the edge and low in the middle”. The area with the greatest
water depth was distributed in NW-SE direction.

At the end of Permian, lacustrine facies—lacustrine delta
facies—coastal plain facies deposits were mainly developed in
the Tarim basin (Zhu et al., 2007) (Figure 7D). There were
narrow lacustrine deposits only in the southwest of the basin
(He et al., 2013). There were deltas/fan deltas deposits on the
inner edge of the basin, and the rest of the basin was alluvial
plain. Three provenance systems were mainly developed in the
North, East, and Southwest of the basin (Chen S. et al., 2013). The
delta in the Northern part of the basin was a large delta system
composed of overlapping delta lobe bodies. The delta front could be
pushed southward to the Southern part of Awati Depression and
the central part of Shuntuoguole lower uplift. In the Eastern part of
the basin, a nearly EW-trending delta system was developed
(Figure 7D), and the deltaic front could move westward to the
central region of the Katake Uplift. Typical well drilled in this delta
deposit was SN4 well. In addition, a relatively large deltaic front
beach bar sand body (Figure 7D) was also developed outside the
delta front (central area of Tanggubasi Depression). There were
three semi-deep lake areas in Southwestern Tarim basin, which
might be potential source-rock development areas.

In summary, the Tarim basin was in the regional tectonic
background of plate convergence during the Carboniferous-
Permian, a transitional stage from plate spreading regime to plate
collision regime. The Northern Tarim basin became a foreland basin
(Carroll et al., 1995) due to the closure of the Southern Tianshan
Ocean. In contrast, the Southwestern Tarim basin entered a period of

transition from a back-arc extensional basin to a foreland basin
through a downwarp basin, and was by no means an open passive
continental margin (Figure 8), as supported by the mixed coastal-
clastic shore facies deposited here. Only the extensive sea shelf existed
as a seawater channel in the western part of the Tarim basin. The
Carboniferous-Permian basin genesis of the Southwestern Tarim
basin was relatively similar to the Cenozoic Western Pacific trench,
arc and basin system.

5 Reconstruction of tectono-
paleogeography around the Tarim basin

Tectono-paleogeography is an important part of the research in
multicycle superimposed sedimentary basins. Evolution of
sedimentary basins is closely related to surrounding tectonic setting
(Zhang et al., 2016; Wu et al., 2020). In reverse, the study of tectono-
paleogeography can provide feedback for the proto-type basin analysis
above to see if there are any improprieties. Sorting out the late
Paleozoic tectono-paleogeography evolution of Tarim basin can
offer an intuitive picture of how Tarim basin and its surrounding
areas evolved and the tectonic factors driving these evolutions.

The tectono-paleogeographic maps in paleo-latitudinal
coordinates have a range between the global plate tectonic maps
and the proto-type basin maps and are integrations of the two.

Firstly, the proto-type basin maps are rotated in accordance with
the paleolatitude and long axis direction of the Tarim block in the
global plate maps. Then, the range of the span of about 30° latitude
and 40° longitude is selected in this paper. According to the
paleogeographic spatial pattern of the Tarim block and its
surrounding plates, the proto-type basin maps are extended
outwards to the periphery of the basin under the paleolatitude
geographical coordinates. Finally, the paleogeographic
information of the peripheral plates is supplemented to compile
the tectono-paleogeographic maps of the Tarim block for each
period.

5.1 Devonian tectono-paleogeography

In Devonian, the Tarim block was independently dissociated
between the Gondwana continent and Siberia-Kazakhstan
continent (Figure 9A). Siberia and Kazakhstan were separated by
the ocean and were not yet united as a continent (Windley et al., 2007).
The southeastern edge of Siberia and the eastern edge of Kazakhstan
were shallow-sea continental shelf (Golonka et al., 2006; Zhang G.
et al., 2019) (Figure 9A). Siberia and Kazakhstan were approaching
Tarim block due to subduction of the Paleo-Asian Ocean, while
Junggar Island Arcs were between the Siberia- Kazakhstan and
Tarim blocks (Xiao et al., 2009; Carmichael et al., 2019). The
North and South Tianshan Oceans were both subducted
bidirectionally (Charvet et al., 2011; Ge et al., 2012; Guo et al.,
2013; Han and Zhao, 2018).

The Western side of the North Tianshan Ocean subducted
beneath the Harlik Island Arc (part of the Chinese North Tianshan
Arc system) (Carmichael et al., 2019; Zhang et al., 2021), while the
Eastern side subducted eastwards beneath the Yili-Central Tianshan
Island Arc (Ren et al., 2017). In addition, the Southern Tianshan
Ocean also subducted westwards (Figure 9A), resulting in the both
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sides of the Yili-Central Tianshan Island Arc were clipped under the
subduction zone and continued to develop (Han and Zhao, 2018;
Huang et al., 2020).

The South Tianshan Ocean tended to close in the north, but it
was still expanding in the South. It was shaped like a “bell-mouth”
with the opening facing South (Figure 9A). In the eastern part of the
Tarim block, the Central-South Kunlun and Altyn Island Arcs
collided with the Tarim block as early as the end of the
Ordovician due to the Late Caledonian Movement (He et al.,
2011; Zhang et al., 2015; Dong et al., 2018). The Central-South
Kunlun Island Arc was already submerged, with a wide passive
margin to its southeast, across the South Kunlun Ocean from the
Tianshuihai Island Arc (Dong et al., 2021) (Figure 9A). The South
Altyn ocean subducted to the west, contracting the oceanic domain
and causing continued uplift to the southeast of the Tarim block. The
Tianshuihai Island Arc and Qaidam block were in a “Western
extension, Eastern compression” tectonic environment, with the
north-western side of the Paleo-Tethys Ocean subducting beneath
the Tianshuihai Island Arc and Qaidam block (Figure 9A). In terms
of land-sea framework, the Southern and Southeastern edges of
Qaidam block and the Southwestern edge of North China plate
were shallow-sea continental shelf (Figure 9A), and there was an
ocean between Qaidam block and North China plate (Golonka et al.,
2006; Li et al., 2018).

5.2 Carboniferous tectono-paleogeography

The tectono-paleogeographic map (Figure 9B) of the Tarim
block at the end of Carboniferous showed that with the clockwise
rotation of Mongolia, the middle part of the Paleo-Asian Ocean in
southern Mongolia contracted, and the Southern edge of Mongolia
was shallow marine environment (Hou et al., 2014; Liu et al., 2017).
The Ural Ocean closed and formed orogenic belt (He et al., 2013).
The Kazakh and Siberian plates collided, with the Siberian Sea
remaining between them (Figure 9B). The southern part of
Kazakhstan was shallow-sea continental shelf, and the gulf
extended to the central part of Kazakhstan (Wan and Zhu, 2007),
with lake basins developed on the continent (Ma et al., 2020).
Affected by the closure of the North and South Tianshan Ocean
(Charvet et al., 2011; Alexeiev et al., 2019) and the collision between
Tarim block and Yili-Central Tianshan Island Arc (Han et al., 2011;
Liu D. et al., 2014; Zhao et al., 2018; Wang et al., 2020), the oceanic
crust of the Junggar arc system disappeared and the new continental
crust was formed, but shallow sea remained overlying (Figure 9B). In
Southwestern Tarim block, the demise of the South Kunlun Ocean
caused the Tianshuihai Island Arc to begin colliding with the Tarim
block. The Northern, Eastern, and Southern parts of Tarim block
were raised in a half-ring shape, forming a sea basin that opened to
the West. As the Southwest Tianshan did not completely close (Liu
et al., 1994; He et al., 2005), the remaining remnant bay connected
with the shallow sea in the Southern Kazakhstan through the
Western opening of Tarim block (Figure 9B). To the South of the
Tianshuihai Island Arc, the Paleo-Tethys Ocean subducted towards
Tarim block (Zhang et al., 2022), resulting in the Southern Tarim
block being an active continental margin (Figure 9B). Between
Qaidam and Tarim block was the South Altyn Remnant Ocean,
and the subduction belts existed on both the north and south sides of
the Qaidam block (Figure 9B).

5.3 Late Middle Permian tectono-
paleogeography

The Middle Permian tectono-paleogeographic map (Figure 9C)
of the Tarim block showed that the Kazakhstan inherited its late
Carboniferous pattern (Van der Voo et al., 2006). On the one hand,
the southward subduction of the Okhotsk Ocean closed the middle
part of the Paleo-Asian Ocean in the south of the Mongolia plate to
form the residual sea (Figure 9C); on the other hand, due to the
convergence and compression, the Junggar and Tianshan Orogenic
Belts were integrated into the magnificent Central Asian Orogenic
Belt (Figure 9C). The Tarim block continued its clockwise
rotational adjustment. The remnant bay in the Southwest
Tianshan region disappeared (Carroll et al., 1995) and the
Fergana and Yili area developed into terrestrial basins (Clarke,
1984; Moisan et al., 2011). The Paleo-Tethys Ocean continued to
subduct northwards (Cocks and Torsvik, 2013; Xiao et al., 2013),
resulting in continuous collision between the Tianshuihai Island
Arc and the Tarim block (Zhang Z. et al., 2009). The west opening
of Tarim block was further closed, and only a narrow channel
(Figure 9C) was left as the channel for the withdrawal of seawater.
The North and South sides of Qaidam-North Qilian block were
both remnant sea, and the Bayankala Island Arc in the South was
approaching to the north. North China plate also joined the Pangea
supercontinent and was surrounded by shallow-sea continental
shelf (Zhao et al., 2018). Central North China and Western
Mongolia were lacustrine facies (Figure 9C), and there were
shallow marine facies between North China and Mongolia plate
(Jolivet, 2015; Niu et al., 2021). The North Qiangtang block was in a
shallow marine environment (Hou et al., 2014; Zhang G. et al.,
2019) between the Eastern Paleo-Tethys Ocean and Mianlüe
Ocean.

5.4 Late Permian tectono-paleogeography

As shown in Figure 9D, the Central Asian Orogenic Belt
continued to increase in size as the withdrawal of seawater and
uplift orogeny in southern Kazakhstan at the end of the Permian
(Korobkin and Buslov, 2011; Ma et al., 2020). A remnant marine
environment lied between the Iranian plate and the Fergana basin
(Figure 9D). The range of uplift of the Mongolia plate also increased,
with only a bay remaining to its east. At the same time, the Alay uplift
orogeny (Gao et al., 2019) completely withdrew the seawater from
the Tarim basin, which was thus transformed into terrestrial deposits
(Carroll et al., 1995; Chen et al., 2006; He et al., 2013; Zou et al., 2014;
Li et al., 2021). There were lacustrine deposits in the southwest of the
Tarim basin (Figure 9D), and the peripheral foreland basin was
generally developed. North China plate collided with Mongolia plate
(Zhao et al., 1990) and the Qaidam-Qilian block had also been
collaged with the Tarim block (Jolivet, 2015) (Figure 9D). Blocks
such as Qiangtang in the south pushed northwards (Song et al., 2015;
Xu et al., 2015; Hu et al., 2022; Ju et al., 2022), and the Paleo-Tethys
Ocean continued to subduct beneath the Eurasian continent to the
North (Pullen et al., 2008; Xiao et al., 2013; Yan et al., 2016; Li et al.,
2020).

In conclusion, the Tarim block maintained clockwise rotation in
the Late Paleozoic (Figures 9A–D), and the rotation angle of the Tarim
block in the Late Paleozoic is much more than the other periods.
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6 Conclusion

1) The evolution of the proto-type Tarim basin is strongly controlled by
the geotectonic setting of the periphery. The transition from shelf-
littoral to platform-tidal flat to alluvial plain-lacustrine facies in the
basin reflected a process of regression and uplift. This process was
controlled by the shift in the peripheral tectonic setting of the basin:
the North Tianshan Ocean and South Tianshan Ocean closed from
east to west; the Tianshuihai Island Arc gradually collaged to the
southwest of the Tarim block, reducing the extent of the opening of the
passivemargin of thewestern Tarim basin and closing it completely by
the end of the Permian, resulting in the complete transformation of the
Tarim Basin from a westward-opening marine basin to a terrestrial
intra-cratonic basin.

2) The Southwestern Tarim basin was by nomeans an open, extensive
passive margin during the Carboniferous-Permian, but rather
transformed from a passive continental margin to an active
continental margin through back-arc downwarp and eventually
complete closure to uplift.

3) The Tarim block was located between 15°–25° N in the global plate
tectonic framework in the Late Paleozoic. The Tarim block ended its
independent drift to become the southern edge of the Eurasian
continent at the end of the Carboniferous. The Tarim block
witnessed and participated in the assemblage of the Pangea
supercontinent. Meanwhile, its polarity (orientation of basin long-
axis) underwent a significant clockwise rotation—from NNE to NE,

which is associated with the closure of the Paleo-Asian Ocean from
West to East to form the Central Asian Orogenic Belt.

4) As a result of the global Hercynian Orogeny Movement, the Tarim
block and its surrounding tectonic setting underwent a major
transformation: the Paleo-Asian Ocean and Paleo-Tethys Ocean
closed in succession (the South Tianshan ocean completely closed at
the end of the Carboniferous, the South KunlunOcean and SouthAltyn
Ocean closed at the end of the Permian), followed by arc-continent
collision and continental collision. The Tarim basin transitioned from a
back-arc extensional basin to a back-arc foreland basin.
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FIGURE 9
Tectono-paleogeography of Tarim and adjacent areas in late Devonian (A), late Carboniferous (B), late Middle Permian (C) and late Permian (D).
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Tarim Basin is a large, superimposed basin rich in petroleum resources, which has
experienced many stages of complex tectonic-sedimentary evolution. As the basic
geological study of the Tarim Basin, the proto-type basin and tectono-
paleogeographic evolution are of great significance for understanding the
distribution of petroleum reservoirs in the superimposed basin and provide
tectonic background and theoretical guidance for petroleum exploration.
According to the residual thickness map, as well as other lithofacies and seismic
data, the scopes of the proto-type basin are determined by the marginal facies
method and the thickness trend method, and the shortening amounts are calculated
by the balanced cross-sectionmethod. Based on these data and previous works, four
proto-type basin maps of Tarim Basin in present-day geographic coordinates and
four tectono-paleogeographic maps of Tarim Basin in paleogeographic coordinates
during the early Paleozoic are reconstructed, which directly show the changes of
sedimentary and uplift-depression pattern caused by the transformation of the
tectonic environment from extension to compression. In the Cambrian, the Tarim
Basin was controlled by the extensional tectonic environment, with the sedimentary
framework of “carbonate platform in the west, deep-water basin in the east”. At the
end of the Ordovician, the Kudi Ocean and the North Altyn Ocean were closed, and
the Central and South Kunlun terrane and the Altyn-Qilian terranewere collagedwith
the Tarim block, which directly led to the transformation of the uplift-depression
pattern in the Tarim Basin from east-west differentiation to north-south
differentiation, thus changing the sedimentary environment of the Tarim Basin in
the late Ordovician to Silurian.

KEYWORDS

Tarim basin, early paleozoic, proto-type basin, tectono-paleogeography, evolution

1 Introduction

Tarim Basin is a large, superimposed basin in northwest China, located between the
Qinghai-Tibet Plateau and Tianshan Mountains, covering an area of more than 560,000 square
kilometers. It has great potential for petroleum exploration (Li et al., 2019; Tian et al., 2021), and
its rich petroleum resources depend on good reservoir-forming conditions, which means that
the exploration of petroleum resources needs sufficient basic geological research as a support.
The Tarim Basin developed on the Tarim block and underwent multiple stages of complex
tectonic-sedimentary evolution (Jia., 1997; He et al., 2005; Lin et al., 2011; Li et al., 2015). The
evolutionary history of the Tarim block involves the convergence and disintegration of several
supercontinents, including the Rodinia and the Gondwana supercontinent (Xu et al., 2011;
Torsvik and Cocks, 2013; Li et al., 2014, 2015; Maruyama et al., 2014; He et al., 2015).
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Many achievements have been made in the study of the Tarim
proto-type basin and tectono-paleogeography in the early Paleozoic
(Chen et al., 2015; Gao et al., 2016, 2017a, 2017b; Tian et al., 2018), but
there is a lack of research on the systematic combination of the
tectonic background and the proto-type basin. The Tarim Basin
has experienced many stages of complex tectonic evolution and the
superimposed geological evolution of multiple original basins, which
strongly reshaped the original paleogeographic features of the Tarim
Basin. The peripheral background of each stage of the Tarim Basin is
an intuitive reflection of tectonism, which is closely related to the
restoration of the Tarim proto-type basin (Lin et al., 2011; Li et al.,
2015; Wu et al., 2020). According to residual thickness maps, rock
facies, drilling data, and numerous seismic profiles, the proto-type
basin and tectono-paleogeographic maps of Tarim Basin in the early
Paleozoic are reconstructed in the paper.

2 Geological setting and plate tectonic
configuration

2.1 Regional setting

The Tarim block is located between the Central Asian orogenic
belt and the Tethys domain, sandwiched between the West Kunlun,
Altyn Tagh, and South Tianshan Mountains (Figure 1A). The Yili
terrane, the Central Tianshan terrane, the Altyn-Qilian terrane, and
the Central and South Kunlun terrane are distributed clockwise in the
periphery of the Tarim block from south to north, bounded by the
South Tianshan Ocean, North Altyn Ocean and Kudi Ocean in the
early Paleozoic (Figure 1B). The Tarim Basin is composed of Archean-
early Neoproterozoic metamorphic crystalline basement and thick
Nanhua-Quaternary sedimentary rock series, which can be divided
vertically into five structural layers: pre-Nanhua basement, Nanhua-
Sinian rift basin, Cambrian-Ordovician marine carbonate platform,
Silurian-Cretaceous clastic rock depression and Cenozoic foreland
basin (Figure 1C, Jia., 2004; Lin et al., 2011; Wu et al., 2020; Wu et al.,
2021). According to the unconformities, the sedimentary tectonic
evolution of the Tarim Basin is divided into four major development
and evolution stages, with seven tectonic episodes (Lin et al., 2011; Wu
et al., 2020;Wu et al., 2021). The Sinian-late Devonian is the first stage,
which is controlled by Caledonian movement and experiences a
complete tectonic cycle (Figure 1C, Lin et al., 2008, 2011). In the
early Paleozoic, the Tarim Basin was essentially in the marine
environment and developed extensive marine deposits. During the
Sinian to Silurian period, the oceans around the Tarim Basin
experienced a process of expansion to closure, which played a
decisive role in the internal subsidence and filling evolution model
of the basin.

In the late Proterozoic to early Cambrian, the Tarim Basin was in
the stage of rapid extensional subsidence, accompanied by the
development of a series of rifts (Xu et al., 2008; Yun et al., 2014;
Wu et al., 2016; Wu et al., 2018; Wu et al., 2020; Wang T et al., 2021),
with the pattern of “uplift in the south and depression in the north”. In
the Cambrian to early Ordovician, the Tarim block has been separated
from the Rodinia supercontinent (Figure 1C), located on the north
shore of the original Tethys Ocean (Li et al., 2008; Li et al., 2010; Dong
et al., 2018), developing a large carbonate platform with a thickness of
more than 2000 m (Li et al., 2010; Gao and Fan, 2015; Gao et al.,
2017a). At the end of the early Ordovician, the South Paleo-Tethys

Ocean began to subduct (Li et al., 2017; Dong et al., 2018), forming the
E-W trending paleo-uplift in the basin by the compression from the
south, which was finalized at the end of the Ordovician (Wu et al.,
2016). In the late Ordovician, with the closure of the Kudi Ocean and
the North Altyn Ocean (Figure 1C, Jia., 2004; Li et al., 2017), the Tarim
Basin underwent a great transition from extension to extrusion, and a
large area of uplift and denudation occurred in the south and east of
the basin, forming a widely distributed unconformity. This situation
became more and more intense in the late Ordovician, and the north-
south differentiation pattern was formed (Gao et al., 2012; Gao et al.,
2016; Gao et al.,2017b; Wu et al., 2016). During the Silurian, the
southern part of the Tarim Basin was uplifted on a large scale, and
deposits were only developed in the north of the Central Uplift Belt
(Figure 1C, Lin et al., 2011, 2012; Zheng et al., 2014).

2.2 Tarim block in the global plate tectonics
and its evolution

Restoring the position of paleo-continent or block in deep time is
an important part in the paleogeographic reconstruction, and
paleomagnetism is the only quantitative tool. By reconstructing the
paleomagnetic field, the paleo-latitude, direction, and rotation of the
block can be obtained (Torsvik and Cocks, 2004; Hou et al., 2008; Hou
et al., 2020; Torsvik et al., 2016; Torsvik and Cocks, 2019). However,
the paleo-longitude position of the block cannot be determined by
paleomagnetism, and the frequent reversal of paleomagnetism makes
it impossible to determine whether the calculated paleolatitude is
south latitude or north latitude. At this point, other geological
evidence, such as paleontology (Cocks and Torsvik, 2002; Cao
et al., 2017), sediment facies, orogenic belts, magmatic activity
(Steinberger et al., 2004; Torsvik et al., 2016), marine geophysics
(Matthews et al., 2016), and so on, are needed.

(1) The paleogeographic location of the Tarim block based on
paleomagnetism

For the Tarim block, on the one hand, due to the large-scale
magmatic activity in the Paleo-Asian Oceanic tectonic domain at the
end of the late Paleozoic (Xiao et al., 2009) and the significant tectonic
deformation caused by the collision between India and the Asian
continent in the Cenozoic (Johnson., 2002; Huang et al., 2009), most of
the magnetic materials in the early Paleozoic experienced heavy
magnetization and could not effectively record the paleogeographic
location at that time. On the other hand, the early Paleozoic strata in
Tarim Basin are mainly marine limestone and marl with weak
magnetism, so it is difficult to obtain reliable primary remanence
which represents the information of paleomagnetic field in the period
of rock formation. So far, the reliable paleomagnetic data accumulated
in the early Paleozoic era are very limited.

After Fischer statistics of these paleomagnetic poles with high
confidence (Van der Voo., 1990), the paleomagnetic pole positions
of the Tarim block in the early Paleozoic are obtained (Table 1, Li
et al., 1990; Fang et al., 1996; Huang et al., 2019). Combined with
the Apparent Polar Wander Paths (Wen et al., 2017) and
peripheral geological background analysis, the global plate
tectonic patterns are reconstructed in different periods of the
early Paleozoic (Figure 2, late Cambrian, late Ordovician, and
late Silurian).
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The Tarim block was located in the middle-low latitude of the
southern Hemisphere during the late Cambrian period (Table 1,
Figure 2A, Huang et al., 2018; Zhao et al., 2018), along with the
South China block on the western side of the Gondwana
supercontinent. The periphery of the Tarim block is in a passive

continental margin environment, and although the original Tethys
Ocean has been formed between the Tarim block and Australia plate,
they are still related and similar in many aspects (Figure 2A, Zhao
et al., 2018). At this time, the eastern continental groups, such as North
China block and Siberia plate, have shifted from the other side of the

FIGURE 1
(A) Location of the Tarim Basin. (B) Tectonic framework of the Tarim Basin (modified after He et al., 2016). Structural units of the Tarim Basin: 1-Kuqa
Depression; 2-Kepingtage Faulted-uplift; 3-Tabei Uplift; 4-Kongquehe Slope; 5-Awati Depression; 6-Shuntuoguole Uplift; 7-Manjiaer Depression; 8-Bachu
Uplift; 9-Tazhong Uplift; 10-Guchengxu Uplift; 11-Kashi Depression; 12-Maigaiti Slope; 13-Tangguzibas Depression; 14-Tanan Uplift; 15-Shache Bulge; 16-
Yecheng Depression; 17-Southeast Depression. The shortening amount is integrated on four representative lines (AA’, BB’, CC’ and DD’ in Table 2), which
are red lines. (C) Tectonic-sedimentary evolution sequence of Tarim Basin in the middle-late Proterozoic to Devonian (modified after Lin et al., 2011).
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earth to the Western Hemisphere (Huang et al., 2018), and the three
Chinese blocks (North China block, Sorth China block, and Tarim
block) show an N-S/T pattern (Figure 2A, Zhao et al., 2018).

After the middle-late Ordovician, the close relationship between
the South China block and the Gondwana supercontinent is likely to
last until the middle Devonian (Yang et al., 2004), while the Tarim
block, located on the outermost margin of the Gondwana
supercontinent, separated from it with its rapid clockwise rotation
(Van der Voo., 1993) and moved northwestward rapidly frommiddle-
late Ordovician to middle Silurian to cross the ancient equator
(Figures 2B, C). The paleomagnetic poles of the middle-late
Ordovician and Silurian further confirmed that a large southward
apparent polar wander occurred in the Tarim block, which may be
related to the significant northwestward movement and rotation of the
Tarim block during the early Paleozoic (Sun and Huang, 2009).

By the end of the Silurian, the Tarimblock hadmade a large drift to the
northwest and completely broke away from theGondwana supercontinent
(Figure 2C, Huang et al., 2008, 2018; Zhao et al., 2018). This is consistent
with the closure of the Kudi Ocean and the North Altyn Ocean on the
southern margin of the Tarim block, in the late Ordovician-Silurian, and
the collage events of the Central and South Kunlun terrane and the Altyn-
Qilian terrane (Li et al., 2017). The late Ordovician to Silurian is the key
period for the transition fromN-S/T pattern to T-N/S pattern for the three
blocks in China (Figure 2C, Zhao et al., 2018).

(2) The relationship between Tarim block and the surrounding block
based on geological affinity

The South China block and Tarim block were at the same latitude
in the early Paleozoic, and the changes of magnetic declination
recorded by the two blocks were also similar, indicating that the
two blocks were closely related in the early Paleozoic. In addition, the
affinity between the two blocks and the Gondwana supercontinent, in
the early Paleozoic, is supported by a large amount of geological and
paleogeographic data (Huang et al., 2000; Sun and Huang., 2009).

The geological study shows that the South China block and the
Tarim block are consistent in the spatial distribution of Sinian tillite,
and there are strong similarities in Cambrian and Ordovician
sediments, biota characteristics, and their temporal and spatial
distribution, indicating that South China and Tarim blocks are
closely related from Sinian to Ordovician (Zhu et al., 1998).
Moreover, the age of basement formation and the early Paleozoic

metallogenic effects of the South China block and Tarim block show
clear similarities to those of the Australia plate (Nie, 1991).

During the Ordovician period, the South China block, Tarim block,
and Australia plate are very similar in the appearance of chitin and other
paleontological groups, which are likely to belong to the “Pacific type”
with high disparity (Duan and Ge, 1992; Chen andWangLi, 1996; Duan
and Ge, 2005; Sun and Huang., 2009). The paleogeographic study of
trilobites shows that all of the North China block, South China block,
and Australia plate belong to the Asian-Australian biological region, but
there are significant differences between the North and South China
blocks. In the comparison of the detrital zircon age spectrum, the south
China and Tarim blocks have obvious differences with the north China
block, which suggests that, even if the paleolatitude of these three blocks
are very close (Huang et al., 2018), the North China block may be far
away from other blocks in spatial location.

3 Database and methods

3.1 Database

The Tarim proto-type basin is an important research object. At
present, the early Paleozoic maps of the Tarim Basin mainly include
the tectonic-sedimentary environment maps compiled by Gao et al.,
2016;Gao et al., 2017a; Gao et al., 2017b, the sedimentary model maps
compiled by Chen et al., 2015, and the lithofacies paleogeographic
maps provided by Tarim Oilfield Company.

The main data used include the residual thickness maps of Tarim
Basin (Figure 3), the evolution maps of the equilibrium profile of
Tarim Basin, the stratigraphic correlation maps of Tarim Basin,
several seismic profiles (Figure 4 for example), and the peripheral
margin shortening rate of Tarim Basin in Cenozoic (Jia et al., 2006; He
et al., 2013; Chen et al., 2015; Tian et al., 2018; Laborde et al., 2019 and
data from Tarim Oilfield Company).

3.2 Principles

The principles of proto-type basin recovery can be simply
summarized as the following three aspects: the initial status, the
practical process, and the real location (Lou et al., 2016; He et al.,
2020; Liu et al., 2020), called P1, P2, and P3 hereafter.

TABLE 1 Summary of available Early Paleozoic paleomagnetic poles for the Tarim block. Slat = Sampling locality Latitude; SLong = Sampling locality Longitude; N/n =
Number of sites/number of samples; Plat = Pole Latitude; Plong = Pole Longitude; A95 = 95% confidence oval (or dp/dm, semi minor and major axes of 95% confidence
ellipsoid). Cam, O, S, and D indicate the Cambrian, Ordovician, Silurian, and Devonian times with 1= Early, 2 = Middle, and 3 = Late.

Age Lithology Locality Slat Slong N/n Plat Plong A95 Reference

S3-D2 Sandstones Kalpin 40.5 78.8 3/- 9.8 152.7 3.6/5.5 Fang et al., 1996

S1-D2 Limestones Tarim 40.6 79.0 -/40 16.5 165.2 2.9/5.3 Li et al., 1990

S2 Sandstones Kalpin 40.6 79.6 4/- 12.1 158.4 4.1/7.2 Fang et al., 1996

S1-2 Sandstones Kalpin 40.5 78.7 10/70 19.1 172.9 5.5 Huang et al., 2019

O2-3 Limestones Kalpin and Aksu 40.6 78.9 -/99 −33.5 185.3 2.8/4.1 Huang et al., 2019

O1 Limestones Yaerdang Mountains 41.3 83.4 3/- −20.4 180.6 8.5/15 Fang et al., 1996

Cam2-O2 Limestones Yaerdang Mountains 41.3 83.4 5/15 −46.1 188.9 6.1/8.8 Sinopec Research Report

Frontiers in Earth Science frontiersin.org

Zhong et al. 10.3389/feart.2023.1101360

5150

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1101360


P1 is to restore the scope and sedimentary facies distribution of the
proto-type basin, and then analyze the type of the basin, including the
uplift-depression pattern and sedimentary system of the proto-type
basin, which needs to be restored on the basis of drilling, outcrop,
seismic profile, and other basic data, especially the constraint

condition of the basin boundary and the recovery of denudation
area (Tong and He, 2001; Zhang G. Y. et al., 2019; Zheng et al., 2021;
Wang, p et al., 2021).

P2 is to restore the superposition transformation process of the
proto-type basin, that is, the recovery of extension or shortening.

FIGURE 2
Reconstructing of global plates distribution in Cambrian Period (A), Ordovician Period (B), and Silurian Period (C). T-Tarim; NC-North China; SC-South
China; Q-Qaidam; NQ-NorthQiangtang; IC-Indochina; SQ-SouthQiangtang; J-Junggar; K-Kazakhstan. (modified after Huang et al., 2018; Zhao et al., 2018).
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Under the transformation of tectonics such as the Caledonian
movement and Himalayan movement, there may be a great
difference between the observed sedimentary range and the original
sedimentary range, and the shortening can be calculated by the
restoration of balanced cross sections (Laborde et al., 2019).

P3 is to restore the tectonic position during the development of the
proto-type basin. On the one hand, to determine the paleo-position of
the plate, that is, the paleolatitude, which can be measured and
calculated by paleomagnetism (Torsvik and Cocks, 2004; Hou et al.,
2020) and analogy through the method of comparative tectonics; on the

other hand, the basin-mountain relationship is established by source-to-
sink system analysis and clastic zircon analysis, which is useful for
determining the relative position of the plate (Hou et al., 2019; Shao
et al., 2019).

3.3 Methods

The proto-type basin restoration methods for the Tarim Basin are
mainly based on P1 and P2, and P3 is used to determine the location of

FIGURE 3
Residual thicknessmaps of Tarim in latemiddle-Cambrian (A), late Cambrian (B), late Ordovician (C), and late Silurian (D). (modified after Chen et al., 2015
and data comes from Tarim Oilfield Company).

FIGURE 4
Geological interpretation of seismic section BB’. The location of this seismic section is shown in Figure 1B.
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the Tarim block in the global plate tectonics. Detailed methods are
described below.

(1) The core point of the proto-type basin restoration lies in the scope
of the proto-type basin. To determine the scope of the proto-type
basin is to determine the boundary of the proto-type basin, which
can be determined by the marginal facies method and the
thickness trend method. The premise of using the marginal
facies method is to clarify the type of the proto-type basin,
different basins have different marginal facies, such as the
marginal facies of lake basins are fan delta facies (Jiang, 2010;
Ji et al., 2020; Wang and Lin, 2021). The thickness trend method
can find the boundary of the proto-type basin with the help of the
trend of the isopach in the isopach map, and it can also be
analyzed by the trend surface of a certain thickness layer in the
seismic profile (Zhang C, L et al., 2007; Yu et al., 2016). The
residual thickness map is limited to the interior of the present
Tarim Basin, so it is necessary to make up the isopach so as to
restore the denudation area. The precondition of completing the
isopach is to clarify the type of the proto-type basin, which can
judge the opening and closing of the isopach. For example, the
isopach of a rift basin is generally symmetric, while that of a
foreland basin is asymmetric.

(2) Restoring the original scope of the proto-type basin is
indispensable, which means restoration to the state prior to
shortening or expansion. The balanced cross-section method is
to expand the scope of the proto-type basin after calculating the
shortening by the balanced cross-section technique (Lou et al.,
2016; Laborde et al., 2019).

(3) According to the tectonic background analysis of the Tarim Basin,
the island arc, terrane and ocean are placed on the peripheral
margin of the Tarim Basin to show the oceanic-continental
pattern. This step also needs to clarify the type of the
peripheral basin of the Tarim block. If the basin is a passive
continental margin basin, then the scope of the corresponding
basin is relatively wide, and the terrane can be far away from the
Tarim block; if the peripheral basin is an active continental
margin, then the range of the basin is relatively narrower, and
the terrane can be close to the Tarim block.

4 Result

4.1 Shortening amount of Tarim Basin

Laborde et al. (2019) made a detailed analysis of the shortening
amount of Tarim Basin caused by various factors in the Cenozoic era
(Table 2). Based on the statistical analysis of 81 profiles, in which
10 profiles (BB’ for example, Figure 4) are recovered (Figure 5) by this
study and 71 profiles provided by Tarim Oilfield Company, the
shortening amount (Table 2) of 4 representative lateral lines (AA’,
BB’, CC’, DD’, which are shown in Figure 1B), from early Paleozoic to
pre-Cenozoic, are obtained.

Due to the influence of the Pamir Salient on the west side of the
Tarim Basin, the shortening of the Tarim Basin gradually decreases
from west to east, and the Cenozoic shortening rate accounts for the
largest proportion of the total shortening rate in the western margin of
the Tarim Basin, especially in the southwestern margin, up to 70%
(southern margin of BB’, Table 2). According to the calculated
shortening rate of each side, the scope of the proto-type basin can
be extended. It should be noted that the shortening amount of the Tarim
Basin is mainly reflected in the margin of the Tarim Basin, which is
shown visually on the outside of these two red dotted lines in Figure 5,
and the impact on the interior of the Tarim Basin can be ignored.

4.2 Reconstruction of early Paleozoic proto-
type Tarim Basin

Due to the long-term and complexity of geological evolution, the
original proto-type basin will experience many tectonic actions of
different properties. During these tectonic processes, the uplifting
pattern, basin properties, and distribution of sedimentary facies in the
Tarim Basin have undergone great change, which play important roles
in hydrocarbon accumulation, migration, and trap (Lin et al., 2008).
Through the analysis of residual basin fillings and tectonic
background, restoring the proto-type of the basin and analyzing
the later transformation is of great significance to understand the
distribution of petroleum reservoirs in the superimposed basin (Wang
et al., 2010; Chen et al., 2017).

TABLE 2 Shortening amount of Tarim Basin from Cenozoic, Silurian, Ordovician, Cambrian to the present (km).

Distribution of the shortening amount Cenozoic
(Laborde et al., 2019)

Silurian
(this study)

Ordovician
(this study)

Cambrian
(this study)

Northern margin of AA’ 36.0 54.0 65.0 64.0

Southern margin of AA’ 32.0 46.0 50.0 50.0

Northern margin of BB’ 21.0 43.0 50.0 47.0

Southern margin of BB’ 35.0 50.0 54.0 50.0

Northern margin of CC’ 22.0 39.0 45.0 42.0

Southern margin of CC’ 0.9 15.0 20.0 16.0

Northern margin of DD’ 0.0 15.0 23.0 23.0

Southern margin of DD’ 0.3 24.0 36.0 33.0
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(1) Proto-type Tarim Basin in late Middle Cambrian

In the Middle Cambrian, the Tarim Basin was mainly
controlled by the extensional tectonic environment (Lin et al.,
2008; Yun et al., 2014). The South Tianshan Ocean is in a stage of

continuous expansion, with the South Tianshan intercontinental
rift developed in the northern margin of the Tarim Basin.
Meanwhile, the Kudi Ocean and the North Altyn Ocean, located
in the southern margin of the Tarim Basin, reached the maximum
range (Figure 6A).

FIGURE 5
Recovered balanced cross-section of BB’. The location of this seismic section is shown in Figure 1B. The red dotted lines visually represent the boundary
between the margin and the interior of the Tarim Basin.
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Under the extensional background, the internal uplift-depression
pattern of the Tarim Basin changes from north-south differentiation
to east-west differentiation, with the embryonic form of “carbonate
platform in the west, deep-water basin in the east” appearing (Chen
et al., 2015; Li et al., 2015; Gao et al., 2017a). In the western part of the
Tarim Basin, the intracratonic basin, characterized by restricted
platform sedimentation, widely developed plaster-salt rock facies
(Figure 6A), which are good reservoir strata, while the cratonic
marginal basin in the eastern part of the Tarim Basin, featured on
deep-water deposits, developed siliceous-bearing mudstone (Gao,
2015; Zhang et al., 2015; Wu et al., 2016; Gao et al., 2017a) and
has not yet achieved north-south penetration in space (Figure 6A). On
the whole, the ramp - evaporate platform - platform margin - slope -
deep-water facies model (Chen et al., 2015; Tian et al., 2018) was
developed in the Tarim Basin during the middle Cambrian. Passive
continental margin basin is developed in both the southern and
northern margin of the Tarim Basin, especially the passive
continental margin basin in the southwest of the Tarim Basin,
where the shelf facies have a wide distribution range, which is
beneficial to hydrocarbon generation.

(2) Proto-type Tarim Basin in late Cambrian

In the late Cambrian, as a whole, it inherited the basin pattern of
the middle Cambrian (Figure 6B), which was still controlled by the
extensional tectonic environment (Lin et al., 2008; Yun et al., 2014).
The South Tianshan Ocean, in the northern margin of the Tarim
Basin, continued to expand, while the Kudi Ocean and Altyn Ocean in
the southern margin of the Tarim Basin were getting narrow
(Figure 6B).

At the end of the late Cambrian, the cratonic marginal basin in the
eastern part of the Tarim Basin achieved north-south penetration in
space, and the paleogeographic pattern “east-west differentiation” was
completely formed (Gao et al., 2012; Gao et al., 2017a). The platform
formation developed in the west, dominated by open-platform

deposition, while in the east it was dominated by deep-water basin
facies deposition (Figure 6B, Zhang et al., 2015; Wu et al., 2016; Gao
et al., 2017a). As a whole, the restricted platform—semi-restricted
platform—open platform—platform margin—slope—deep-water
facies model (Chen et al., 2015) was developed in the Tarim Basin
during the late Cambrian. Compared with the early Middle Cambrian
(Figure 6A), the main change in the late Cambrian is the
disappearance of evaporate platform facies, transforming to semi-
restricted and restricted platform, which indicates that the relative sea
level of the late Cambrian gradually rose and the water body deepened
slowly, with the plaster-salt rock facies vanishing (Figure 6B). Passive
continental margin basins still developed in the southern and northern
margin of the Tarim Basin, the former becoming wider and the latter
narrowing due to the subduction of the Kudi Ocean and the North
Altyn Ocean.

(3) Proto-type Tarim Basin in late Ordovician

In the middle-late Ordovician, the subduction of the Kudi
Ocean and the North Altyn Ocean led to the transformation of the
tectonic environment from extension to compression in the
southern margin of the Tarim Basin (Lin et al., 2008; Yun
et al., 2014; Li et al., 2015; Zhang L. N. et al., 2019; Wu et al.,
2021). At the end of the Ordovician, the South Tianshan Ocean
reached the maximum, then subducted northward to the Central
Tianshan and Yili terranes and southward to the Tarim block
(Figure 7A, Lin et al., 2012; Jiang et al., 2014).

In the Ordovician, under the influence of the subduction of the
Kudi Ocean and the North Altyn Ocean, the uplift-depression pattern
of the Tarim Basin changed from east-west differentiation to north-
south differentiation (Figure 7A, Lin et al., 2012; Yun et al., 2014; Gao
et al., 2016, Gao et al., 2017b), and the peripheral uplift of the Tarim
Basin was obvious, especially in the southwest of the Tarim Basin, with
the depocenter of the basin migrating to the Manjiaer Depression and
the Tabei Uplift surfaced for the first time (Figure 7A). The

FIGURE 6
Proto-type basin of Tarim and adjacent areas in late Middle Cambrian (A) and late Cambrian (B).
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intracratonic basin developed in the middle of the Tarim Basin, and
the back-arc foreland basin (Figure 7A) developed in the southeast and
southwest margin of the Tarim Basin, which gradually disappeared
under the injection of abundant provenances at the end of Ordovician
(Gao et al., 2017b).

(4) Proto-type Tarim Basin in late Silurian

The continuous collision of the Central and South Kunlun and
Altyn-Qilian terraces with the Tarim block during the Silurian period
resulted in a strong compression of the Tarim Basin, with the South
Kunlun Ocean, the South Altyn Ocean, and the South Tianshan Ocean
continuing to subduct (Figure 7B, Xu et al., 2011; Li et al., 2015; Wu
et al., 2021).

During the Silurian, uplifts developed in the south, north, and
east of the Tarim Basin, with depression in the middle (Figure 7B,
Lin et al., 2011; Lin et al., 2012; He et al., 2013; Zheng et al., 2014).
Topographically, the Tarim Basin is high in the south and low in
the north, developing intracratonic depression in the central
basin, which provenances are mainly from the eastern and
southeastern margins of the Tarim Basin (Figure 7B, Jia et al.,
2006; Lin et al., 2011). The shallow sea in the west of the Tarim
Basin is open, and the east is blocked with the transgression
mainly coming from the north and northwest (Jia et al., 2006; Lin
et al., 2011; Li et al., 2015), and the lithofacies paleogeographic
pattern of shelf - subtidal - intertidal - supratidal facies is
developed from northwest to southeast (Figure 7B, Wu et al.,
2020). The back-arc foreland basins in the southeastern and
southwestern margin of the Tarim Basin have been extinct,
and the Tanan Uplift developed under the background of
extrusion.

4.3 Reconstruction of early Paleozoic
tectono-paleogeography around the Tarim
basin

In the middle Cambrian, the North Altyn Ocean, in the southeast
margin of the Tarim block, and the Kudi Ocean, in the southwest
margin, began to subduct southward, and the Central and South Kunlun
andAltyn-Qilian terrane began to approach the Tarim block (Figure 8A,
Gao et al., 2017a; Mou et al., 2018). The South Tianshan Ocean on the
northern margin of the Tarim Basin continued to expand, the Yili and
Central Tianshan terranes were far away from the Tarim Basin, while
the North Tianshan Ocean continued to subduct southward beneath the
Yili and Central Tianshan terranes (Figure 8A). It should be noted that
the Yili terrane was an arc-basin system, which was divided into North
and South Yili, until the end of the Ordovician (Figure 8A, B, Figure 9A,
Wang et al., 2012; Wang et al., 2014a; Wang et al., 2014b; Huang et al.,
2021). At the end of the middle Cambrian, the Arabian and Indian
blocks had not yet been separated from the Gondwana supercontinent,
all in a shallow sea environment, dominated by carbonate deposits (Li
et al., 2013; Rao et al., 2016), while the Kazakhstan blockwas free outside
the Gondwana, but also developed shallow marine deposits (Shen et al.,
2016; Zhang G. Y. et al., 2019).

During the Cambrian period, the Tarim block and surrounding
blocks were still controlled by the extensional tectonic environment
(Lin et al., 2008; Yun et al., 2014). The North Altyn Ocean and the
Kudi Ocean continued to subduct southward, thus the North Altyn
Ocean and the Kudi Ocean further narrowed, with the Central and
South Kunlun and Altyn-Qilian terrane closer to the Tarim block
(Figure 8B). From a more macro perspective, the Paleo-Asian Ocean
and the Proto-Tethys Ocean were also subducting towards the Tarim
block (Figure 8B, Zhao et al., 2018). At the end of the Cambrian, driven

FIGURE 7
Proto-type basin of Tarim and adjacent areas in late Ordovician (A) and late Silurian (B).
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by the subduction of the Shangdan Ocean, the North China block
collided with the South China block, which formed the Shangdan
suture zone and developed uplifts in the interior of the North and
South China blocks (Chen and Liu, 2011; Li and Jiang, 2013, Lin et al.,
2016), with shallow marine deposits in the periphery (Hu et al., 2022;
Zhang G. Y. et al., 2019; Zhang et al., 2019).

In the Ordovician, except for the Gondwana Supercontinent, all
the other landmasses drifted northward, and the Tarim, South China,

and North China blocks also drifted to low latitudes (Figure 9A,
Huang et al., 2018; Zhao et al., 2018). The South China and North
China blocks separated again, and the latter drifted westward relative
to the Tarim block, accompanied by clockwise rotation (Figure 9A,
Huang et al., 2018; Zhao et al., 2018). The Tarim block and its
surrounding areas are under compression environment, and part of
the South and North China blocks have developed large-scale uplifts,
other areas developing shallow marine deposits with the Qaidam

FIGURE 8
Tectono-paleogeography of Tarim and adjacent areas in late Middle Cambrian (A) and late Cambrian (B).

FIGURE 9
Tectono-paleogeography of Tarim and adjacent areas in late Ordovician (A) and late Silurian (B).

Frontiers in Earth Science frontiersin.org

Zhong et al. 10.3389/feart.2023.1101360

5857

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1101360


terrane, North Qiangtang terrane, and the northwestern margin of the
Arabian Plate, located on the margin of the Gondwana (Figure 9A,
Feng et al., 2004; Li et al., 2013; Chen et al., 2015; Zhou et al., 2017;
Zhang G. Y. et al., 2019). Until the end of the Ordovician, the middle
Caledonian movement led to the closure of the Kudi Ocean and the
North Altyn Ocean (Figure 9A, Lin et al., 2008; Yun et al., 2014; Li
et al., 2015; Zhang L. N. et al., 2019; Wu et al., 2021). The Central and
South Kunlun and Altyn-Qilian terranes collided with the Tarim
block, while the Tianshuihai-Bayanhar terrane and Qaidam block
approached the Tarim block (Mou et al., 2018; Zhang L. N. et al.,
2019). At the same time, the South Tianshan Ocean began to subduct
southward beneath the Tarim block and northward beneath the Yili
and Central Tianshan terranes (Figure 9A, Zhou et al., 2004; Wang
et al., 2009; Ge et al., 2012; Lin et al., 2012; Jiang et al., 2014).

During the Silurian period, the position of the three blocks in
China was relatively discrete, and the North China block was uplifted
into a denudation area (Figure 9B), which was the same as the
Kazakhstan, Arabian and Indian plates, while the South China
block developed shallow marine deposits as a whole, which was
located on the eastern side of the North China block (Huang et al.,
2018; Zhao et al., 2018; Zhang G. Y. et al., 2019). The Tarim block is
relatively isolated, and the shallow marine deposits are mainly
developed in the northwest of the Tarim block (present location,
Figure 7B, Figure 9B, Lin et al., 2011; Lin et al., 2012; He et al., 2013;
Zheng et al., 2014; Li et al., 2015). The Qaidam terrane between the
Tarim and North China terranes also develops shallow marine
deposits (Figure 9B, Zhang G. Y. et al., 2019). At the end of the
Silurian, the Central and South Kunlun and Altyn-Qilian terranes
completely merged with the Tarim block, forming a larger Tanan
uplift, and the South Kunlun Ocean and the South Altyn Ocean
continued to submerge northward, with the Tianshuihai-Bayanhar
terrane and Qaidam block closer to the Tarim block (Figure 9B, Xu
et al., 2011; Li et al., 2015; Wu et al., 2021). It should be noted that in
the north of the Tarim block (present location) and the east of the

Kazakhstan plate, the Junggar arc group has not been collaged to form
the Junggar terrane (Figure 9B, Xiao et al., 2010; Carmichael et al.,
2019).

5 Discussion

In the early Paleozoic, the periphery of the Tarim Basin was greatly
changed, especially the appearance, expansion, and closure of the Kudi
Ocean and North Altyn Ocean on the southern margin, transforming
the tectonic environment of the Tarim Basin from extension to
extrusion, which changed the scope and nature of the proto-type
basin. To determine the peripheral background of the Tarim Basin in
the early Paleozoic, the focus is on when the peripheral oceans of the
Tarim Basin were opened and closed, and when the surrounding
terranes collided.

5.1 The expansion and closure of the Kudi
Ocean

The Kudi ophiolite exposed in the West Kunlun orogenic belt is
evidence of the existence of the early Paleozoic Kudi Ocean between
the Tarim Basin and the Central and South Kunlun terrane in the
southwest margin of the Tarim Basin (Zhang L. N. et al., 2019).

Through the spatial relationship between ophiolite and granite
in the same period, the subduction direction of the Kudi Ocean can
be judged, and then the nature of the southwest peripheral basin of
the Tarim Basin can be determined (Zhang L. N. et al., 2019). The
residual ophiolite in the northern margin of the Saitula Group and
the granite developed on SKT in the early Paleozoic (Figure 10)
indicate that the Kudi Ocean subducted southward to the Central
and South Kunlun terrane (Figures 8, 10), thus the passive
continental margin basin develops at the southwest margin of

FIGURE 10
Location (A) and tectonic framework (B) of the West Kunlun orogenic belt and its adjacent areas (NKT: The North Kunlun terrane, which is a part of the
Tarim block; SKT: The South Kunlun terrane, which can correspond to the Central and South Kunlun terrane in early Paleozoic; TSHT: The Tianshuihai terrane)
(modified after Zhang L. N. et al., 2019).
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the Tarim Basin, which is a good place for the development of
hydrocarbon resources.

The age of the gabbro in the Kudi ophiolite is concentrated
between 510 and 525 Ma (Xiao et al., 2003; Zhang et al., 2004;
Fang et al., 2010), indicating that the Kudi Ocean was in the stage
of oceanic expansion in the early-middle Cambrian. The Tiekelike
Formation of the NKT contains a mass of middle-late Ordovician
granodiorite (Matte et al., 1996), showing that the NKT is the
collisional orogenic belt in the middle-late Ordovician.

The zircon U-Pb ages of the granite, monazite, and
metamorphic zircons, and the Ar-Ar ages for hornblende and
biotite in the amphibolite-facies metamorphic rocks in SKT are
concentrated in 450-440 Ma (Figure 11, Cui et al., 2006, Cui et al.,
2007a, Cui et al., 2007b; Zhang X B et al., 2007; Zhang et al., 2016;
Zhang et al., 2019b), which means that the collision period of the

SKT is 450–440 Ma, that is, in the late Ordovician, the Central and
South Kunlun terrane collage up and the Kudi Ocean closed
(Figure 9A, Zhang L. N. et al., 2019).

5.2 The expansion and closure of the North
Altyn Ocean

The Hongliugou-Lapaiquan ophiolite in the Northern Altyn
suture zone is evidence of the existence of the North Altyn Ocean
(Mou et al., 2018), which is located in the southeastern margin of the
Tarim Basin and between the Tarim Basin and the Altyn-Qilian
terrane in the early Paleozoic. There are two areas of concentrated
ophiolites in the Altyn orogenic belt, called the Hongliugou-Lapeiquan
ophiolite belt and the Apa-Mangya ophiolite belt, corresponding to
the Northern Altyn suture zone and the Southern Altyn suture zone,
respectively, and the Altyn-Qilian terrane is sandwiched between two
suture zones (Figure 12, Sobel and Araud, 1999; Xu et al., 1999; Meng
et al., 2010).

The formation age of the Northern Altyn metamorphic rocks in
Hongliugou is concentrated in the Middle-late Cambrian (Mou et al.,
2018), indicating that the North Altyn Ocean began to subduct in the
Middle-late Cambrian, and the age of the Northern Altyn ophiolite is
concentrated in 524–449 Ma (Figure 12, Che et al., 2002; Chen et al.,
2015; Yang et al., 2008; Zhang et al., 2009; Yang et al., 2012), indicating
that the closure of the North Altyn Ocean should not be earlier than
449 Ma. In addition, in Hongliugou and other places, there are
granites formed in the subduction environment in the late
Cambrian-late Ordovician (500–443 Ma) (Chen et al., 2003; Kang
et al., 2011) and granites representing syn-collision and post-collision
setting in the Ordovician-late Silurian (474–419 Ma) (Wu et al., 2005,
2007; Yang et al., 2012).

Based on the geochemical study of the intermediate-acid volcanic
rocks in the Altyn orogenic belt, it is found that the granites, from
south to north, have the characteristic of the transition from I-type
granite to S-type granite, indicating that the North Altyn Ocean

FIGURE 11
Histogram of the zircon U-Pb ages of the Granite, Gabbro,
Monazite, and metamorphic zircon andmineral (hornblende and biotite)
Ar-Ar ages for amphibolite-facies metamorphic rocks in SKT (data
comes from Cui et al., 2006,Cui et al., 2007a, Cui et al., 2007b;
Zhang X, B et al., 2007; Zhang et al., 2016; Zhang L. N. et al., 2019).

FIGURE 12
Location (A) and regional geological map (B) of Altyn Orogenic Belt and the age of the Northern Altyn ophiolite (modified after Mou et al., 2018, data
comes from Che et al., 2002; Chen et al., 2017; Yang et al., 2008; Zhang et al., 2009; Yang et al., 2012).
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subducted to the Altyn-Qilian terrane in the early Paleozoic (Figure 8,
Li et al., 2013).

5.3 Two-direction subduction of the South
Tianshan Ocean

At the beginning of the early Paleozoic, the Tarim block was
separated from the Rodinia supercontinent. The continental rift
basalts were developed in the Lower Cambrian of the Kuruketage,
Keping, and South Tianshan areas (Jia, 1997; Li et al., 2006),
representing the extensional movement on the northern margin of
the Tarim block in the Cambrian and the emergence of the South
Tianshan Ocean between the Central Tianshan terranes and the Tarim
block. Until the early Carboniferous period, there were still new
oceanic crusts formed in the South Tianshan Ocean (Jiang et al., 2014).

According to the traditional view, the northward subduction of the
South Tianshan Ocean lasted from the late Ordovician to the late
Carboniferous, while the northern margin of the Tarim Basin was
always a passive continental margin environment, thus continuously
developing thick layers of Paleozoic sediments (Zhou et al., 2004; He
et al., 2007; Li et al., 2010; Wang et al., 2011). However, in recent years,
several medium-acidic intrusive rocks have been discovered near the
northern margin of the Tarim Basin, and the U-Pb zircon ages of these
medium-acidic intrusive rocks are concentrated in the late
Ordovician-early Silurian, indicating the southward subduction of
the South Tianshan Ocean at the same time (Figure 9A, Wang et al.,
2009; Ge et al., 2012; Lin et al., 2012; Jiang et al., 2014). In other words,
the northern margin of the Tarim Basin has changed from passive
continental margin to active continental margin at the end of the
Ordovician period (Figure 9A).

6 Conclusion

(1) Due to the influence of the Pamir Salient, the shortening of the
Tarim Basin gradually decreases from west to east, and the
Cenozoic shortening rate accounts for the largest proportion of
the total shortening rate in the western margin of the Tarim Basin.
The shortening amount of the Tarim Basin is mainly reflected in
the margin of the Tarim Basin, and the impact on the interior of
the Tarim Basin can be ignored.

(2) In the Cambrian, the Tarim Basin was mainly controlled by the
extensional tectonic environment, with the sedimentary
framework of “carbonate platform in the west, deep-water
basin in the east”. During the middle-late Ordovician, the
subduction of the Kudi Ocean and the North Altyn Ocean led

to the transformation of the tectonic environment from extension
to compression in the southern margin of the Tarim Basin, thus
the uplift-depression pattern of the Tarim Basin changed from
east-west differentiation to north-south differentiation.

(3) The North Altyn Ocean and the Kudi Ocean began to subduct
southward beneath the Central and South Kunlun and Altyn-
Qilian terranes in the middle Cambrian. Until the end of the
Ordovician, under the influence of the middle Caledonian
movement, the two oceans closed, and the Central and South
Kunlun and Altyn-Qilian terranes collided with the Tarim block,
which greatly changed the uplift-depression pattern, basin
properties, and sedimentary facies distribution of the Tarim Basin.
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buried hill faults in the
Chengdao–Zhuanghai area
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Production Plant, Shengli Oilfield Company, Sinopec, Dongying, China

The buried hills in the Chengdao–Zhuanghai area are rich in oil and gas
resources, and their structures exhibit complex styles with unique
evolutionary characteristics. Based on the most recent exploration progress
in this region, the structural characteristics and active parameters of the buried
hill faults in this region were quantitatively analyzed using the balanced section
technique. In addition, the structural evolution process of the study area was
reproduced by combining the structural-physical simulation experiment. Its
spatio-temporal evolution characteristics and genesis mechanisms were also
systematically investigated. As observed, the study area developed three basic
sets of fault systems: the NW-trending extensional strike-slip fault, the NNE-
trending left-handed compression–torsion fault, and the near-EW-trending
extensional fault. The study area was further segmented into six buried hills:
West Row Hill, Middle Row Hill, East Row Hill, Zhuanghai Buried Hill, Zhuangxi
Buried Hill, and Changdi Buried Hill. The inner fault of the NW-trending Buried
Hill is a strike-slip extensional fault that formed under the influence of the right-
lateral strike-slip activity of the NW-trending Chengbei Fault from the Late
Jurassic to the Early Cretaceous. In particular, the NNE-trending fault was a
left-handed compression–torsion fault that formed under the left-handed
strike-slip activity and regional compression stress field of the Tanlu fault
zone. The near-EW fault was closely related to the near-SN extension stress
field in the Late Cretaceous. Since the late Triassic, the study area has
experienced six evolution stages, namely, overall uplift erosion (T3), overall
coating deposition (J1+2), fault segmentation (J3-K1), extrusion uplift
differentiation (K2), middle buried hill differentiation E), and overall stable
subsidence (N-Q). Its tectonic evolution was primarily controlled by the
significant variations in the tectonic stress field in the study area as well as its
adjacent areas since the late Triassic, which were controlled by the tectonic
stress field.

KEYWORDS
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1 Introduction

In recent years, deep-buried hill reservoirs have served as the
major field of oil and gas exploration in China, with the
Chengdao–Zhuanghai area a key region for these activities in the
Jiyang Depression. Affected by the superposition of the Indosinian,
Yanshan, Himalayan, and other multistage tectonic movements and
the strike-slip activities of the Tanlu fault zone, the buried hill
features differ in diverse structural styles, and the trend of
hydrocarbon accumulation in these buried hills is complex and
variable. Thus far, several scholars have studied the fault system of
the typical complex oil and gas accumulation area in the Bohai Sea.
They have reported that the NW and NE faults in the area exhibit
strike-slip characteristics and conjugate shear characteristics (Xie,
2011; Xie et al., 2021). In particular, two sets of deep and shallow
fault systems developed in the Bodong Low Uplift–Bodong Sag,
wherein the shallow layer mainly resided in the EW direction and
displayed an en-échelon arrangement. In addition, typical NE- and
NW-trending faults formed in the Chengdao Low Uplift. The
traditional perspective states that the two groups of faults were
synchronous faults (Li et al., 2014; Shi, 2021; Xin et al., 2021), but
this was not completely consistent with the actual drilling results;
moreover, corresponding empirical research is still lacking in this
respect. Thus, typically buried hill reservoirs developed in the
Chengdao–Zhuanghai area, and their formation process,
enrichment regularity, and major controlling factors are all
closely associated with the development of the fault system.

Considering the Mesozoic and Paleozoic fault structures in the
Chengdao–Zhuanghai area as the research object and using the
latest exploration data in the study area based on balanced section
technology, this study quantitatively analyzes the fault structure
characteristics and active parameters in the Chengdao–Zhuanghai
area. Combined with the structural physical simulation experiment,
we restored the key structural evolution process in the study area
and clarified its control on the development of the buried hills.
Accordingly, we further explored the mechanisms of regional
dynamics. The two methods corroborated each other, and the
spatiotemporal characteristics and genesis of the buried hill faults
in the Chengdao–Zhuanghai area have been systematically studied
to obtain a series of new concepts. This study aims to add to the
theory of Mesozoic basin formation in the Bohai Bay Basin and
provide references for deep oil and gas exploration and future
development.

2 Regional geological background

The Chengdao–Zhuanghai area, located in the southeast of the
Jiyang Depression, is a secondary structural unit of the Bohai Bay oil
and gas basin. It is separated from the Ludong Uplift by the middle
section of the Tanlu Fault to the east and is adjacent to the
Huanghua Sag and Bozhong Sag by the Chengning Uplift to the
west and Boonan Uplift to the north, and the Luxi Uplift by the
Qiguang Fault to the south and Linqing Sag to the southwest. The
study region is located at the intersection of the Bozhong Sag, Jiyang
Depression, and Chengning Uplift—with a northwest trend that
includes two secondary tectonic units, the Chengbei Low Uplift
(southeast) and Bonan Low Uplift (west). In particular, three

typically inherited boundary basement faults developed in this
area, namely, the NW-trending Chengbei Fault, the NE-trending
Chengbei 30 West Fault, and the NEE-trending Chengbei 30 South
Fault (Figure 1).

From bottom to top, the study area includes the Archaeozoic
Taishan Group (Art), Cambrian (Є), Ordovician (O), Carboniferous
(C), Permian (P), Middle-Lower Jurassic (J1+2), Upper
Jurassic–Lower Cretaceous (J3+K1). Affected by the multistage
tectonic movement, the remaining Mesozoic and Paleozoic strata
in the study area are non-uniformly distributed. The top surface of
the Paleozoic is covered by Lower-Middle Jurassic. The local area of
the No. 5 Pile Fault and the southern region of the middle row hill in
Chengdao have been seriously eroded, resulting in a Mesozoic
boundary that is directly covered by Archaeozoic strata. The
northern region of the Middle Row Hill is locally higher and
seriously denuded, and the Dongying Formation directly covers
the Paleozoic strata. The superposition relationship of the Cenozoic
boundary’s bottom surface is complex, influenced by varying strata
denudation in the late Cretaceous and varying fault activity in the
early Cenozoic. The stratigraphic structure characteristics of the
buried hills in the study area have been determined by the
distribution characteristics of the Mesozoic and Paleozoic
residual strata, in addition to the superposition relationship at
the key strata interface.

3 Characteristics of the buried hill faults
in the Chengdao–Zhuanghai area

Based on the drilling and logging data in the study area, the
seismic data have been analyzed in detail through the combination
of well and seismic data. As observed, six buried hills sequentially
developed in the Chengdao–Zhuanghai area from north to south
and west to east, including the Chengdao West-Row Hill, Chengdao
Middle-Row Hill, Chengdao East-Row Hill, Zhuanghai Buried Hill,
Zhuangxi Buried Hill, and Changdi Buried Hill. Simultaneously, the
study reports that the fracture forms the predominant tectonic
deformation pattern in the Chengdao–Zhuanghai area, in
addition to multiple dominant development directions, primarily
in the NW, NNE (NE), and near-EW directions (Figure 2), and that
it controls a series of NW, NNE, and near-EW buried hill interior
fractures. Overall, the pattern resembles a “north-sub-south
convergence” network.

3.1 Plane distribution characteristics of the
fracture system

Affected by regional and local stress field variations across
different periods, the fracture system in the study region has
been essentially controlled by extension, extrusion, and
slip. Therefore, the fault systems of various layers varied
significantly with complex, diverse characteristics, exhibiting a
prominent multiperiod tectonic-superposition effect (Zhang M.,
2006; Jiu et al., 2013). In addition, the fault system of the lower
strata (Mesozoic and Paleozoic) in the study area displayed distinct
multi-directionality, with faults of various directions and properties
intersecting each other to form a north–south convergence network
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tectonic pattern. Among them, large-scale NW-trending fractures
existed with numerous interior fractures, primarily along the NNE-
trending and near-EW-trending directions in the area intersected by
the Middle Row Hill, East Row Hill, Zhuanghai Buried Hill, and
Changdi Buried Hill. In contrast, in the area of West-Row Hill and
Zhuangxi Buried Hill (Figure 2A) (Zhang X., 2006; Li, 2008; Yang,
2008; Mao et al., 2019), the NW-trending and near-EW-trending

inner fractures dominated. In the middle strata (Palaeogene), the
NW-trending No. 5 Pile Fault and Chengbei 20 Fault gradually
disappeared, and the No. 5 Pile Fault was reconstructed by the NNE-
trending Changdi Fault. Although the NW-trending Chengbei Fault
continued to move, the horizontal fault distance decreased
significantly. All the interior faults disappeared, and numerous
NNE strike-slip faults, NE-trending, and EW-trending

FIGURE 1
Regional tectonic background of the study area.

FIGURE 2
Plane distribution faults in Chengdao–Zhuanghai Area. (A) Plane distribution of Tg1 interface faults in Chengdao–Zhuanghai Area; (B) Plane
distribution of Tr interface faults in Chengdao–Zhuanghai Area; (C) Plane distribution of T1 interface faults in Chengdao–Zhuanghai Area.
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extensional faults developed, with secondary faults increasing in the
EW and NE-trending (Figure 2B) (Ma, 2018).

Due to the dominant effect of the strike-slip features, the overall
number of fractures increased significantly in the upper strata
(Neogene), and the primary fractures were discontinuous in all
directions. More specifically, the NNE-trending fractures were
composed of NEE-trending faults along the NNE-trending lateral
rows, and the number of secondary faults in the west decreased, with
the strike-slip effect becoming weaker (Figure 2C) (Wang et al.,
2004).

3.2 Profile development characteristics of
the fracture system

In the dominant fault systems of the study area, the NW
trending faults are typically represented by the Chengbei Fault,

Chengbei 20 Fault, and No. 5 Pile Fault; the NNE (NE) trending
faults are represented by the Chengbei 30 North Fault, Chengbei
30 South Fault, Changdi Fault, and Chengdong Fault; and the near
EW trending faults are represented by the Chengbei 304 South Fault,
Zhuanghai 104 South Fault, and Zhuangnan Fault. Combined with
extensive geophysical data, we studied the development
characteristics of the fault system in detail (Table 1; Figure 3).

3.3 Control effects of the main fault system
on the buried hill

The main fault system in the study area is crucial for controlling
the development and evolution of the buried hills. Among them, the
C–P andЄ–O strata in the upper wall of the NW-trending Chengbei
Fault, Chengbei 20 Fault, and No. 5 Pile Fault displayed a prominent
“bare bottom” or “thin bottom”, indicating that they underwent

TABLE 1 Characteristics of the fracture system profile development in the Chengdao–Zhuanghai Area.

Type of fracture
profile

Fault Characteristics of fracture system profile

NW-trending fractures Chengbei Fault Chengbei Fault is the southern boundary fault of the Chengbei low uplift, which is the depression-
controlling fault of the Chengbei Sag and the mountain-controlling fault of the Chengdao West Row
mountain. The fault is inclined toward SW, and the shovel-shaped main section cuts deeper. The lower
Paleozoic exhibits a thin bottom, and the upper portion of the fault can be combined with the secondary
faults to form a “Y”-shaped, flower-like combination of the structural styles on the section

Chengbei 20 Fault The Chengbei 20 Fault is the mountain-controlling fault of Middle Row Hill. The fault is inclined toward
SW and displays a shovel-type normal fault from north to south, with a gradually decreasing scale. The
upper plate of the fault exhibited a thin bottom and was clearly thinner than the lower plate on the section

No. 5 Pile Fault The deep NW-trending structure of the No. 5 Pile fault was evident, whereas the shallow layer ceased the
activity and gradually intersected the NNE-trending Changdi Fault from north to south. The profile is a
shovel-type normal fault that does not cut through the bottom interface of the Cenozoic. The Lower
Paleozoic displayed a thin or bald bottom because of the cutting and reconstruction of the Changdi fault

NNE-trending fractures Changdi Fault The Changdi Fault is the mountain-controlling fault of the Changdi Buried Hill, with a vertical fault plane
at the section inclined toward NW, which was combined with secondary faults to form a multistage “Y”-
shaped, flower-like structure in the shallow portion that cut the No. 5 Pile Fault in its deep portion. The
local regions exhibited certain pressure–torsion properties, and the east side of the strata bending arch
formed a forced anticline

North and south of Chengbei
30 Faults

The north and south Chengbei 30 Faults are the mountain-controlling faults of the East Row Hill. The two
faults on the section tend in opposite directions with a steep principal section. The shallow part and the
secondary fault formed a flower-like, multistage “Y” combination. The north of the Chengbei 30 Fault
became inactive during the Guantao Formation, whereas the south of the Chengbei 30 Fault disappeared
during the Minghuazhen Formation

Chengdong Fault The Chengdong Fault is a major control fault in the Gubei Sag. In the profile, the North–South Fault was
positive by inversion and exhibited a certain strike-slip effect. Zhuanggu 29 Fault was formed at the
junction of the northernmost Chengbei Fault, and the compression–torsion effect was the strongest. In its
entirety, the Chengdong Fault was characterized by normal plate- or shovel-type faults, strong shallow
strike-slip action, and multilevel “Y” shape combination with secondary faults

NW-trending fractures Chengbei 304 South Fault The Chengbei 304 South Fault is the boundary fault between the Chengdao East Row Hill and the
Zhuanghai Buried Hill. The deep layer was clear and continuous, and the shallow layer was composed of
multiple parallel faults inclined toward the south with a shovel-type principal section. The upper and
multiple secondary faults formed a multilevel “Y”-shaped combination with certain strike-slip properties

South of Zhuanghai 104 Fault The Zhuanghai 104 Fault is the controlling fault of the Zhuanghai Buried Hill, which is inclined southward
with a shovel-type principal section and poses a strong control effect on the Palaeogene. The pre-
Palaeogene system was cut and reformed. The upper and secondary faults merged to form the “Y”-shaped,
flower-like combination with other structural styles

Zhuangnan Fault The Zhuangnan Fault is the mountain-controlling fault of the Zhuangxi Buried Hill, inclined southward
with a shovel-type principal section. The upper and secondary faults were combined into a multilevel “Y”-
shaped combination
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compressional thrust in the late Triassic, resulting in strong erosion
in the upper Paleozoic. During the late Jurassic to early Cretaceous,
the fault occurrence caused a structural inversion from “reverse
fault” to “normal fault” (Figures 3A–C), thereby shaping the NW-
trending buried hill system in the area.

During this time, the NNE (NE)-trending fault started to
experience sinistral tension and torsion from J3 to K1, and
subsequently experienced compression and right-lateral tension
and torsion, such that the NW-trending buried hill system was
segmented into three sections: the north section and the south
section, primarily controlled by the NW-trending fault and the
middle section, predominantly controlled by the NNE-trending
fault. Influenced by the conversion effect of the pre-existing NW-
oriented Chengbei-Pile 5 fault, the combination of the NNE-
oriented Chengbei 30 north and south fractures formed the
NNE-trending Chengdong and NNE-trending Changdi faults,
which created a graben that segmented the mountain system in
the study area into the north, middle, and south sections. In
addition, under the influence of the right-lateral strike-slip of the
Palaeogene Tanlu Fault, the nearly north–south tectonic stress field
was derived in the study area, which controlled the tensile activity of
the nearly EW-trending fault and formed shovel-type normal faults
such as the Zhuangnan Fault, Zhuanghai 104 South Fault, and
Chengbei 304 South Fault. These faults segmented the middle
portion of the NNE-trending extension buried hill formed by the
Mesozoic cutting into the buried hill bodies such as the East Row
Hill, Zhuanghai Buried Hill, and Zhuangxi Buried Hill (Hu, 1997;

Dai and Meng, 2000; Chen and Zhang, 2002; Hou et al., 2005; Li
et al., 2010).

4 Structural evolution characteristics of
the buried hill faults in the
Chengdao–Zhuanghai area

4.1 Analysis of fault activity of the buried hill
in the Chengdao–Zhuanghai area

The activity characteristics of the faults can reflect the expansion
and compression of the study area. The balanced section technique
is a vital tool for studying fault activity characteristics, and its basic
principle is that the stratigraphic length is always retained during
deformation (Guo et al., 2012; Wei et al., 2018). The geological
section of the tectonic evolution stage can be restored by layer-by-
layer stripping to clarify the fault activity and evolution
characteristics in each period. Under the constraint of multiple
wells such as Chengbei 30 and Chengbei 304, the horizon was
initially tracked using the time-domain data of the seismic profile.
The tracked seismic horizon primarily included Nm, Ngs, Ngx,
Es1+2, Es3, Ed, Es, J3+K1, J1+2, C+P, and Є+O, among others. The
second phase involves the interpretation of the fault and the
depiction of the geometry of the buried hill. The third stage
involves the conversion of the time-domain data into depth-
domain data, to then study the evolution of the balanced profile.

FIGURE 3
Control effect of major fault systems on buried hills. (A) Control effect of Chengbei Fault on buried hills; (B) Control effect of Chengbei 20 Fault on
buried hills; (C) Control effect of No.5 Pile Fault on buried hills; (D) Control effect of Chengbei 30 Fault systems on buried hills and the distribution of
buried hills.
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Typical survey lines in the study area were intercepted, and the
structural equilibrium evolution profiles were obtained using the
equilibrium profile technique after seismic layer tracking, fault
interpretation, and time-depth conversion. In the study area, the
NE–SW, NWW–SEE, and near-SN sections were back-stripped on a
layer-by-layer basis, and the amount of extension in each period was
calculated and plotted as a histogram (Figure 4). These fault growth
indices were used to characterize the influence of faults on the
thickness distribution of the residual strata, in addition to the
control of faults on the development of depressions and lake
basins. The results revealed that the formation of the NW faults
initiated in the late Triassic and displayed strongly active reverse-
faulting properties, with “thin bottom” or “bald bottom”

phenomena in the upper Paleozoic. Compared with the Late
Triassic, the faults continued to thrust, but the intensity was low,
and the activity rate was significantly reduced in the early-middle
Jurassic. In the late Jurassic to early Cretaceous, the faults were
tectonically reversed—from negative inversion of reverse fault to
extensional normal fault—whereas in the Late Cretaceous, the faults
were almost inactive, and only the Chengbei Fault remained
continuously active in the Cenozoic. The intensity of the fault
activity progressed from strong to weak to relatively strong to
strong from Es3–Es2–Es1–Ed–Ng–Nm. In contrast, the activity of
the Chengbei 20 Fault and No. 5 Pile Fault ceased after entering the
Cenozoic (Figure 4A). As depicted in Figure 4A, during the Triassic
Period thrust, the Chengbei Fault, Chengbei 20 Fault, and No. 5 Pile
Fault created an uplift and denudation of the upper and lower
Palaeozoic strata in the three regions, including the thinning or loss
of the strata. Between the Jurassic and the Shasi periods, these three
faults exhibited less activity and gradually transformed into normal
faults. Overall, the strongest fault activity occurred during the
Shahejie Formation, which was the boundary fault of Chengbei
Sag, Chengbei 20 West Sag, and Gubei Sag. This controlled the
formation of the faulted lake basin and deposited a thick layer of
shale that acted as the area’s primary source of rock. The activity rate
of the fault decreased as it moved from the Es2 to the Pingyuan
Formation.

Compared with the NW-trending faults, the NNE-trending
faults became active at a later time and started to move in the late
Jurassic to early Cretaceous with weaker activity. In the late
Cretaceous, they underwent EW compression and exhibited
specific compression–torsion properties. In the Cenozoic

(Ek–Es4), except for the north Chengbei 30 Fault, which was
inactive, the remaining faults were reactivated and started to
control deposition. During Es3, each fault was strongly active,
including the north of Chengbei 30, which peaked with an activity
rate of up to 65 m/Ma. Thereafter, it gradually decreased and
tended to extinguish (Figure 4B). The EW-trending key fault was
formed during the latest stage and started to be active in the
Cenozoic, cutting and reforming the pre-Palaeogene, in the
Kongdian Formation–Sha4 layer had minimal activity, and the
activity rate attained its peak in the Sha3 layer—150 m/Ma.. The
Kongdian Formation–Sha4 layer had minimal activity, and the
activity rate attained its peak in the Sha3 layer—150 m/Ma.
Following that, it tended to decline, only slightly picked up
during the Ed period, and gradually weakened and stopped
(Figure 4C). As can be seen in Figures 4B,C, the NNE and EW
trending faults were primarily active during the Shahejie
Formation period. Additionally, the high fault-activity rate
under tension controlled the formation of the faulted lake
basin. For instance, the Zhuanghai 104 South Fault controlled
the formation of the Zhuangxi Depression.

4.2 Structural evolution characteristics of
the buried hill faults in the
Chengdao–Zhuanghai area

To further clarify the tectonic evolution characteristics of the buried
hill faults in the Chengdao–Zhuanghai area, three lines were selected to
restore the balanced section (Figures 5A–C). In accordance with the
conservation principle for the section area and layer length, the balanced
section was restored using the back-stripping method. The influence of
denudation and deformation were considered in the process of restoring
the balanced profile. The principle of constant thickness was applied to
the denudation on a layer-by-layer basis in regions experiencing no
structural inversion and compression deformation. The curved strata
were leveled in the areas where compression formed folds. For the
denuded areas, the thickness was restored by referring to the non-
denuded areas. Based on the geometric relationship, 2d MOVE
software was used to conduct a time-depth conversion of the seismic
interpretation profile, conduct structural restoration processing for
various structural components, repeat experiments, and obtain a
reasonable structural evolution profile. The extension rate of each

FIGURE 4
Column diagram of the fracture activity rate in the study area. (A) Extension rate of the NW direction survey line; (B) Extension rate of the NNE
direction survey line; (C) Extension rate of the EW direction survey line.
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survey line was calculated accordingly. Combined with the
comprehensive analysis of the geometric characteristics, the kinematic
characteristics and tectonic evolution history profile were obtained with a
new understanding of the buried hill structure in the study area.

The results of the balance section demonstrated that the
Chengdao–Zhuanghai area was experienced multiple stages of
uplift and erosion, the extrusion and extension displayed evident
stages (Figures 5D–G). In the late Triassic, the study area was
controlled by a NE-trending compressive stress field, which
formed a series of NW-trending thrust faults, with the evident
shortening of the NE-trending survey lines. In the Early-Middle
Jurassic, the study area experienced weak extrusion in the
NE–SW direction, and the survey lines in all directions were
somewhat shortened, with NE-trending survey lines being more
pronounced in this process. In the late Jurassic to early
Cretaceous, the entire study area entered the stage of fault
depression, which was primarily controlled by the NE–SW-
trending extensional stress field. In addition, the NW fault
reversed and controlled the deposition, with a strong NE-
trending line extension. By the late Cretaceous, the study area
had been uplifted and eroded by a near-EW directional extrusion.
By the late Cretaceous, the study area was influenced by the near-

EW directional extrusion that uplifted and denuded the entire
study area. More importantly, this denudation was relatively
intense in the NNE directional fault compression and torsion
activity area, and the NWW directional test line was significantly
shortened. By the Palaeocene, the study area had entered a strong
tensional fracture trap that was predominantly controlled by the
near-SN-oriented extensional stress field, and the NNE-oriented
measurement line exhibited a large extension rate. In the
Neoproterozoic–Quaternary period, the entire research area
entered a depressional stage, which slowed tectonic activity
and gave each direction a low extension rate.

5 Discussion on the origin of the buried
hill fault structure in the
Chengdao–Zhuanghai area

5.1 Structural physics simulation
experiments

To further establish the evolution process of the buried hill fault
structure in the Chengdao–Zhuanghai area and explore its genetic

FIGURE 5
Restoration of equilibrium profile and comparison of stretching rate along various directions of the study area (A) Sectionmap of the NWWdirection
survey line; (B) Section map of NE direction survey line; (C) Section map of the NNE direction survey line; (D) Extension rate of the NWW direction survey
line; (E) Extension rate of the NE direction survey line; (F) Extension rate of the NNE direction survey line; (G) Section location.
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mechanism, we used the structural physical simulation experiment
for forward modeling. The structural physical simulation
experiment uses the similarity principle to reproduce the natural
tectonic deformation process in a short time and on a small scale
(Hu et al., 2020; Zhang et al., 2022).

The study area experienced multistage extension and
compression in the Mesozoic, with strong NE–SW compression
in the late Triassic–early and middle Jurassic, strong NE–SW
extension in the late Jurassic–early Cretaceous, and EW
compression in the late Cretaceous (Zhang et al., 2017; Jing,
2020). The faults in the studied area experienced a
transformation from negative inversion to positive inversion
during their development and evolution (Liu et al., 2019). The
structural physical simulation experiment aims to reconstruct and
restore the two stages of structural inversion experienced in the
study area to provide an essential basis for the genesis of buried hill
faults.

The structural physics simulation experiment was completed in
two stages. During the T3-J3 + K1 period, the faults in the study area
experienced strong to weak compression to tensile negative
inversion. In the K2 period, the faults experienced a positive
inversion of tension to compression. Here, only the two
experimental groups that fit the data the best were selected for
analysis.

5.1.1 Materials for the experiments
Yellow quartz sand with 80–100 mesh and blue quartz sand with

40–60 mesh sand was chosen as the experimental materials.
According to the distribution of strata and lithology, the T3–J3+K1

period’s primary strata were the Fangzi Formation 4̃00 m, Santai
Formation 3̃50 m, Mengyin and Qingshan Formation 2̃50 m, and its
main lithology was medium and fine sandstone. In order to represent
the medium and fine sandstones, 40–60 and 80–100 mesh sand were
used, respectively. The early sedimentary strata were stratified with
80–100 mesh blue quartz sand, and the later sedimentary strata were
stratified using 80–100 mesh bright yellow and green quartz sand. In
accordance with the similarity principle, the strata thickness in the
T3–J3+K1 period was set at 3.5 cm, and that in the K2 period was set at
4.5 cm. Based on the perspective of stratum thickness, T3–J3+K1 was
Fangzi Formation~400m, Santai Formation~350m, Mengyin and
Qingshan Formation~250m thick, and K2 was approximately
285 m thick, with a thickness ratio of 1000:285=3.5:1. Therefore,
the stratum thickness in the T3–J3+K1 period was set at 3.5 cm,
the total stratum thickness in the K2 period was set at 4.5 cm, and the
stratum thickness in the K2 period was 1 cm.

5.1.2 Substrate conditions and experimental model
To represent the T3–J3+K1 period, rubber skin and canvas were

placed at the bottom of the sandbox. After splicing these two layers,
the two ends were fixed on the driving units to reflect the different
properties of the substrate. During the experiment, moving the
driving units to either side caused the displacement to propagate
upward and deform the sand body (Figure 6A). For the K2 period, an
elastic cloth and a polystyrene simulation basin were positioned at
the bottom of the sandbox. Both ends of the elastic fabric were
fastened to the driving unit to achieve the transfer displacement to
the upper sand body (Figure 6B).

5.1.3 Experimental process and results analysis
The tectonic physics simulation experiment for the time span

T3–J3+K1 lasted 63 min. At the initial stage, the left drive unit was
extruded at a speed of 0.5 mm/s. At 18 min, the No. 1 Fault was
generated after altering the basement properties, and the fault
property corresponded to a reverse fault. The cross-section was
flat, inclined on the SW, small dip angle, and continuous
development. At 25 min, the left and right driving units were set
to two-way tension: the tensile speed of the right drive unit was
0.4 mm/s, and the extensional displacement reached up to 0.8 mm/s.
At 42 min, the extension displacement reached 2.7 cm. The smaller
No. 2 and No. 3 faults were generated on the upper plate of the No.
1 Fault, both of which were positive faults inclined toward NE,
during the early stage when the No. 1 Fault was structurally reversed
under the influence of tensile stress, and the reverse fault was
reversed from negative to positive. After conducting the
simulation experiment for 49 min, fault No. 4, similar to Fault
No.3, was formed in the forward direction of the No. 3 Fault.
Upon running the experiment for 63 min, Fault No. 5, a positive
fault that was consistent with fault No. 4, was generated in the
forward direction of Fault No. 4. The upper plate of Fault No.
1 displayed a forward normal-fault layer combination (Figure 7A).
The experimental results revealed that the NE–SW directional
stress-field transformation in the study area initially extruded
before being subjected to tension, which caused the tectonic
negative reversal of the previously developed reverse faults. This
finding is consistent with the general negative reversal of the NW
directional faults in the T3–J3+K1 period throughout the Jiyang
Depression.

For the K2 period, the duration of the tectonic physics
simulation experiment was 92 min. In the initial stage of the
experiment, the model was biaxially stretched. The speed of the
left and right drive units was 0.08 and 0.1 mm/s, respectively. After
conducting the experiment for 15 min, the No. 1 Fault - a normal
fault inclined toward SE - was generated along the polystyrene foam.
As the tensile displacement increased, the No. 2 Fault was produced
in the upper plate of the No. 1 Fault at 32 min. A typical graben
structural style was produced by the fault, which was of the normal
type, inclined toward NW and forming a common descending plate
with No. 1 Fault. With the continuous extension, more small-scale
normal faults were generated in the fault block, including the No.
3 Fault. The fault scale continued to increase with the extension
displacement. The final displacement of the tension stage was 6 cm,
and the vertical fault spacing of the large boundary fault was 1 cm.
After continuing the experiment for 41 min, the ensuing
sedimentary strata were placed in accordance with the
aforementioned experimental model. Combined with the non-
uniform deformation of the previous strata, the subsequent strata
were reasonably settled. The velocities of both the left and right
driving units were set at −0.1 mm/s, respectively. This ensured the
simultaneous extrusion of both sides of the sandbox to ensure the
transformation of the stress-field properties of the model from
extension to extrusion. After performing the simulation
experiment for 67 min, a slight extrusion, uplift and, contraction
occurred in the formation. As the extrusion displacement reached
1.9 cm, the descending plate of the first fault gradually transformed
into the ascending plate, and the normal fault layer progressively

Frontiers in Earth Science frontiersin.org08

Wang et al. 10.3389/feart.2023.1001489

7271

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1001489


transformed into the reverse fault with structure reversal
(Figure 7B).

As extrusion displacement increased further, the inversion
degree of the No. 1 Fault strengthened, and a series of new
reverse faults were eventually generated. As a result, both the
number and size of faults gradually increased. The lower plate of
the No. 1 Fault generated new faults, but both their scale and
number were small. The experiment ended after 92 min. Based
on the comparison of multiple sets of simulation experiments, the
early fracture system was found to be susceptible to reversal, which is

consistent with the direction lines of the tensile and compressive
stresses before and after reversal. If the direction of the tensile and
extrusion stresses before and after inversion coincided with the
section tendency, the early fracture system was vulnerable to
reversal. Before and after the inversion, the directions of the
tensile and extrusion stresses were the opposite of the section
tendency, and a significant amount of friction resistance
produced a new thrust fracture system. The experimental results
revealed that in the study area, the stress-field transformation of the
NW–SE trending initially exhibited tension and later displayed

FIGURE 6
Basement conditions and experimental model of structural physical simulation experiment in the study area (A) Results of the tectonic physical
simulation experiment for the T3–J3+K1 period (B) Results of the tectonic physical simulation experiment for the K2 period.

FIGURE 7
Results of the structural physics simulation experiment section in the study area. (A) Results of tectonic physical simulation experiment inT3-J3+K1
period; (B) Results of tectonic physical simulation experiment in K2 period.
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FIGURE 8
Typical structural balanced sections in the study area (refer to Figure 1 for details of section location). (A) Stratigraphic distribution in N+Q period; (B)
Stratigraphic distribution in E period; (C) Stratigraphic distribution in K2 period; (D) Stratigraphic distribution in J3+K1 period; (E) Stratigraphic distribution
in J1+2 period; (F) Stratigraphic distribution in T3 period; (G) Stratigraphic distribution in T1+2 period.
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extrusion, which caused structural positive inversion in the earlier-
formed normal faults. This result is consistent with the general
positive inversion of the NE-trending faults in the K2 period of the
Jiyang Depression.

5.2 Causes of the buried hill fault structure in
the study area

Based on the interpretation of the discussed seismic profile
and structural physical simulation experiment analysis,
combined with the data sourced from previous studies, the
formation of the buried hill fault structure in the
Chengdao–Zhuanghai area is closely related to the significant
transformation of the tectonic stress field in the study area and
those adjacent to it since the late Triassic.

5.2.1 Overall uplift and erosion (Indosinian T3)
The Yangtze plate converged and collided with the North China

plate in the late stages of the Indo-Chinese movement (He, 2001),
having a substantial impact on the tectonic pattern of the studied
area (Qi, 2004). Controlled by the compressional collision between
the North China plate and the Yangtze plate, the Jiyang depression is
a regional stress field in the near-NNE of the compression system,
which is in a state of uplift and erosion. Depletion of the Middle-
Lower Triassic (Figures 8A,B) results in the development of a
number of NW–NWW fold and thrust faults (Figure 9A).
During this time, the Tanlu fracture belt did not affect the
tectonic evolution of the Jiyang Depression. In particular, a series
of NW-trending thrust faults were developed in the stress field of the
Chengdao–Zhuanghai area, thereby forming an NW-trending
thrust mountain-system tectonic pattern. Among these, the large-
scale Chengbei–Wuhaozhuang fault zone exhibited significant
activity that reached up to 120 m/Ma. Influenced by the regional
compressive stress and NW-trending reverse fault activity, the
overall uplift of the study area underwent erosion, and the peak
of denudation was found in the upper plate of the NW-trending fault
that was severely eroded near the fault side. The Upper Paleozoic
and Lower Paleozoic were extensively or completely eroded, with
prominent thin or bare-bottom phenomena. During this period,

only the NW-trending faults developed in the Chengdao–Zhuanghai
area, and the inner fault of the buried hill had not yet formed.

5.2.2 Overall filling deposits (Yanshanian J1+2)
During the early Yanshanian movement, the collision and

extrusion between the Yangtze plate and the North China plate
gradually weakened, and the influence of the western Pacific plate
activity on the study area gradually increased. Eastern China began
the transition between the Paleo-Asian and the Pacific tectonic
stages (Zhou, 2006; Dong et al., 2007; Zhang et al., 2007).

A set of fluvial-lacustrine coal-bearing strata were deposited in
the Jiyiang Depression over a protracted period of inland
depressional subsidence, and they bear cap-type and NW-
trending belt distribution characteristics. At this point, the
Chengdao–Zhuanghai area had inherited the structural pattern of
the late Triassic, and the overall depression deposition was still
influenced by the NE–SW compressive stress field. However, the
intensity of the activity was significantly lower in comparison with
that of the Late Triassic, and the average activity rate was only −8 m/
Ma. The area with a higher terrain exhibited less deposition, and that
with a lower topography displayed a thicker deposition. The buried
hills formed in the Late Triassic experienced the first burial
(Figure 8C; 9B).

5.2.3 Fault segmentation (J3-K1, Mid-Yanshanian)
In the late Jurassic-early Cretaceous, the Yangtze plate and

Siberia plate activities were replaced by the Pacific plate activity,
which emerged as the primary control factor of the tectonic
evolution in North China. This resulted in the formation of the
Pacific tectonic domain. The NNW-trending subduction of the
Pacific plate created a strong left-lateral strike-slip of the NNE-
trending Tanlu Fault zone, which yielded a compressive–torsional
tectonic stress field in eastern China. Simultaneously, the lithosphere
in eastern China emerged strongly thinned, accompanied by mantle
plume activity and asthenosphere uplift. Under the superposition of
these two forces, eastern China entered a stage of large-scale rift
development and thick strata deposition, accompanied by strong
volcanic activity.

The research area was strongly affected by the left-lateral
strike-slip of the Tanlu Fault zone. The NW-trending Chengbei

FIGURE 9
T3-E genetic model and structural framework changes in the study area. (A) genetic model and structural framework in T3 period; (B) genetic model
and structural framework in J1+2 period; (C) genetic model and structural framework in J3+K1 period; (D) genetic model and structural framework in K2
period; (E) genetic model and structural framework in Es3 period; (F) genetic model and structural framework in Es1+2-Ed period.
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No. 5 Pile Fault exhibited a negative inversion that altered the
original compressional thrust into an extensional fault. The
strong fault activity and the average activity rates were
approximately 30 m/Ma. The NW-trending buried hill system
was initially formed when the bottom wall of the NW-trending
fault was uplifted. The new NNE-trending left-lateral strike-slip
fault occurred in the study area, whereas the right-lateral strike-
slip activity occurred in the early NW-trending fault. The strike-
slip activities of the NW-trending Chengbei–No. 5 Pile Fault
and the NNE-trending Chengbei 30 North–Chengdong Fault in
the late Cretaceous generated regional conjugate pressurization
between the two faults. In addition, numerous NNE-trending
compressive–torsional strike-slip faults were formed within the
Middle Row Hill and East Row Hill owing to the influence of the
compressive–torsional tectonic stress-field throughout eastern
China. A small amount of strike-slip extensional faults was
formed under the strike-slip activities in the west row of the
fault between the NW-trending Chengbei Fault and the NNW-
trending Chengbei 20 Fault. As of this moment, a series of
strike-slip faults similar to those in the Tanlu Fault zone have
been determined in the study area, cutting the NW-trending
buried hill system. This occurrence complicated the NW-
trending mountain system and segmented it into the north,
middle, and south sections (Figure 8D; 9C).

5.2.4 Extrusion uplift differentiation (late
Yanshanian K2)

In the late Cretaceous, the Pacific Plate transformed into a
low-velocity northward movement, resulting in the retreat of
trenches and plates. The trench retreat vector shifted southward,
and the east of the North China Craton appeared to be stretched
along the near-SN direction. During this stage, the near-EW
extrusion formed the near-SN thrust structure, and the entire
area was uplifted and eroded (Zhang and Dong, 2008). Partially
formed in the late Jurassic–early Cretaceous NNE strike-slip
faults (distributed in Middle Row Hill, East Row Hill, and
Zhuanghai Buried Hill) by compressive and torsional
activities, a series of new near-EW-trending secondary normal
faults were also formed. Among them, the fault activity of
Chengbei 8 was strong and lowered the southern part of the
Middle Row Hill in the high region of the late Jurassic–early
Cretaceous with relatively moderate denudation. In their
entirety, the NNE and near-EW faults were further
complicated. The near-EW compressional structure enhanced
the NNE-trending mountains (Figure 8E, Figure 9D).

5.2.5 Mid-subduction differentiation (early
himalayan period E)

The sedimentary period of the Kongdian Formation-Sha
4 member represents the transition period between the Yanshan
movement and the Himalayan movement. At this stage, the
subduction direction of the Pacific plate persisted in the NNW
direction, and the Tanlu Fault zone inherited the Yanshan
movement mode, which corresponded to the left-lateral strike-
slip (Li et al., 2019). The NW-trending Chengbei Fault inherited
this activity and maintained its strength, whereas the NW-trending
Chengbei 20 Fault and No. 5 Pile Fault started to diminish. The
NNE-trending Chengbei 30 South Fault, the Chengdong Fault, and

the Changdi Fault started to resurface. In the vicinity of the EW-
trending Chengbei 304 South Fault, the Zhuanghai 104 South Fault,
and the Zhuangnan fault formed and started to move, thereby
regulating certain depositions. Only a small portion of the
Zhuanghai and Zhuangxi Buried Hills started to receive
deposition during this time, and other buried hills were still
undergoing exposure and erosion (Figure 8F, Figures 9E–F).

A regional tectonic movement known as the Jiyang event, which
was an essential tectonic movement in the development of the Jiyang
Depression (Zhu & Xu, 2019) occurred in the Sha3 layer. During the
Cenozoic, the Pacific plate and Indian Ocean plate surrounding
Eurasia underwent major kinematic adjustments. The movement
direction of the Pacific plate varied from NNW to NWW, which was
positively subducted beneath Eurasia. The collision of the Indian
subcontinent with the Eurasian plate was eventually completed at
the end of the Middle-Eocene. As a result, the Tanlu Fault rotated
from left to right, resulting in the formation in the area of an NW-
trending extensional stress field. The NE- and EW-trending faults in
the study area became strongly active and developed as the Cenozoic
basin-controlling faults in the study area (Feng J et al., 2017; Du
et al., 2020). Owing to the coupling of the strong activities of the
Chengbei 304 South Fault, Zhuanghai 104 South Fault, and
Zhuangnan Fault, the Zhuanghai and Zhuangxi Buried Hills were
completely covered. The eastern mountain is still topographically
controlled by terrain, some areas are subject to sedimentation, and
other areas are still exposed to the water surface and being eroded
(Figure 9E).

In the Sha 2 and Sha 1 layers, the overall stress field
characteristics of the study area were similar to those of the Sha
3 Formation. However, the relative strengths of the right-handed
shear stress and horizontal tensile stress started to change, which
weakened the tensile stress and gradually increased the shear stress.
Even if the entire fault system exhibited inheritance, the active
strength started to weaken. Although the activity rates of the NNE-
trending and near EW-trending primary faults in the study area
were significantly lower than those of Sha 3, numerous secondary
NNE-trending and near EW-trending faults continued to exist.
Among these faults, the transformation of NNE-trending faults
onto the structural pattern was more evident. During this period,
East Row Hill and Changdi Buried Hill were completely interred,
and Middle Row Hill was partially buried. During the sedimentary
period of the Dongying Formation, the structural pattern inherited
the sedimentary period of the Sha 2 and Sha 1 layers, with a
dominant NEE-oriented fault activity. The number of NNE-
trending right-lateral strike-slip faults (or extensional strike-slip
faults) and derived NEE-trending secondary faults increased
drastically. In the local regions, the primary faults started being
discontinuous, and the strike-slip effect became more pronounced
(Figure 9F).

5.2.6 Overall stable subsidence (late himalayan N
+ Q)

The entire Chengdao–Zhuanghai area entered the subsidence
stage in the Neogene, during which the fault activity in all directions
decreased significantly and the primary faults in all directions
became intermittent. Consequently, a series of en-échelon
secondary faults developed along the direction of the primary
fault, and the influence of strike-slip movement gradually
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increased from west to east. Compared with the previous period, the
fault activity rate was considerably reduced. The buried hills in the
study area remained deeply buried (Figure 8G). The section location
is presented in Figure 1.

In conclusion, the thrusting activity of the NW-trending faults
in the late Triassic and the tectonic inversion of the late Jurassic to
early Cretaceous shaped the NW-trending Buried Hill system in the
research area. The left-lateral strike-slip fault of the Tanlu Fault zone
yielded the NNE-trending synclinal strike-slip fault, which divided
the NW-trending mountain system and segmented it into three
sections: north, middle, and south. The core of the buried hill is
further complicated by the EW-trending extensional faults that
developed in the late Cretaceous, and the NNE- and NW-
trending strike-slip faults that formed in the late Jurassic to early
Cretaceous. Until the Palaeogene, the Tanlu Fault fluctuated from
left-handed activity to right-handed activity, and near-EW-trending
normal faults were observed in the study area, which transformed
the middle part of the mountain system into a buried hill with a
near-EW-trending distribution. After the sedimentary period of the
Dongying Formation, the overall subsidence received the deposition
that formed the current structural pattern of the buried hill.

6 Relationship between faults and oil
distribution in the buried hills

Chengbei, Shanan, Bozhong, Huanghekou, Gubei, and other
oil-generating depressions are distributed throughout the buried
hills in the Chengdao-Zhuanghai area, with adequate oil and gas
supply and suitable oil source conditions. The Chengbei Fault,
the Changdi Fault, and the Chengbei 20 Fault are the three main
NW trending faults. In particular, the Chengbei and Changdi
faults have been active for a long time and can be used as channels
for oil and gas migration. The stratum dip traverses in the
opposite direction from the fault dip. As the oil and gas
migration cannot easily fill the buried hill, the oil and gas
reservoir in the buried hill is small, whereas the upper
Guantao Formation and Dongying Formation are large. The
Chengbei Fault, along which the oil and gas are partially filled,
forms the west boundary fault of the Chengdao Buried Hill.
Similarly, the Changdi Fault forms the west boundary fault of the
Changdi Buried Hill, with oil and gas migrating upward along the
Changdi Fault along the Gubei Sag in the west, and with some of
this migration occurring southward along the structural beam of
the Changdi Low Uplift in the northeast. Furthermore, the
Changdi Fault regulates the oil-bearing boundary of the
Changdi Buried Hill. Owing to the shallow burial in this area,
the buried oil and gas pool is small. Specifically, the Chengbei
20 Fault forms the west boundary of the Zhongpai Mountain in
the Chengdao Buried Hill. The oil source in the Chengbei
Zhongpai Mountain originates in the northern Shanan
Depression and moves south along the structural beam.
Therefore, the Chengbei 20 Fault controls the oil-bearing
property of the Zhongpai Mountain, and the oil and gas are
primarily distributed along the structurally high regions of the
Zhongpai Mountain.

Overall, the presence of multiple NE-trending faults has created
three main structural beams that control the oil and gas migration

channels, forming the distribution characteristics of oil and gas
enrichment in the structural beams.

The NEE-trending faults can be segmented into small faults and
boundary large faults, where small faults complicate the distribution
of oil and gas. These faults exhibit various sealing properties
depending on the fault-filling cementation and dissolution. In
principle, the degree of sealing controls both the height and
distribution of oil and gas. Oil- and gas-bearing properties are
identified by the well-sealed fault’s rising wall. The lower
collapsing wall is devoid of the oil and gas injection that created
the oil difference in the buried hill fault block. Primarily, the main
faults include the Chengbei 304 South Fault, the Zhuanghai
104 South Fault, and the Zhuangnan Fault, all of which are
Nandiao reverse faults. The Chengbei 304 and Zhuanghai
104 South Faults contained the formation of the buried hill
reservoir and hindered the oil and gas migration from several
similar channels in the northeast. This generated the most
abundant distribution of oil and gas north of the Chengbei
304 South Fault, followed by the Zhuanghai 104 South Fault. The
Zhuangnan Fault blocked the oil and gas that formed in the
Chengbei Sag and Zhuangxi Sag and controlled the south
boundary of Zhuangxi Buried Hill.

7 Discussion and conclusion

Fault structure is the most important controlling factor for
buried hill reservoirs in the Chengdao–Zhuanghai area. The
inner fault of the NW-trending buried hill in this area is similar
to the strike-slip extensional fault formed by the right-lateral strike-
slip movement of the NW-trending Chengbei Fault in the late
Jurassic-early Cretaceous eras. More specifically, the NNE-
trending fault is a left-handed compression–torsion fault that
developed under the left-handed strike-slip activity and the
regional compression stress field of the Tanlu Fault zone.
Furthermore, the near-EW fault is closely associated with the
near-SN extension stress field in the late Cretaceous.

The current research provided the following insights.

1. NW-trending faults govern the formation of “mountains”:
faults have undergone the stable craton, compression
thrust, denudation and leveling, and structural inversion
stages. The NW-trending fault was formed by the
compressional thrust in the late Triassic. After that, it
experienced a tectonic inversion process that ranged from a
thrust to a normal fault in the Mesozoic. In the Cenozoic, the
Chengbei Fault was inherited and developed, whereas the
Chengbei 20 Fault disappeared.

2. The cutting of an NNE (NE)-trending fault into an NW trending
“mountain system” segmented the mountain system in the study
area into three sections: north, middle, and south. The NNE (NE)
trending fault was formed in the J3-K1 period, which experienced
a transformation from J3 to K1 left-handed to K2 compressional
torsional to E right-handed tensional torsion. The section formed
a flower-like and multistage Y-shaped combination due to its
relative steepness. Owing to the transformation from the NW to
the Chengbei No. 5 Pile Fault, the Chengbei 30 North and
Chengbei 30 South Fault groups formed horsts, and the
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Chengdong and Changdi faults generated grabens. The strata on
both sides of the Changdi Fault bent violently and were
compressed in the Late Cretaceous, creating forced folds.

3. The EW-trending fault cut the NNE-trending zone to form the
Dongpaishan, Zhuanghai, and Zhuangxi Buried Hill
“mountains”, wherein most EW-trending faults were Cenozoic
active faults. The peak activity occurred in Es3, which is a typical
shovel-type normal fault. The EW-trending fault separated the
Dongpaishan, Zhuanghai, and Zhuangxi Buried Hills from the
middle section of the buried hills in the study area.

4. The superposition effect of the multiple faults resulted in the
complexity and diversity of the “mountain” structures.

5. The oil and gas reservoirs currently discovered were primarily
concentrated in the Lower Paleozoic. The Ordovician served as
the primary reservoir, and the pores, caves, and fractures that
developed along the top surface of the Ordovician carbonate rock
created the primary reservoir spaces (Kong and Lin, 2000; Li
et al., 2004; Li et al., 2000; Feng, et al., 2019; Du, et al., 2022).

In total, five types of traps were developed in the lower Paleozoic,
including fault block traps, fault nose traps, residual hill traps,
unconformity traps, and compression twist-fold traps, with fault
block traps having the greatest density and the most extensive
distribution.

6. The formation of buried hill reservoirs was determined based on the
effective hydrocarbon source rocks, reservoirs, migration pathways,
traps, preservation conditions, and their spatiotemporal
configuration in the Chengdao–Zhuanghai area (Yang et al., 2001;
Qiu et al., 2010). In the study area, the buried hill reservoirs were the
most abundant in the NW and NNE fault conjugate locations (Feng
et al., 2021). The oil sources for Zhongpaishan, Dongpaishan, and
other buried hill reservoirs were found in the east and north Shanan
Sags as well as Bozhong Sags, which exhibited the characteristics of
migration and accumulation along the parallel fault in the far source.

7. The oil source of the northwest Chengbei and Changdi faults
primarily originated on the downthrow side of the faults, and the
oil and gas migration occurred upward along the faults. Therefore,
the favorable reservoir inside the buried hill matched the direction of
oil and gas exploration. In the Chengbei 20 fault, oil and gas mainly
originated from the unconformity surface of the buried hill to the
north. As a result, the fault block parallel to the direction of the oil
and gas migration represents the path of future exploration and
development. The NE-trending fault controlled the shape and
distribution of the top surface of the buried hill, thereby forming
three structural beams. Numerous fault blocks were created as a
result of the NE-trending fault and the NNE-trending fault cutting
each other. Overall, the buried hill fault block along the lower
portion of the structural beam indicated the direction of oil and
gas exploration.

In conclusion, the systematic understanding of the fault
structure characteristics and genetic mechanism, which
confirms the impact of multiple sets of unconformity and
various faults in the area on the migration and accumulation of
oil and gas in buried hills, allows for further exploration of the
differential oil and gas migration and accumulation characteristics

in different buried hills. As such, this finding highlights the
favorable direction of exploration. Furthermore, fault sealing
under the influence of multiple parameters can be quantitatively
evaluated to provide a systematic, comprehensive fault-sealing
prediction method with great scientific value.
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Reconstruction of the proto-type
basin and tectono-paleographical
evolution of Tarim in the Cenozoic

Lunyan Wei1*, Shaoying Huang2, Caiming Luo2, Yunjiang Duan2,
Jinkai Xia1, Ziqi Zhong1, Xiang Li1 and Haining Chang1

1The Key Laboratory of Orogenic Belts and Crustal Evolution, Ministry of Education, School of Earth and
Space Sciences, Peking University, Beijing, China, 2Institute of Petroleum Exploration and Development,
Tarim Oilfield Company, Korla, China

The Tarim Basin is the largest sedimentary basin in China, and it has experienced a
complex tectonic evolutionary history. Reconstruction of the proto-type basin
and tectono-paleogeography is helpful to understand the different stages of
evolution of the sedimentary basin and basin-mountain relationship. It is
significant to combine the basin with the regional tectonic background to
discuss the process of basin-mountain coupling and the tectonic evolution of
the peripheral orogenic belts. With a reliable residual thicknessmap and lithofacies
map of the Tarim Basin in the Cenozoic, based on the amount of shortening we
quantified from previous works and 81 balanced cross-sections, we restored the
original range and compiled the proto-type basin map of Tarim Basin. From a
compilation of previous studies on the lithofacies of peripheral blocks, the
tectono-paleogeography of the Tarim Basin in Cenozoic has been
reconstructed. The Indian Plate collided with the Eurasian continent at
~45–40 Ma. The remote effect of the collision led to the resurrection and
reactivation of the Kunlun and Tianshan Mountains. The Southwest Tarim and
Kuqa rejuvenated foreland basins separately developed along the north front of
the KunlunMountains and the south front of the TianshanMountains. The tectonic
evolution process of the Tarim Basin in the Cenozoic was divided into two stages:
1) in the Paleogene, the Neo-Tethys Ocean retreated stepwise westward from the
Southwest of the Tarim Basin, and the sedimentary lithofacies of the Southwest
Tarim Depression were bay lagoon facies and lake facies; 2) the Neo-Tethys
Ocean retreat finally occurred in the Tarim Basin during the Late Oligocene to
Early Miocene, and it became an almost closed terrestrial basin, with the
deposition of fluvial facies and lacustrine facies. The Cenozoic tectono-
paleogeography of the Tarim Basin is closely related to the closure of the
Neo-Tethys Ocean and the reactivation of the Kunlun and Tianshan Mountains.

KEYWORDS

Tarim Basin, Cenozoic, proto-type basin, tectono-paleogeographic evolution, basin-
mountain

1 Introduction

The Tarim Basin is the largest intracratonic basin in China and covers an area of
560,000 km2. Source rocks for oil and gas were deposited widely in the Tarim Basin
during different geological periods, including the Paleogene, and excellent oil and gas
can usually be found in its marine rocks. The Tarim Basin is a natural laboratory with
unique geological and geomorphological units, and can be divided into seventeen
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tectonic units in the Cenozoic (Dong et al., 2016; He et al., 2016)
(Figure 1). Geographically bounded by the Western Kunlun
Mountains, the Altyn Tagh mountain belt, and the Tianshan
Mountains, the Tarim Basin has experienced a complicated
tectonic history (Allen et al., 1993; Zhang et al., 2011; He
et al., 2016; Laborde et al., 2019) (Figure 1).

In the early Cenozoic, the India-Asia collision caused large-
scale intra-continental deformations (Liu et al., 2009; Fang
et al., 2020). Under the far-field effect of the collision, a
prominent tectonic salient formed on the Pamir plateau and
the Pamir Salient experienced some northward translation (Lin
et al., 2019; Li Y. P. et al., 2020). A major reactivation of the
Western Kunlun Range occurred during the Cenozoic in
response to the India-Asia collision (Tapponnier and
Molnar, 1977; Laborde et al., 2019). A major reactivation of
the Tian Shan also occurred during the Cenozoic in response to
the India-Asia collision and this reactivation seems to have
been initiated in the Oligocene with subsequent Miocene
accelerations, which is supported by evidence including
sediment provenance and growth strata (Izquierdo-Llavall
et al., 2018; Li et al., 2019). The Altyn Tagh Range was also
reactivated during the Cenozoic due to the India–Asia collision
and this reactivation seems to have been initiated in the Eocene
with subsequent Oligocene to Miocene accelerations (Cheng
et al., 2015; Zhao et al., 2016). The maximum principal stress

direction in different areas of the Tarim Basin is diverse. In the
north of the Tarim Basin, the maximum principal stress
direction is mainly N-S and NNW-SSE (Huang et al., 2013).
In the southwest, the maximum principal stress direction is
mainly NE-SW; and in the southeast, the maximum principal
stress direction is mainly NW-SE (Wang et al., 2007).

A schematic structural map and seismic cross-sections was
constructed to document the Cenozoic deformation through
the Tarim area (Figures 1, 2). In the Cenozoic, the Tarim Basin
was in a stage of strong compression, and the continuous
collision around the Tarim Block accommodated a large
amount of Cenozoic compressive deformation (Li et al.,
2007; Laborde et al., 2019). Ancient orogens around the
Tarim Basin were rejuvenated, and a thick (up to ~10 km)
and continuous Cenozoic sedimentary series, mainly supplied
by the erosion of the surrounding mountain ranges (Wei et al.,
2000; Jia, 2009; He et al., 2013), formed the rejuvenated foreland
basin in Kuqa and Southwest Tarim (Laborde et al., 2019) and
the complex fault system in Bachu Uplift (Ning et al., 2021;
Zhang et al., 2021) (Figure 2). In the case of the Western Kunlun
and Southwestern Tian Shan compressive systems, these
foothills mainly formed the Basin-Mountain system at the
edge of the Tarim Basin (Figure 2). Wide (from ~50 to
~150 km) and long (100 s of km) uplifts, such as the Bachu
uplift, are visible to the west of the basin (Figure 2).

FIGURE 1
Schematic structural map of the Tarim Basin (modified after He et al., 2016; Laborde et al., 2019).
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The far-field effect caused the reactivation of the Paleozoic and
Mesozoic tectonic belts, changing the sea-land configuration in
eastern Asia (Tapponnier et al., 1981; Wang et al., 2014; Lin

et al., 2019; Li Y. P. et al., 2020). The Neo-Tethys Ocean
retreated from Western Tarim in response to a combination of
eustatic sea-level lowering, plate tectonics, and the autocyclic

FIGURE 2
Four seismic cross-sections of the Tarim Basin (see Figure 1 for locations).
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sedimentary infilling of the basin (Bosboom et al., 2011; Bosboom
et al., 2014). At least five different seawater transgression-regression
cycles occurred and the sea retreated from different parts of the
Tarim Basin (Sun and Jiang, 2013; Bosboom et al., 2014; Sun et al.,
2016a). The last regression marking the Tarim Basin generated a
huge transformation from marine facies to terrestrial facies.

As a result of the collision of the Indian Plate and the
Eurasian continent, the Tarim Block has different types of
sedimentary facies from different stages of the Cenozoic.
There are two issues to be addressed in this study: the
tectono-paleogeographic evolution of the Tarim Basin and
the tectonic interrelationships between the basin and the
orogenic belts during the different stages. There are some
studies that have mapped the lithofacies paleogeography of
the Tarim Basin; however, several studies considered the
whole basin and its periphery, and few compiled the proto-
type basin by considering the India–Asia collision and the huge
shortening of the basin. In this study, we restored the proto-type
basin of the Tarim Basin and reconstructed the Tectono-
paleogeographic evolution around the Tarim Basin in the
Cenozoic, analyzing the changes of the paleo-geographical
environment and Cenozoic deformation of the Tarim Basin
and its periphery. When and how the retreat of the Neo-Tethys
Ocean occurred were specially considered to reconstruct the
proto-type basin and tectono-paleogeography of the Tarim
Basin and its periphery.

2 Methodology and database

Guided by three steps of map compilation, we reconstructed the
proto-type basin and tectono-paleogeography of the Tarim Basin
and its periphery in the Cenozoic.

First, we restored the original thickness map
(Figure 3). Based on the analysis of wells and outcrops in the

whole basin, the lithofacies-paleographic maps in the range of
the present basin were reliable. If there were border facies in the
basin, they could be used to help delineate the scope of the
basin. If there were none, to recover the denudation area, it was
necessary to reconstruct the original thickness map based on the
Cenozoic residual thickness map with thickness trend analysis
(Figure 3). For an intracratonic basin, the thickness line needed
to be concentric and closed. While for the foreland basin, the
thickness line needed to be asymmetrical and the distance of
each thickness line outside the basin at one-half of the inside.
Therefore, the scope of the foreland basin was relatively narrow,
and the terrane was near the Tarim Block.

Second, we restored the range of the proto-type basin, which
meant restoring it to what it was before shortening or extension. The
balanced cross-section method (Lou et al., 2016; Laborde et al., 2019)
is one of the most practical ways to obtain the proto-type basin
boundary. Based on previous balanced sections (Laborde et al., 2019),
71 balanced sections provided by Tarim Oilfield, and 10 balanced
sections restored by us (Figure 4), we quantified the shortening and
reconstructed the boundary of the pre-shortening proto-type basin.

Third, we restored the tectonic configuration of the Tarim Block
and its adjacent plates during the development of the proto-type
basin. After clarifying the sedimentation and deformation of the
Tarim Basin, it was essential to clarify the peripheral margin of the
Tarim Basin and the tectonic relationship between the Tarim Basin
and its surrounding plates. To compile the proto-type basin maps and
the tectono-paleogeographic maps, it was essential to figure out the
answers to some questions: 1) the lithofacies distribution of the Tarim
Basin in the Paleogene and Neogene (Guan and Guan, 2002; Shao
et al., 2006; Yue et al., 2017; Ma CM. et al., 2020); 2) the
paleogeographic distribution in its adjacent plates (Wang, et al.,
2019; Ma T. et al., 2020; Song et al., 2022); 3) the sea retreat
process of Neo-Tethys and its effect on the Tarim Basin (Bosboom
et al., 2011; Bosboom, 2013; Sun and Jiang, 2013; Bosboom et al., 2014;
Sun et al., 2016b; Li Q. et al., 2020; Sun et al., 2021).

FIGURE 3
Schematic diagrams showing the steps of restoring the original thickness map, taking the late Paleogene restoration as an example. (A): The residual
thickness map of residual basin; (B) the pre-shortening original thickness map of the residual basin; thickness map contours show the depth (m) of the
Upper Eocene to Oligocene in the Tarim Basin).
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Based on previously published data (Laborde et al., 2019) and our
new data, we obtained the proto-type basin maps and the tectono-
paleogeographic maps in the Cenozoic. It is noteworthy that the
biggest difference between the proto-type basin map and the tectono-
paleogeographic map is the latter includes larger geographical range,
which provides more information with the tectonic configuration of
the Tarim Basin and its adjacent plates.

3 Analysis

Before compiling proto-type basin maps, we clarified three
issues: firstly, the division of the evolution stages in the Cenozoic;
secondly, the marine sedimentation problem of the Tarim Basin in
the Cenozoic; and thirdly, the quantified shortening amount of the
Tarim Basin.

FIGURE 4
Balanced cross-section of CC’ (see Figure 1 for location).

TABLE 1 Cenozoic stratum in the Tarim Basin (Ding et al., 1993; 2011; Guo, 1994; Jia et al., 2004; Shao et al., 2006; Li et al., 2017).

Strata Southwest Tarim North Tarim Southeast Tarim

Quaternary Lower Pleistocene Xiyu Xiyu Xiyu

Neogene Pliocene Atushi Kuche Kuche

Miocene Wuqia Pakabulake Kangcun Kangcun

Anjuan Jidike Jidike

Keziluoyi Suweiyi Suweiyi

Paleogene Oligocene Kashi Bashibulake Kulugeliemu Awate Kulugeliemu

Eocene Zhuoyoulegansu Xiaokuzibai

Wulagen

Kalatar

Gaijitage

Paleocene Qimugen

Aertashi

Tuyiluoke Talak
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3.1 Division of the evolution stages in the
Cenozoic

The strata of the Cenozoic Tarim Basin were mainly
exposed around the basin, and most of the basin was
covered by desert. According to the sedimentary
characteristics of Cenozoic strata in the basin, the Tarim
Basin could be divided into three regions: Southwest Tarim,
North Tarim, and Southeast Tarim (Table 1). Although there
were different division schemes for Cenozoic stratigraphic
subdivision in this area, in this study, the evolution stages in
the Cenozoic were based on the stratigraphic subdivision
unified as follows (Table 1).

In Southwest Tarim, the Paleogene strata included the
Bashibulake Formation, Zhuoyoulegansu Formation,
Wulagen Formation, Kalatar Formation, Gaijitage
Formation, Qimugen Formation, and Aertashi Formation in
the Kashi Group; the Neogene strata included the Pakabulake
Formation, Anjuan Formation, Keziluoyi Formation in the
Wuqia Group and the Atushi Formation (Table 1). In North
Tarim, the Paleogene strata included the Awate Formation,
Xiaokuzibai Formation, and Talak Formation in the
Kulugeliemu Group; the Neogene strata included the Kuche
Formation, Kangcun Formation, Jidike Formation, and
Suweiyi Formation (Table 1). In Southeast Tarim, the
Paleogene strata included the Kulugeliemu Group; the
Neogene strata included the Kuche Formation, Kangcun
Formation, Jidike Formation, and Suweiyi Formation
(Table 1).

Since the Paleogene, the tectonic compression caused the
uplift of the surrounding mountains around the Tarim Basin,
while the basin itself was relatively stable (Wang et al., 2014;

Laborde et al., 2019; Li Y. P. et al., 2020). During the Neogene,
with the uplift of the Qinghai - Tibet Plateau, there are long-term
growth and erosion in the mountain ranges and caused
progressive thrusting over the Tarim basin (Jolivet et al., 2010;
Wang et al., 2014; Laborde et al., 2019). Since the Quaternary, the
Tarim Basin was surrounded by high mountains, progressively
soil drying and forming China’s largest inland water system and
the largest desert.

3.2 Marine sedimentation problem of the
Tarim Basin in the Cenozoic

According to the long-term eustatic trend of the Tarim Basin,
there were at least five episodes of marine incursion in the Tarim
Basin from the Cretaceous to the Paleogene (Figure 5), which are
supported by Cretaceous-Paleogene sedimentary records (Bosboom
et al., 2011; Bosboom, 2013; Bosboom et al., 2014; Li et al., 2017;
Zhang et al., 2018). There are reliable pieces of evidence to restrict
the time of the fourth and fifth incursions and the sea retreat to the
Cenozoic (Bosboom et al., 2011; Bosboom et al., 2014; Zhang et al.,
2018) (Figure 5).

The palaeomagnetic chronology and paleoenvironmental
records of Cenozoic sections indicate that the fourth sea retreat
from Aertashi occurred at ~41 Ma (Bosboom et al., 2014). Research
on marine–terrestrial sediments at Oytag in the Early Cenozoic also
suggests that the sea retreat from the Tarim Basin may have been
diachronous (Sun and Jiang, 2013). The sea retreat from Oytag
occurred in the Early Eocene at ~47 Ma and from Keliyang at
~45 Ma (Sun and Jiang, 2013; Sun et al., 2016a); the ~45 Ma
peak in detrital zircon U/Pb was considered as an indication of a
new sedimentary source (Wang et al., 2021).

FIGURE 5
Simplified regional lithostratigraphic framework in Kuqa (A) and lithostratigraphic framework and main fossil assemblage zone of marine incursions
in Southwest Tarim (B) (modified after Bosboom et al., 2011; Bosboom et al., 2014; Ma CM. et al., 2020).
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Pieces of evidence, including the palaeomagnetic chronology
and paleoenvironmental records, also restricted the fifth sea retreat
occurring from Kuqa, Kezi, and Bashibulake to ~37 Ma and
~33–25 Ma (Bosboom et al., 2014) (Figure 5). In the Pamir-
Tianshan convergence zone, the successions changed from
marine deposits in the lower, continental clay, fine sand in the
middle, andmolasse in the upper part, recording the climate changes
and evolution of the sea retreat (Wang et al., 2014). Small-scale sea
incursions still occurred when the Neo-Tethys Ocean retreat
occupied the Tarim Basin, which is supported by the sulfur
isotope of gypsums or anhydrites in Kuqa (δ34S from 11.6‰ to
15.9‰ in the Middle Paleocene, from 12.7‰ to 15.9‰ in the Late
Eocene) (Zhang et al., 2013). Particle size analysis of the Suweiyi
Formation sediments of the Southwest Tarim Depression indicated
the sand was similar to near-shore sedimentary environments
including lagoons and shallow lake facies (Tang et al., 2014). The
lakes in the Jidike Formation were generally broad and shallow, and
the lake shoreline was in response to both climate change and
tectonic activities (Ma CM. et al., 2020).

Marine and lagoon deposits with fossils were recognized
from southwest to the north, which was more than a thousand
of kilometers by the outcrop and wells of the Miocene
formations of the northern Tarim Basin (Guo et al., 2002).
There were thin gypsum interbeds of marine strata in the Late
Oliogene Suweiyi Formation in the Kuqa and Late Oliogene
Keziluoyi Formation reserved in Southwest Tarim (Guo et al.,
2002; Ma T. et al., 2020) (Figure 5). These fossils, including
Foraminifer, Dinoflagellates, Ostracods, and Calcareous
nannofossils, would seem to suggest that the range of
seawater influence in the Early Miocene included two main
areas, Kuqa and Southwest Tarim (Figure 5B). The high saline
concentration of saltwater deposits with Foraminifer and
Ostracods identified in Kuqa and Southwest Tarim showed
that two lagoon bays in the western Tarim Basin were linked
to the residual sea in the Late Oliogene or even until the early
Miocene (Guo et al., 2002). However, from the Late Miocene to
the Pliocene, the marine or lagoon environments vanished
completely, and lake and freshwater deposits with Stonewort
were common in the Tarim Basin (Guo et al., 2002) (Figure 5B).

The final time of the retreat of the Neo-Tethys Ocean from the
Tarim Basin remains controversial. Some believe it was in the Early
Oligocene (Bosboom et al., 2011; Sun and Jiang, 2013; Sun et al.,
2016b), while others believe it occurred in the Late Miocene (Guo
et al., 2002). Re-evaluating the fossil evidence and sedimentary facies
(Figure 5), it was concluded that the final sea retreat occurred at
37–25 Ma, and the lagoon environments in the southwest and
northwest of the Tarim Basin linked to the Neo-Tethys Ocean
during the Late Oligocene. Taken together, these studies
supported the notion that, as suggested by the presence of
marine fossils and gypsum deposits, stepwise and diachronous
sea retreat from the southwestern and northwestern margins of
the Tarim Basin occurred in the late Oligocene—early Miocene.

3.3 Shortening amount of the Tarim Basin

The tectonic configuration of the Tarim Basin and its
adjacent plates played an important role in the

reconstruction of the proto-type basin because the
compressive component of Cenozoic deformation controlled
the basin (Wei et al., 2000; Li et al., 2007; Li Y. P. et al., 2020),
with up to ~66.7% of compressive deformation accommodated
in the Cenozoic orogeny (Laborde et al., 2019). Previous studies
have explored the quantified compressive component (Li et al.,
2007; Laborde et al., 2019). A regional-scale balanced cross-
section constructed on Southwest Tarim—Kuqa including
foreland fold-thrust showed a 64% shortening rate for
Southwest Tarim and 30.6% for Kuqa (Li et al., 2007).
Detailed analysis and examination found that most of the
Cenozoic compressive deformation (from ~94% to 100%)
was concentrated in the mountains along the basin margins,
which meant it was negligible (up to ~6%) within the Tarim
Basin (Laborde et al., 2019). Therefore, it was of great
importance to restore the original thickness isopaches and
determine the pre-shortening tectonic configuration of the
Tarim Basin.

We calculated the shortening amount of every cross-section and
quantified them into four representative profiles: AA′, BB′, CC′, and
DD′ (Table 2) (Figure 1). According to the quantified data, we
enlarged the range of the pre-shortening original thickness map and
considered the zero-thickness line as the boundary of the pre-
shortening proto-type basin.

4 Reconstruction of the proto-type
Tarim Basin

Due to the uplift of the mountains around the Tarim Basin in the
context of the India-Asian collision, the Tarim Basin gradually
became a closed continental sedimentary basin (Wang et al.,
2014; Lin et al., 2019; Li Y. P. et al., 2020). The paleogeography
of the Tarim Basin in the Cenozoic was also related to the evolution
of the Neo-Tethys Ocean (Shao et al., 2006; Li et al., 2017; Zhang
et al., 2018). The Paleogene strata in the Tarim Basin were bay
lagoons and shore-shallow lake facies, and the Neogene strata were
flood plain-salt lakes and fluvial-alluvial fan facies (Zhuang et al.,
2002; Shao et al., 2006; Li et al., 2017; Yue et al., 2017; Wu et al.,
2020). This study also mapped the proto-type basin in the Late
Eocene to better understand the tectono-paleogeography evolution
in the Cenozoic.

4.1 In the Late Eocene

The landform pattern of the Tarim Basin in the Paleocene was
mainly characterized by uplift in the center with depressions in the
north and south (Shao et al., 2006). A short-term invasion of
seawater occurred in the Kuqa Depression and Southwest Tarim
Depression from the Paleocene to the Late Eocene (Guo et al., 2002;
Li et al., 2017; Zhang et al., 2018; Lin et al., 2019) (Figure 6), where
there were marine sediments from tens to hundreds of meters thick
deposited in fluvial-deltaic and shallow-water lacustrine settings
(Shao et al., 2006).

The degree of seawater influence was decreasing in the Late
Eocene due to the small-scale, stepwise Neo-Tethys Ocean retreat
(Shao et al., 2006).When seawater came from the west, sabkha or the
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TABLE 2 Shortening estimates across the Tarim Basin and its periphery.

Mountains Shortening (km)

1 2 3

Cenozoic (Laborde et al., 2019) Paleogene Neogene

N Tibet W Kunlun Transect A (A) 32 20.64 10.55

Transect B (B) 35 (20) (10)

Altyn Tagh Transect C (C) 0.9

Transect D (D) 0.3

S Tianshan SW Tianshan Transect A (A′) 36 (12.6) (11)

Transect B(B′) 4 12.00 9.13

Transect C (C′) 22 13.33 12.51

SE Tianshan Transect D (D′) 0

Note: Shortening in brackets are speculated.

FIGURE 6
The Tarim proto-type basin and its periphery in the Late Eocene.
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open platform type of depositional environment was the most
important sedimentary facies (Yue et al., 2017). Turning to the
period of sea retreat, the basin fill was mainly composed of several
typical facies, representing: bay lagoon facies and tidal facies
dominated by carbonates and gypsum in the southwestern part;
shore-shallow lacustrine facies dominated by sandstone, mudstone,
carbonates, and gypsum in the northern part; and fluvial fan facies
and fan delta facies dominated by conglomerate, sandstone, and
siltstone along the basin margin (Shao et al., 2006; Li et al., 2013)
(Figure 6).

The deformation and northward indentation of the Pamir
Salient could have played an important role in controlling the
lithofacies and sedimentary facies in the Tarim Basin. The
provenance of the Cretaceous-Oligocene strata of the Southwest
Tarim Depression was mainly from the Central Pamir (Sun et al.,
2016a; Wang et al., 2021) (Figure 6), and the deposition center was
near the West Kunlun Mountains (Shao et al., 2006). Regarding the
Kuqa Depression, the provenance was mainly from the South
Tianshan Mountains (He et al., 2004; Shao et al., 2006)
(Figure 6), with the deposition center moving southward
gradually (He et al., 2004).

4.2 In the Late Paleogene

The India-Asian collision had a remote effect on structural
deformation and tectonic activity (Li et al., 2007; Jia, 2009;
Laborde et al., 2019). For example, the West Kunlun reactivation
was initiated in the Eocene with subsequent Oligocene to Miocene
accelerations (Figures 2A, B), the Southwestern Tian Shan thrust
wedge was formed above a decollement level (Figures 2A–C), and
the Altyn Tagh strike-slip wedge was formed above a deep
decollement level (Figures 2C, D).

In order to reconstruct the proto-type basin map of the
Tarim Basin and its adjacent plates, we considered the
structures activated during the Cenozoic and quantified the
compressive component of this deformation. To the west, about
12.5 km of crustal shortening were accommodated in the Kuqa
Depression, while to the east, about 20 km of crustal shortening
were accommodated in the Southwest Tarim Depression
(Table 2). Then we enlarged the range of the pre-shortening
proto-type basin and combined the overall tectonic
background. Separating the South Tianshan Mountains and
the Pamir Salient was the intervening Alai Valley. The

FIGURE 7
The Tarim proto-type basin and its periphery in the Late Oligocene. Thickness map contours show the depth (m) of the upper Eocene to Oligocene
in the Tarim Basin.
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history of the Pamir Salient has been argued but data from new
studies in the geology of Northern Pamir suggest that
subsequent Cenozoic northward translation of the Pamir was
interpreted to be only ~50 km and no more than ~80–100 km
(Li Y. P.et al., 2020), establishing a greater degree of accuracy on
the compressive component we quantified.

During the Late Eocene to Oligocene, the western part of the
Tarim Basin contained an open marine, lagoon environment,
with a continental environment in the eastern part (Zhang
et al., 2022) (Figure 7). Eight sedimentary facies were divided in
the study area, including lagoon facies, lacustrine facies, plain
braided channel facies, braided delta facies, braided delta plain
facies, alluvial plain facies, and alluvial fan facies, showing that
the characteristics of spatial distribution in this area were from
marine to continental (Figure 7). The Southwest Tarim
Depression and Kuqa Depression could be identified as
major deposition centers, where the maximum sediment
deposition were both over eight-hundred-meters thick (He
et al., 2004; Shao et al., 2006; Zhang et al., 2022). In Kuqa,
the Suweiyi Formation was mainly composed of mudstones,
siltstones, sandstones, and gypsum interbeds with nannofossils
(Figure 5). In Southwest Tarim, mudstones with interbedded

siltstones and laminated gypsum with nannofossils occurred in
the Bashibulake Formation (Figure 5), which is evidence of the
depositional environment of a lagoon.

However, whether the lagoon facies developed its range in
the Late Oligocene is controversial. Based on the latest
lithofacies-paleographic map of the Tarim Basin in the
Suweiyi Formation provided by Tarim Oilfield, and
combined with the analysis of the Neo-Tethys Ocean retreat
(Figure 5), the outside seawater was linked to the western Tarim
Basin via the Alai Valley, and the range of seawater influence in
the Late Oligocene included two main areas, north to Kuqa and
south to Southwest Tarim (Figure 7). In Kuqa, gypsum
interbeds of marine strata and marine fossils developed in
the Suweiyi Formation and Jidike Formation, which provides
some support that lagoon facies developed in the Late Oligocene
or even early Miocene. It could be concluded that the range of
lagoon facies in the Late Oligocene was larger than the Late
Eocene (Figures 6, 7). In the eastern part of the Tarim Basin, a
continental sedimentary system existed from the basin margins
to the center, from alluvial fan to braided river delta plain and
braided river delta front (Shao et al., 2006; Zhang et al., 2022)
(Figure 7).

FIGURE 8
The Tarim proto-type basin and its periphery in the Late Neogene.
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4.3 In the Late Neogene

During the Neogene, the lasting tectonic compression caused the
mountains surrounding the Tarim Basin to uplift and the basin
closed, and the compressive component of the Neogene deformation
could also be quantified. To the west, about 11 km of crustal
shortening were accommodated in the Kuqa Depression, while to
the east, about 10 km of crustal shortening were accommodated in
the Southwest Tarim Depression (Table 2). Then we restored the
range of the pre-shortening proto-type basin and combined the
overall tectonic background. Compared with the Late Paleogene, the
mountains, such as the Tianshan Mountains and West Kunlun
Mountains, were reactivated by the ongoing structure deformation
and tectonic activity (Figures 7, 8). A northward indentation of the
Pamir Salient in the Cenozoic, causing a lower amount of shortening
documented along the Alai Valley, and the basins, such as the Tarim
Basin and the Qaidam Basin, were considered to have undergone
continuous aridification.

Compared with the proto-type basin map of the Tarim Basin
and its adjacent plates in the Late Eocene and Late Oligocene, the
depositional environment of the Tarim Basin significantly changed
in the Oligocene—Miocene: marine facies disappeared, and
continental sedimentation patterns formed (Figures 6–8). The sea
retreated from the whole Tarim Basin in the Late Neocene, and the
Tarim Basin gradually graded to a closed inland environment
(Figure 8). The Tarim Basin contained terrestrial depositional
environments, such as alluvial fan groups, deltas, and flood plain
facies with salt lakes (Figure 8). There were large thick molasse units
near the deposition center in the Southwest Tarim Depression and
Kuqa Depression, while toward the Bachu Uplift the thickness
decreased gradually (Wu et al., 2020).

In the Neogene, it was still active on the south edge of the
Tianshan mountain, the deformation was influencing the northern
edge of the Tarim Basin (Jolivet et al., 2010). The deposition center
of the Kuqa Depression gradually moved north to south and the
thickness of the sediment increased (He et al., 2004). Several tectonic
stages occurred in the Pamir-Tianshan convergence zone in the
Cenozoic, and alluvial deposits dominated the sequences from the
early Miocene (Wang et al., 2014) (Figure 8). The reactivation event
of the Bachu Uplift could be linked to the India-Asian collision,
where there were thrust fault systems may related to a deep
decollement within the basement below the Tarim Block
(Laborde et al., 2019) (Figures 2A, B).

Based on the lithofacies-paleographic map of the proto-type
basin and our calculations of the quantified shortening (Table 2),
and combined with the regional tectonic configuration, the Tarim
proto-type basin and its periphery in the Late Eocene (Figure 6),
Late Oligocene (Figure 7), and Late Neogene (Figure 8) was
obtained. When comparing the proto-type basin and its
periphery in the Late Eocene (Figure 6) and in Late Oligocene
(Figure 7), the biggest difference that could be seen was that the
range of seawater influence became larger and the range of lagoon
facies increased from the Southwest Tarim Depression to the Kuqa
Depression (Figure 7). This variation indicated that there was still
an intermittent connection between the Tarim Basin and the Neo-
Tethys Ocean that occurred separately during the third, fourth,
and fifth transgression-regression events in the Paleogene
(Figure 5), as well as the final sea retreat which occurred at

25–30 Ma in the Late Oligocene (Figure 5) or even the early
Miocene.

5 Reconstruction of the tectono-
paleogeography around the Tarim
Basin

To obtain the tectono-paleogeographic map around the Tarim
Basin in the Cenozoic, more studies were considered, such as the
configuration of the plates around the Tarim Block in Asia, the
lithofacies and paleogeography of basins in the adjacent plates,
especially in the central Asian plates (Wang, et al., 2019; Zhang
et al., 2019; Ma T. et al., 2020; Song et al., 2022), and the proto-type
basin map of the Tarim Basin and its periphery in the Cenozoic we
compiled (Figures 7, 8).

5.1 Continued subduction of the Indian
ocean in the Late Paleogene

In the long-term paleo-geographical evolution in the
Cenozoic, as the global sea levels fell, the Neo-Tethys Ocean
retreat gradually occurred from the Junggar Basin and the
Tarim Basin, and the Fergana Basin and the Alai Valley in
southern Kyrgyzstan, and the Afghan–Tajik Basin (Bosboom
et al., 2011; Carrapa et al., 2015; Li et al., 2017; Li Q. et al., 2020).
In the Paleogene, the Neo-Tethys Ocean entered the western
Tarim Basin via the present-day Alai Valley (Bosboom et al.,
2011; Zhang et al., 2013; Bosboom et al., 2014) (Figure 9). The
sea retreated westward in at least five transgressions in the west
of the Tarim Basin during the Cretaceous-Cenozoic (Bosboom
et al., 2011; Bosboom, 2013; Zhang et al., 2013; Bosboom et al.,
2014), where tidal flat and lagoon facies associations were
extended and carbonate reservoirs and mudstone covers were
formed (Shao et al., 2006; Yue et al., 2017). The sedimentary
lithofacies were reflected by the Neo-Tethys Ocean seawater,
and developed lagoon facies in the Alai Valley and shore-
shallow lacustrine facies in the east of the Tarim Basin
(Guan and Guan, 2002; Guo et al., 2002; Ma CM. et al.,
2020) (Figure 5).

For many decades, the time of the India-Asia continental
collision has been debated. But it is accepted that the final
collision was completed at ~45–40 Ma, followed by continued
post-collisional convergence to the present (Xia et al., 2009;
Bouilhol et al., 2013; Todrani et al., 2022). The Tibetan Plateau is
still experiencing deformation (Liu et al., 2009), distributing a lot of
Cenozoic basin groups (Song et al., 2022) (Figure 9). The
northeastern margin of the Tibetan Plateau, which includes the
North Qiangtang terrane and the South Qiangtang terrane as well as
the Kunlun Mountains and the Qaidam Basin, continues to deform
in response to the ongoing India-Asia collision (Liu et al., 2009; Fang
et al., 2020). As a huge intermontane basin, the Qaidam Basin was
dominated by lacustrine facies during the Oligocene (Wu et al.,
2020) (Figure 9).

The tectonic evolution of the Pamir Salient in the Cenozoic has
played an important role in controlling the shift from marine to
continental sedimentation in the Tarim and Tajik Basins (Bosboom
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et al., 2011; Sun and Jiang, 2013; Carrapa et al., 2015; Sun et al.,
2016b). There were also basin groups distributed in Central Asia that
experienced Paleozoic—Cenozoic sedimentary evolution including,
for example, the Fergana Basin, Afghanistan-Tajik Basin, and
Turgay Basin in the west, and the Junggar Basin and Santanghu
Basin in the east (Figure 9) (Wang et al., 2019; Ma T. et al., 2020).
Several intermontane basins, such as the Yili basin and the Turpan
basin, were preserved within the interior of the TianShanMountains
(Figure 9) (Jolivet et al., 2010). In the west of the tectono-
paleogeography map around the Tarim Basin in the Late
Paleogene, a remnant Neo-Tethys Ocean branched via Alai
Valley into a remnant marine embayment, causing the lagoon
facies to develop in the Southwest Tarim Depression and Kuqa
Depression in the northern Tarim Basin (Figure 9).

5.2 Basin-mountain system developed in the
Late Neogene

The continental collision between the Arabian and Eurasian
plates following the subduction of the Neo-Tethys Ocean
beneath Eurasia resulted in a complex deformation across
the Zagros Mountains (Figure 10). There was permanent

closure of the northwestern segment of the Tethyan Seaway
by 12.8 Ma in the Early-Middle Miocene (Homke et al., 2004;
Pirouz et al., 2015; Sun et al., 2021). Both the complex mountain
building deformation across the Zagros Mountains and the
further northward indentation of the Pamir Salient resulted
in the closure of the Alai Valley and a complete sea retreat from
the Tarim Basin (Figure 10). The sea retreat was the one of the
most significant events during the Late Oligocene—Early
Miocene, causing the biggest differences in the southwest of
the Tarim Basin (Figures 9, 10).

As the India-Asia continental collision is still ongoing, the
Pamir Salient is still experiencing deformation. Intraplate
orogeny occurred in the Kunlun Mountains and Tianshan
Mountains due to the strong remote effect in the Miocene.
In the mountains surrounding the Tarim Basin, mainly at the
front of the Western Kunlun Mountains and Southwestern
Tianshan Mountains, a significant fraction of the
deformation was accommodated by new-formed structures
during the Cenozoic (Li et al., 2007; Laborde et al., 2019).
Accordingly, the margins of the Tarim Basin, mainly in the
Southwest Tarim Depression and the Kuqa Depression,
corresponded to the basin-mountain system and became
rejuvenated foreland basins due to the intense regional

FIGURE 9
Tectono-paleogeography map around the Tarim Basin in the late paleogene.
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FIGURE 10
Tectono-paleogeography map around the Tarim Basin in the Late Neogene.

FIGURE 11
Tectonic evolution of the Tarim Basin from the Late Cretaceous to Cenozoic and its response to adjacent blocks and ocean evolution.
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compression (Wei et al., 2000; Wang et al., 2020) (Figures
10, 11).

The present-day topography of the Tarim Basin and its
surrounding mountains and adjacent blocks is considered to be
related to the ongoing India-Asia collision (Figures 9–11). In the
Cenozoic, the Western Kunlun Mountains and the South Tianshan
Mountains were rejuvenated, and the Southwest Tarim Depression
and Kuqa Depression formed rejuvenated foreland basins (Figure 11).
Associated with these compressive structures, the Bachu Uplift also
corresponded to the rejuvenated Western Kunlun Mountains,
forming steep bounding thrusts, in particular deep fault systems
(Zheng et al., 2014; Laborde et al., 2019) (Figures 2A, B).

6 The Tarim Block in global plate
tectonics and its evolution history in the
Cenozoic

The Tarim Block occupies an important position in Central Asia
and the tectonic configuration around the Tarim Block has been
evolving in the Cenozoic. Based on studies by previously published
papers about the Tarim Block in global plate tectonics and the
regional geological background in the Cenozoic (Scotese, 2004; Ma
CM. et al., 2020; Wang, et al., 2020; Song et al., 2022), we combined
our newly compiled proto-type basin maps (Figures 6–8) and
tectono-paleogeography maps (Figures 9, 10) to modify the

FIGURE 12
Global plate reconstruction in the late Paleogene (A) and Late Neogene (B) (modified after Scotese, 2004).

Frontiers in Earth Science frontiersin.org14

Wei et al. 10.3389/feart.2023.1095002

9392

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1095002


global plate reconstruction in the Late Paleogene (Figure 12A) and
Late Neogene (Figure 12B). In our study, the Tarim Block was
considered important and its response to adjacent blocks and ocean
evolution were highlighted.

To the south of the Tarim Block, some terranes and blocks
continue to deform, including the Tianshuihai, North Qiangtang,
South Qiangtang, and Lhasa blocks, in response to the ongoing
India-Asia collision (Figure 12). Since the collisions of the Lhasa
Block and the India Plate with the Asian Plate in the Late
Cretaceous, the mountains surrounding the Tarim Basin have
rapidly uplifted, with a large amount of compressive
deformation at the basin edges (Li et al., 2007; Jia, 2009;
Laborde et al., 2019). To the north of the Tarim Block, the
North and the South Tianshan Mountains were reactivated, and
fold-and-thrust belts localized the topographic front of the
mountain range (Jolivet et al., 2010; Jolivet et al., 2013; Laborde
et al., 2019). The basins that formed on the Central Asian Orogenic
Belt were small-sized continental basin groups (Song et al., 2022).
To the Northwest of the Tarim Block, there were also some basin
groups formed on the Kazakhstan Block, including the Syr Darya,
Turgay, Chu-Sarysu, and Balkhash Basin (Wang et al., 2019; Ma T.
et al., 2020).

Besides the long-lasting plate collision, global climate
change was another key on the paleogeography and tectonic
evolution of the Tarim Block and its adjacent blocks. As the
global sea levels fell, the Neo-Tethys Ocean gradually retreated
from Asian Plate in the Cenozoic (Sun and Jiang, 2013; Carrapa
et al., 2015; Sun et al., 2016a; Li et al., 2020; Sun et al., 2021). The
Tarim Basin has a paleogeographical evolution characterized by
a long-term stepwise Neo-Tethys sea retreat punctuated by
short-term shallow-marine incursions (Bosboom et al., 2011;
Bosboom, 2013; Bosboom et al., 2014). The last incursion
extended to the southwest and the north of the Tarim Basin
with its marine deposits and fossil assemblages, and the sea
retreated at ~37–25 Ma (Figure 12).

7 Conclusion

1. Several localized tectonic activities around the Tarim Basin
occurred due to the ongoing India-Asia collision in the
Cenozoic, causing tectono-paleogeography changes in the basin.

2. As the Neo-Tethys Ocean retreat finally occurred in the Tarim
Basin during the Late Oligocene - Early Miocene, the proto-type
basin of the Tarim Basin evolved from lagoon facies in the west
and terrestrial facies in the east in the Paleogene to the evolution
of terrestrial depositional environments in the Neogene.

3. By quantifying the compressive component of the Cenozoic
deformation, it could be seen that the main part of the
deformation was accommodated by the reactivated basin-
mountain system, mainly in the edges of the Tarim Basin and
surrounding ranges.
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Structural evolution and
mechanism of multi-phase rift
basins: A case study of the Panyu
4 Sag in the Zhu Ⅰ Depression,
Pearl River Mouth Basin, South
China Sea

Bowei Guo1,2, Fusheng Yu1,2* and Hui Li1,2

1College of Geosciences, China University of Petroleum (Beijing), Beijing, China, 2State Key Laboratory of
Petroleum Resources and Prospecting, China University of Petroleum (Beijing), Beijing, China

The study of changes in normal fault systems during different rift stages is
important to understand the genesis and evolution of multi-phase rift basins,
such as the Panyu 4 Sag in the Zhu ⅠDepression. Using 2D and 3D seismic data and
analogue modelling, the Zhu Ⅰ Depression was characterized as a series of half-
grabens bounded by NE-NEE-trending normal faults, it was found to have
undergone two phases of the extension during the Paleogene. The Zhu Ⅰ
Depression exhibited four fault sets with different strikes, including NNE, NE-
NEE, EW, and NWW. The main controlling faults were NE-trending and EW-
trending with high activity rates during Rift Phase 1 and Rift Phase 2, respectively.
The average azimuths of the dominant strikes for type Ⅰa, type Ⅰb, and type Ⅱ faults
were 75°, 85°, and 90°, which revealed that the minimum principal stress (σ3)
directions during the rift phases 1 and 2 of the Zhu Ⅰ Depression were SSE (~165°)
and near-EW (~180°), respectively. Two phases of structural-sedimentary
evolution, with different directions and analogue modelling results, illustrated
that the Panyu 4 Sag was formed as a superimposed basin under multi-phase
anisotropic extension. The structural evolution of the Panyu 4 Sag since the
Paleogene was mainly controlled by the combined effects of the Pacific,
Eurasian, and Indian plates. Since the orientation of subduction of the Pacific
plate changed from NNW to NWW, the stress field shifted from NW-SE-trending
tension to S-N-trending tension, causing the superimposition of late near-E-W-
oriented structural pattern on the early NE-oriented structural pattern.

KEYWORDS

structural evolution, analogue modelling, multi-phase rift basins, Panyu 4 Sag, Zhu Ⅰ
Depression, Pearl River Mouth Basin

1 Introduction

The evolution of rift basins can be generally divided into the syn-rift subsidence stage,
which is controlled by faults, and the post-rift thermal subsidence stage (McKenzie, 1978;
Ziegler and Cloetingh, 2004). The syn-rift subsidence stage of rift basins is usually a multi-
level and multi-phase stage (Ravnas and Steel, 1998; Morley et al., 2004; Henstra et al., 2015;
Deng et al., 2017). Many rift basins have developed through multi-phase extension

OPEN ACCESS

EDITED BY

Yuan Neng,
China University of Petroleum Beijing,
China

REVIEWED BY

Jinning Zhang,
China University of Petroleum Beijing,
China
Yonghe Sun,
Chongqing University of Science and
Technology, China
Shiguo Wu,
Institute of Deep-Sea Science and
Engineering (CAS), China

*CORRESPONDENCE

Fusheng Yu,
fushengyu@cup.edu.cn

SPECIALTY SECTION

This article was submitted to Structural
Geology and Tectonics,
a section of the journal
Frontiers in Earth Science

RECEIVED 21 November 2022
ACCEPTED 09 March 2023
PUBLISHED 20 March 2023

CITATION

Guo B, Yu F and Li H (2023), Structural
evolution and mechanism of multi-phase
rift basins: A case study of the Panyu 4 Sag
in the Zhu ⅠDepression, Pearl River Mouth
Basin, South China Sea.
Front. Earth Sci. 11:1103827.
doi: 10.3389/feart.2023.1103827

COPYRIGHT

© 2023 Guo, Yu and Li. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Earth Science frontiersin.org01

TYPE Original Research
PUBLISHED 20 March 2023
DOI 10.3389/feart.2023.1103827

9796

https://www.frontiersin.org/articles/10.3389/feart.2023.1103827/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1103827/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1103827/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1103827/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1103827/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1103827/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2023.1103827&domain=pdf&date_stamp=2023-03-20
mailto:fushengyu@cup.edu.cn
mailto:fushengyu@cup.edu.cn
https://doi.org/10.3389/feart.2023.1103827
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2023.1103827


comprising two or more rift phases, which are separated by a period
of tectonic quiescence (Deng et al., 2017), Such as the North Sea
Basin (Whipp et al., 2014), the Songkhla Basin, Thailand (Morley
et al., 2004), the East African Rift Valley (Korme et al., 2004), the
Dampier Basin, Australia (Frankowicz andMcClay, 2010), the Bohai
Bay Basin (Zhu et al., 2014), the Sichuan Basin (Ma et al., 2022), the
Pearl River Mouth Basin (Ge et al., 2017) and the Jianghan Basin
(Huang and Hinnov, 2014), China, etc. Multi-phase rifts, which
respond to plate or regional tectonic events, are the main controlling
factor in the formation of regional multi-cycle sedimentary
sequences (McKenzie, 1978; Morley et al., 2004). The extension
direction of rift basins usually changes during different rift periods.
The fault geometries and kinematics are produced by multiple
trends and various interaction styles within these basins (Ma
et al., 2020).

The Pearl River Mouth Basin (PRMB) is located at the northern
continental margin of the South China Sea (SCS) and is a rift basin
that developed on top of the Mesozoic fold basement (Yu, 1990;
Zhou et al., 1995; Wu et al., 2001; Chen, 2003; Zhu et al., 2008; Xie
et al., 2014). The PRMB has undergone a complex evolutionary
process owing to the combined effects of the Indian, Eurasian, and
Pacific plates (Zhong et al., 2014). The collision between Eurasia and
India and the subduction of the Pacific under the Eurasian plates
during the Mesozoic era led to the development of a series of pre-
existing structures, which laid the foundation for the formation and
development of the basin. The Zhu Ⅰ Depression is an important
hydrocarbon-rich unit within the PRMB. The structural evolution of
the basin controls hydrocarbon accumulation and reflects the
evolution of the SCS (Pigott and Ru, 1994; Zhou et al., 1995; Yao
et al., 2005; Shi, 2013; Liu et al., 2019).

The dynamics and evolution of the PRMB are still debated due
to the combined influences of the Pacific, Indian, and Eurasian
plates during the Cenozoic era. Regarding the dynamics, some
scholars consider it to be a rift basin that was controlled by a
series of NE-NEE-trending and EW-trending faults (Zhong et al.,
2014). However, other researchers consider it to be a pull-apart
basin, whose initial formation phase was controlled by strike-slip
and pull-apart motions (Cheng et al., 2012; Suo et al., 2014). In terms
of its evolution, the PRMB demonstrates obvious characteristics of
three-phase rifting (Jiao et al., 1997; Lv et al., 2012; Neng et al., 2013;
Wu et al., 2014). However, consensus about the age of each rift stage
is lacking, with the representative views being as follows. Some
authors proposed that the PRMB mainly underwent the first rifting
stage from the Paleocene to the middle Eocene, the second rifting
stage from the late Eocene to the early Oligocene, and the third
rifting stage during the late Oligocene. Neng et al. (2013) proposed
that the PRMB underwent three main stages of rifting evolution.
These included the initial rifting stage from the Paleocene to the
early Eocene, the early rifting stage during the middle Eocene, and
the thermal rifting stage from the late Eocene to the late Oligocene.
On the other hand, Wu et al. (2014) suggested a slightly different
framework for the rifting evolution of the basin. They identified
three stages as well, but with some variation in their timing and
nomenclature. These stages included the first rifting stage from the
Paleocene to the early Eocene, the second rifting stage during the
middle Eocene, and the third rifting stage from the late Eocene to the
early Oligocene. These views suggested that the PRMB experienced
multi-phase rifting from the Eocene to the early Oligocene.

To improve our understanding of the evolution of the PRMB, we
conducted seismic interpretation and analogue modelling to
elucidate the structural evolution process of the Zhu Ⅰ Depression
in this work, taking the Panyu 4 Sag in the Zhu Ⅰ Depression as an
example. Firstly, we described the geological background of the
studied area based on existing literature. Secondly, we studied the
distribution and evolution of faults and sedimentation according to
seismic interpretation and structural-sedimentary features of
different units of the Wenchang Formation. Thirdly, we carried
out analogue modelling to illustrate the formation of two-phase
rifting to better constrain the evolution of the internal sub-structural
units of the Panyu 4 Sag. Finally, a model for the formation of the
Panyu 4 Sag was proposed to elucidate the structural evolution of the
Zhu Ⅰ Depression.

2 Geological setting

The PRMB is a rift basin that formed from the Mesozoic to the
Cenozoic eras. The basin is bounded by a series of NE-NEE trending
faults (Chen and Pei, 1993; Robinson et al., 1998; Franke et al., 2014;
Jiang et al., 2015; Guo et al., 2022). The pre-existing NEE-trending
uplifts and faults divide the basin into the present structural framework
of three uplift zones and two depression zones (Li, 1993; Chen et al.,
2003; Shi et al., 2012; Zhong et al., 2014; Figure 1A), which are the
Northern Uplifted Belt, theNorthernDepression Zone (including Zhu Ⅰ
Depression and Zhu Ⅲ Depression), the Central Uplifted Belt
(including Shenhu Uplift, Panyu Uplift, and Dongsha Uplift), the
Southern Depression Zone (consisting of Zhu Ⅱ Depression and
Chaoshan Depression), and the Southern Uplifted Belt (Li, 1994;
Robinson et al., 1998; Chen, 2000; Zhang et al., 2004; Sun et al.,
2010; Leyla et al., 2015).

Five typical unconformities relating to the seismic surfaces
represented the Shenhu, the First episode of Zhuqiong, and the
Second episode of Zhuqiong, Nanhai, and Dongsha events,
respectively. (Zhong et al., 2014; Ge et al., 2017; Figure 1A). The
Shenhu (undeveloped in the study area), Wenchang (E2w), and
Enping (E2en) formations were developed in the syn-rift stage which
was affected by the Shenhu, First episode of Zhuqiong and Second
episode of Zhuqiong tectonic events (Figure 1D).

The Zhu Ⅰ Depression is a sub-unit on the northern side of the
PRMB. It has a NE-SW orientation and covers an area of
approximately 38,000 km2, with the Central Uplift Belt to its
south, the Zhu Ⅲ Depression to its west, and the Northern Uplift
Belt to its north (Figure 1A). The Zhu Ⅰ Depression can divide
into five sags, namely, Enping Sag, Xijiang Sag, Huizhou Sag,
Lufeng Sag, and Hanjiang Sag from west to east, with four low
uplifts - Enxi, Huixi, Huilu, and Haifeng low uplifts, separating
them from each other (Zhong et al., 2014). The Zhu I Depression
underwent only two rift phases from the middle Eocene to the
early Oligocene since the Shenhu event did not occur in this area
(Ding et al., 2015). These two rift phases resulted in the creation
of the Wenchang and Enping Formations. Therefore, two rift
phases were named after “Rift Phase 1 (RP1)” and “Rift Phase 2
(RP2), respectively (Ma et al., 2020; Figure 1D).

The Xijiang south Sag (Panyu 4 Sag), which has similar
structure and evolution characteristics to the Zhu Ⅰ
Depression, is a sub-unit on the south-central side of the Zhu
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Ⅰ Depression (Figure 1C). The tectonic location and multi-phase
structural evolution have resulted in complex internal structure,
and the unit has undergone multi-phase erosion. To the east of
the boundary faults, the sequence was terminated by the
overlying interface on the west side during the early stage. To
the north of the boundary faults, the sequence was terminated by
the overlying interface on the south side during the late stage. The
Panyu 4 Sag could be subdivided into five secondary negative
structural units, namely, Northern, Central, Southern, Western,
and Northwestern Sub-sags (Figures 1C, 5). Therefore, the study

of the Panyu 4 Sag could well reflect the internal structure and
evolution characteristics of the Zhu Ⅰ Depression.

3 Data and methodology

3.1 Date

Two-dimensional (2D) and three-dimensional (3D) seismic
data were utilized to describe the geometries and kinematics of

FIGURE 1
(A) Location and structural units of the Pearl RiverMouth Basin, South China Sea, NUB -NorthernUplift Belt, NDZ -Northern Depression Zone, CUB-
Central Uplift Belt, SDZ- Southern Depression Zone, SUB - Southern Uplift Belt, Ⅰ - Zhu ⅠDepression, Ⅱ- Zhu ⅡDepression,Ⅲ - ZhuⅢDepression (Liu et al.,
2019); (B) The structural units and major faults of the top of the basement in the Zhu Ⅰ Depression (Hu, 2019); (C) The structural units and major faults of
the Panyu 4 Sag; (D) Tectonostratigraphic evolution of the Pearl River Mouth Basin (modified after Chen and Zhang, 1991; Zhang et al., 2003; Zhu
et al., 2008).
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rift-related faults, including boundary faults and secondary faults.
The seismic data, provided by Shenzhen Company of CNOOC, had
high dominant frequency and consisted of two parts. The first part
was the seismic data of the entire Zhu I Depression (Figure 1B;
Figure 2, 3), which was used to explain the geometries of faults and
the transformation of the stress field during different rift periods.
The second part was the local data volume of the Panyu 4 Sag, which
was used to analyze the fault evolution during different periods.
Seismic data interpretation and fault throw curves were conducted
along the fault strike in the main fault zone of the Panyu 4 Sag.

3.2 Methodology

In this work, several regional unconformities (Tg, T80 and T70)
were identified based on the strata terminations and seismic
reflections, separating the pre-rift, RP1, and RP2 periods. In

addition, combining drill well data, some unconformity surfaces
(T85, T84, T83, T82, T81 from bottom to top) were identified within
the RP1 in the Panyu 4 Sag. These unconformity surfaces, together
with regional unconformity surfaces (Tg and T80), divided the
Wenchang Formation into six members (Members six to one
from bottom to top (Figure 8A) in the Eocene rift period.
Interpreted horizons were demarcated by synthetic seismograms,
which were consistent with stratigraphy, and had the same names
(Figure 1D).

Different types of faults were identified based on seismic data,
including twenty major faults (F1-F20) representing the boundary
faults or interior major faults of the RP1 and RP2 periods in the
whole Zhu ⅠDepression (The RP1 and the RP2; Figures 1B, 2, 3). The
relationship between different types of faults was analyzed by
interpreting four NW-SE sections crossing the Zhu Ⅰ Depression
(Figure 2). Additionally, three NWW-SEE and two NNE-SSW
sections crossing the Panyu 4 Sag were analyzed to illustrate the

FIGURE 2
Typical seismic profiles of fault system in the Zhu Ⅰ Depression (for section locations, see Figure 1B).
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structural units and evolution of faults in two different rifting
directions (Figure 5).

The seismic profiles of the Panyu 4 Sag, PY-1 drilling data, and
logging data were used to interpret, calibrate and close layers for
each sequence interface. Sedimentary and eroded thickness of six
members of the Wenchang Formation (Figures 8B–F) in Panyu
4 Sag were calculated by using seismic interpretation and
extrapolation of structural trends (Figure 8). Crossline and inline
were extrapolated and closed with an accuracy of 1 km × 1 km on the
workstation. Based on these analyses, the prototype basin was
established (Figure 10).

The tectonic subsidence history of the Panyu 4 Sag was
recognized using the back-stripping analysis (balanced cross
section) technique. A seismic line was chosen as a representative
profile to demonstrate the basin structure and stratigraphic
variations within the sag (Figure 9).

Based on the distribution of faults and local stress field during
different stages in Panyu 4 Sag of the Zhu ⅠDepression, one analogue

model was set up to simulate the structural evolution. The sandbox
model measured 57 cm long and 60 cm wide and was driven by one
motor at the left side of the model and one plastic sheet measuring
30 cm × 17 cm × 1 mm (Figure 11A). A thin elastic rubber sheet
(thickness of 1 mm) was placed at the bottom of the model and fixed
on two sidewalls from the left and right sides to initiate extension
from the left side. One plastic plate (The size shown in plastic plate
1 of Figure 11A) was placed on the rubber sheet close to the right
side to simulate the local granite located on the hanging wall of the
Fp1 in the basement. Another plastic plate (Plastic plate 2 in
Figure 11A) measuring 30 cm × 15 cm × 5 cm was placed on the
steel plate close to the left side to represent the basement granite
which was located on the hanging wall of the faults Fp7、Fp8 and
Fp64 in the basement. During extension stages 1–3, the left mobile
sidewall was made to pull out at a rate of 0.25 mm/min. One layer of
loose sand (total thickness of 6.2 cm) was sieved at the bottom of the
model to simulate the metamorphic sedimentary layer (Table 1a;
Figure 11B). The deformation of the model surface was covered by

FIGURE 3
(A) The distribution of faults during the RP1; (B) The distribution of faults during the RP2; (C) The sedimentary thickness during the RP1; (D) The
sedimentary thickness during the RP2.
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TABLE 1 Kinematics and scaling parameters of models presented in this study.

a) Kinematics of models presented in this study

Deformation phase (#) Extensional stage 1 Extensional stage 2 Total thickness (cm)

Extension direction Total extension amount (cm) Extension direction Total extension
amount (cm)

1 NW-SE 1.5 6.2

21 NW-SE 3 6.5

22 NW-SE 6.5 6.5

23 NW-SE 12 6.5

31 NW-SE 12.5 7

32 NW-SE 15 7

41 N-S 1 7.3

42 N-S 2 7.3

5 Subsidence stage after erosion 7.9

b) Scaling parameters of the model

Scaling Parameter Model Nature Model/Nature ratio

Length, l m) 0.01 1,000 1.0 × 10−5

Density (sand) ρ (kg m −3) ~1,450 ~2,700 0.54

Gravity acceleration, g (m s −2) 9.81 9.81 1

Stress, σ (Pa) σ * = ρ * g*l* ~0.54 × 10−6

Grain shape Well-rounded - -

Grain size (mm) 0.20 - -

Friction angle ~36 ~40 0.9

internal friction μ) 0.73 0.84 0.86

cohesion (τ0) (Pa) 100-140 107 1.0-1.4 × 10−5
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an additional layer of white sand (thickness of 0.3 cm) to represent
Member 6 after 1.5 cm bulk extension from the left side. The left
motor continued to move until the total extension reached 12.0 cm,
then a 0.5-cm-thick white sand layer was sieved on the depressed
area of the deformation model to represent the deposition of
Members 5 and 4. The left motor was stopped after 15.0 cm of
total extension, and a 0.3-cm-thick white sand layer was sieved on
the model surface to represent the deposition of Members 3 and 2.
Eventually, three layers of white sand (total thickness of 1.1 cm)
were sieved uniformly on the surface of the first layer of sand to
represent the deposition of the Wenchang Formation (E2w).
Following the subsidence, the model was pulled by the plastic
sheet at a rate of 0.2 mm/min to simulate the second extension
stage. The model was driven by the plastic sheet to continue the
second extension stage simulation until 2.0 cm of total displacement
reached.

Finally, we obtained a structural evolution model of the Zhu Ⅰ
Depression (Figures 13, 14). The seismic interpretation was
performed using Geo-frame software; data statistics and
sandbox model reconstruction were performed using Petrel
software. All statistical graphics were acquired through
Shuanghu software.

4 Fault systems of the Zhu I depression

4.1 Distribution of faults

The study area comprised four fault sets with different
strikes, including NNE, NE-NEE, EW, and NWW directions.
Most of these faults were syn-rift faults during the Paleogene,
and some post-rift faults formed during the Neogene. Based on
the control exerted by the faults on the internal structural units
of the depression, the Paleogene syn-rift faults in the Zhu I
Depression could be divided into the main controlling boundary
faults and the accommodation faults within the depression. The
main controlling boundary faults controlled the formation and
development of the depression, and had an important influence
on the deposition process in the Paleogene. Approximately
twenty such faults could be identified in the Zhu I
Depression, including two faults (F1-F2) in the Enping Sag,
three faults (F3-F5) in the Xijiang Sag, ten faults (F6-F15) in the
Huizhou Sag, and five faults (F16-F20) in the Lufeng Sag. These
faults were mainly distributed in the northern and southern
parts of the depression zone and in the margins of low uplifts
inside the depression, and they mostly cut into the basement,
with a large fault throw (more than 1,000 m in Tg reflection
layer), long extension distance (more than 30 km), and strong
sedimentation controlling effects (sedimentation thickness of
Wenchang and Enping Formations is more than 500 m). Most
of the fault surfaces were listric, and a few of them had planar
and ramp-flat surfaces. In terms of the dip angle of the faults, the
western boundary faults of the depression (Enping Sag and
Xijiang Sag) were mainly low-angle normal faults with dips
ranging from 17° to 36°, while the eastern boundary faults of the
depression (Huizhou Sag and Lufeng Sag) were mainly high-
angle normal faults, except for the fault F6. The dip angles of the
faults were generally greater than 40°. Accommodation faults

were mainly formed by displacement adjustment during the
activity of the main controlling boundary faults and had a
controlling effect on the development of sub-sags, secondary
structural belts, and local structures. They were characterized by
a short extension (less than 20 km), small fault throw, and steep
dip angles (above 45°) during the early deformation stage. On
dip-oriented profiles, these faults cut into the basement and
ceased in the Neogene, being overlain by nearly horizontal
strata.

4.2 Evolution of faults

During the rift stage, most faults were active until the early
Oligocene (Below the T70 unconformity interface), and some of
the faults continued to be active until the Quaternary. Based on
the period during which the faults were active, the rifting
structural layers could be divided into the RP1 and RP2 fault
structural layers by the T80 unconformity interface. Most newly
generated faults during the RP1 cut downward to the basement
and upward to the Enping Formation, some faults cut
downward to the basement and ceased in the Wenchang
Formation, and a few faults only developed within the
Wenchang Formation. Most of the faults in the RP2 were
inherited faults from the RP1, some newly generated faults in
the RP2 cut the Wenchang and Enping formations, some faults
cut into the basement, and a few faults only developed within
the Enping Formation.

The large number of normal faults developed during the
early rifting stage formed the pre-existing weak surface for the
development of the late faults, which had an important
influence on the development of the late faults. Under the
same stress state, it is much easier for pre-existing faults to
re-activate along the weak zone than for the new faults with the
same attitude to be generated (Morley et al., 2004; Tong et al.,
2014). Whether the early normal faults inherit activity in the
late rifting stage depends on many factors, such as the tectonic
strength, the extensional direction, and the magnitude of the
intersection angle between the stress direction and the strike of
the pre-existing faults during the late rifting stage. New faults
with direct expression of the stress field in the geological body
were not influenced by earlier pre-existing faults, and their
characteristics best reflect the tectonic dynamics (Morley
et al., 2004). Therefore, to study the kinetic characteristics of
the RP1 and the RP2, it is necessary to separately investigate the
inheritance and neogenesis of faults during the two rifting
phases. Based on the development of inherited faults, the
active faults in the two rifting stages are divided into three
types: Type Ⅰa faults are those that fault began to develop during
the RP1. Type Ⅰb faults are inherited Type Ⅰa faults that
continued to develop during the RP2; Type Ⅱ faults are those
that began to develop during the RP2 (Figures 2, 3).

The characteristics of fault activity and the spreading of syn-
sedimentary faults in different periods can fully reflect the
evolutionary characteristics of the fault system. The fault
activity could be characterized quantitatively by the throw
between the hanging wall and footwall and the fault activity
rate (Xu et al., 2010). Analysis of the activity of the main
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boundary faults (F1-F20) in the study area revealed obvious
differences in the activity of different strike faults in each period
in the study area. The NE-NEE-trending faults exhibited
strongest activity during the RP1, and the intensity of
activity along other faults followed the order NNE > NE-
NEE > NWW > EW. The maximum fault activity rate of F1,

F3, and F4 exceeded 250 m/Ma. A series of depocenters was
formed along the strikes of these faults, controlling the
development of sedimentary strata. The fault activity rates of
the Huizhou and Lufeng Sags were relatively low, ranging from
50 to 200 m/Ma (Figure 4D). There were multiple groups of
fault strikes, which jointly controlled the development of the

FIGURE 4
(A) The strike rose diagram of type Ⅰa faults; (B) The strike rose diagram of type Ⅰb faults; (C) The strike rose diagram of type Ⅱ faults; (D) The fault
activity rate of main faults during the RP1 and the RP2.
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sags, forming a deposition unit with a wide area. The fault
activity decreased significantly but was still strong. A large
number of EW-trending and NW-trending faults developed
within the depression in the RP2. The intensity of fault
activity was EW > NWW > NE-NEE > NNE. At this time,
strong fault activity was mainly concentrated in the eastern part
of the northern margin of the depression, where the fault
activity rate of the F11 and F13 exceeded 250 m/Ma, while
that of other faults mainly ranged from 100 to 200 m/Ma
(Figure 4D). NE-NNE-trending faults stopped developing in
the late RP2 and were replaced by new faults in the later period.
During this period, the depositional range of the Zhu I
Depression was expanded, but the depocenter was reduced to
one. As a result, the thickness of the Enping Formation was
thinner compared to that of the Wenchang Formation
(Figures 3C,D).

The fault strike statistics provided valuable information for
analyzing the stress field during fault formation. The dominant
strike average azimuths of type Ⅰa, type Ⅰb, and type Ⅱ faults were
75°, 85°, and 90° (Figures 4A–C), which revealed that the
minimum principal stress (σ3) directions in the RP1 and
RP2 of the Zhu Ⅰ Depression changed from the SSE (~165°)
to near-EW (~180°). Moreover, the direction of the minimum
principal stress in different sags from west to east within the
Zhu Ⅰ Depression changed to a certain extent (Zhou et al., 1995),
possibly due to the existence of structural weak surfaces, which
resulted in the formation of regional stresses that acted on
different local structural deformation zones and led to stress
re-orientation (Corti et al., 2013; Philippon et al., 2015). The
change in the direction of minimum principal stress could also
have been related to clockwise rotation during the dragging of
the ancient SCS plate (Liu et al., 2018).

FIGURE 5
Seismic profiles of the Panyu 4 Sag (for section locations, see Figure 1C). AA’, BB’, CC’, DD’, EE’ - Seismic line; PY4S - Southern sub-sag; PY4N -
Northern sub-sag; PY4C - Central sub-sag; PY4W - Western sub-sag; PY4NW - Northwestern sub-sag; E2w - Wenchang Formation of Eocene; E3en -
Enping Formation of later Eocene and early Oligocene; E3Zh - Zhuhai Formation of Oligocene; N1Zh, N1h, N1y, respectively, denote the Zhujiang,
Hanjiang, Yuehai Formations of Miocene; N2w - Wanshan Formation of Pliocene.
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FIGURE 6
TheDisplacement-distance curves ofmain controlling faults (Fp1, Fp2, Fp7, Fp8, Fp9, Fp14) in the Panyu 4 Sag. TheDisplacement-distance curves of
Fp1 and Fp2 during the RP1 (A–E) and RP2 (F); The Displacement-distance curves of Fp7, Fp8, Fp9 and Fp14 during the RP1 (G) and RP2 (H).
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5 Structural-sedimentary evolution of
the Panyu 4 Sag

5.1 Structural units of the Panyu 4 Sag

The five sub-sags of Panyu 4 Sag exhibited some differences.
Northern Sub-sag consisted of a full-graben with faults dipping to
the east and west (Figures 1C, 5). Owing to changes in the intensity
of activity of the main controlling faults on the eastern and western
sides, the structural characteristics of Northern Sub-sag
demonstrated variations during different periods. During the
deposition of Member 6, Fp1 (F4) on the eastern side was more
active than Fp2 on the western side (Figure 6A), resulting in thicker
sedimentary strata on the eastern side and thinner sedimentary
strata on the western side. During the deposition of Members 5 and,
Fp1 and Fp2 exhibited the same intensity of activity (Figures 6B,C),
forming a graben and a series of secondary half-graben assemblages,
which developed in the footwall of Fp2. During the deposition of
Member 3 to 1, the high intensity of activity of Fp2 resulted in
thinner sedimentary strata on the eastern side and thicker
sedimentary strata on the western side (Figures 6D–F).

The sedimentation of Central Sub-sag, which was continuously
controlled by Fp1 on the eastern side, formed the central part of the

main sag with features of a half-graben. The eastern side was
bounded by a fault. On the western side, the sequence was
terminated by the overlying interface (Figures 1C, 5).

NW-SE-trending extension during the deposition of Members
6 to 2 caused the formation of Southern Sub-sag, which featured a
half-graben with a boundary fault on the east side (Figures 1C, 5).
The portion of the eastern steeply sloping area with the maximum
sedimentary thickness was located close to the hanging wall of Fp1.
Owing to the near-S-N-oriented extension during the deposition of
Member 1, Fp1 inherited the original active condition under the
oblique extension, forming an inherited half-graben. The near-E-W-
trending faults cut the Wenchang and Enping Formations on the
seismic profile, but these faults had no obvious controlling effect on
deposition.

Before the deposition of Member 1, Western sub-sag was a
sloping landform. Most of the strata from Members 6 to 2 were
thinning or missing (Figures 1C, 5). However, it formed a half-
graben with a boundary on the northern side during the deposition
of Member 1.

Northwestern Sub-sag was derived from the eastern extension of
the Xijiang Middle-Low Uplift (Figures 1C, 5). The Wenchang
Formation was missing from the profile. A few faults began to
develop during the deposition of the Enping Formation.

FIGURE 7
The comparison of syn-sedimentary faults, strike rose diagram of faults and sedimentary thickness distribution from Member 1 to Member 6 [from
(A–F)] of Wenchang Formation.
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5.2 Fault system of the Panyu 4 Sag

The fault systems could be divided into early and late extensional
fault systems based on the principle of combination and matching of
fault phases in the Panyu 4 Sag. The early fault system referred to
faults that developed during the deposition of Members 6 to 2,
whereas the late fault system mainly referred to faults that formed
during the deposition of Member 1.

The early fault system was dominated by NE-trending faults
(40–60°), followed by a few near-EW-trending and NEE-trending
faults (Figure 7). The NE-trending faults were cut by the near-EW-
trending faults, which were transverse accommodation faults, and
the NEE-trending faults developed and aligned diagonally during
the deposition of Members 3 and 2 (Figures 7B,C). The fault system
in this period was mainly a combination of normal faults formed
under the action of NW-SE-oriented extensional stress. The NEE-
trending normal faults formed during the deposition of Member 2
(Figure 7B), possibly during the period when the stress field began to
shift from the NW-SE direction to the NNW-SSE direction. They
developed in the near-S-N-trending crossline and exhibited steep
dip angles, short extents, and features indicating that they were
newly developed. The near-EW-trending transverse
accommodation faults (Fp4, Fp5, Fp6, and Fp10) had a
controlling effect on the deposition of Members 6 to 4
(Figures 7D–F).

The late fault system was dominated by NWW-trending faults
(280–290°) that developed from the deposition of Member 1 of the
Wenchang Formation to the Enping Formation (Figure 7A), with a few
NE-trending faults (50–70°). The NWW-trending faults were arranged
in parallel belts, and the faults in the same belt were distributed in a
segmented pattern, while the NE-trending faults were arranged in an
arc-shaped series andwere cut by theNWW-trending faults. This phase
of the fault system was a combination of tensor faults formed under
near-S-N-oriented extensional stresses. TheNWW-trending faults were
formed in the direction of vertical tension and exhibited steeply dipping
slab-like surfaces; they continued to be active after the deposition of the
Wenchang Formation. The NE-trending faults were inherited faults
with tensional and torsional features that were based on pre-existing
faults. The NE-trending main boundary faults, such as Fp1 and Fp2,
exhibited large extents. The NWW-trending sag-controlled faults, such
as Fp7, Fp8, Fp9, Fp11, and Fp14, had large extents (Figures 6G,H),
whereas the curved NE-trending faults had small extents.

5.3 Thickness distribution of Wenchang
Formation

Six members of the Wenchang Formation could be identified in
the Panyu 4 Sag, (Zhu et al., 2014; Ge et al., 2019), and the following
features of each member were noted (Figure 7).

Member 6 had a relatively small distribution area, which was
narrow along the NE direction with a maximum thickness of
450 m; it was confined to the main sag (Northern, Central, and
Southern Sub-sags). There was a small amount of sediment on the
slope on the southeastern side (Figure 7F). The distribution area
of Member 5 was the largest in Wenchang Formation, with the
overall strike oriented in the NE-SW direction. In addition to the
main sag, it was found on the slope, with a maximum thickness of

1,100 m (Figure 7E). The distribution area of Member 4 was
smaller than that of Members 6 and 5. It exhibited a NE
orientation and was confined to the northeastern part of the
main sag; the maximum thickness of Member 4 was 500 m
(Figure 7D). A gradual reduction in the distribution area was
observed from Member 4 to Member 2, reflecting the gradual
shrinkage of the basin; the maximum thicknesses of Members
3 and 2 were 400 m and 650 m, respectively (Figures 7B,C). The
distribution area of Member 1 was larger than those of Members
3 and 2; it covered the entire western slope area, and the strike of
the thickness contour exhibited a shift to a near-EW orientation,
which reflected the characteristics of basin regeneration. The
maximum thickness was 700 m (Figure 7A).

There were three relatively independent depocenters in
Member 6. The thickness and distribution area of the
depocenters in the north were slightly larger than those in the
south. From Members 5 to 2, three independent depocenters
gradually evolved into a unified depocenter and migrated from
north to south. The axis of the depocenter was oriented NE,
parallel to the main controlling boundary fault on the eastern
side, indicating that the intensity of activity of the controlling
boundary fault gradually increased from north to south. The
depocenter on the southwest slope was oriented NEE, whereas
that in the main sag on the eastern side was oriented NE, which
reflected the coexistence of inheritance and regeneration.

5.4 Eroded thickness recovery

The eroded thickness contours of Member 1 were distributed
throughout the region, but the scale of the erosion and the strike of
the contours varied. In Western Sub-sag, the eroded thickness was less
than 100m, and the contour linewas oriented EW.The erosion of theT80
interface on Member 1 could not be observed clearly. Furthermore, the
structural trend extrapolation method was not very reliable for the
calculation of the eroded thickness, and only a small amount of
estimation was possible, so the actual eroded thickness was of little
significance. The NE-trending eroded thickness contours in Northern,
Central, and Southern Sub-sags showed an anticlinal structure in the
seismic profile, so the eroded thickness was relatively reliable, and the
maximum value was approximately 260m, which was equivalent to the
thickness of the core of the anticline (Figure 8B). The eroded thickness
contours of the Member 2 were only distributed on the southern side of
Northern Sub-sag and southwestern side of Southern Sub-sag. The area
with the greatest eroded thickness was the same as that ofMember 1, and
the maximum eroded thickness was 200m (Figure 8C). The eroded
thickness contours of Member 3 were only distributed in Northern Sub-
sag, and the eroded area of E2w3 was smaller than that of Member 2. The
areawith the largest amount of erosionwas the same as that ofMember 2,
and themaximumamount of erosionwas 120m (Figure 8D). The part of
the northeast side that extended slightly northward was the result of the
erosion of theT81 unconformity. The eroded thickness ofMembers 3 to 1,
whose maximum eroded thickness was located at the same position with
the total thickness being less than 600m, was mainly caused by the T80
unconformity. The eroded thickness contours of Member 4 were
distributed in narrow strips in Northern, Central, and Southern Sub-
sags, but the causes of erosion varied (Figure 8E). The T83 unconformity
was themain cause of the eroded thickness ofMember 4 in Southern and
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Central Sub-sags. The erosion was pronounced at the zone of transition
between the slope and depression; the maximum thickness was close to
200m, and the contour trend was oriented NE. In Northern Sub-sag, the
eroded thickness contours were oriented EW.Themaximumerosionwas
180m and the point thereof was close to the main boundary fault on the
eastern side; it formed due to the erosion of the T80 unconformity. In
contrast, the eroded thickness was significantly reduced (less than 100m)
on the western side and was caused by the erosion of the T81
unconformity, indicating that the intensity of erosion of T80 was
greater than that of T81. The distribution of eroded thickness

contours for Member 5 was limited, and only a small amount of
erosion was distributed in Southern and Northern Sub-sags
(Figure 8F). The maximum amount of erosion in Northern Sub-sag
was approximately 180m, and the location of the area of maximum
erosion was the same as that for Member 4; it was caused by erosion of
the T80 unconformity. Themaximum eroded thickness ofMember 4 was
the same as that ofMember 5, and bothwere caused by erosion of the T80
unconformity; the total eroded thickness was approximately 360m. The
eroded thickness at this position of Member 1 was 140m, so the total
eroded thickness of the Wenchang Formation at the same position from

FIGURE 8
(A) The principle of structural trend extrapolation to restore erosion amount. (A) Eroded thickness of Member 1; (B) Eroded thickness of Member 2;
(C) Eroded thickness of Member 3; Mbr - Member, Fm - Formation. The eroded thickness recovery from Member 1 to Member 5 [from (B–F)] in Panyu
4 Sag.
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Members 5 to 1 was 500m. The area with a large amount of erosion was
located in the developed part of the anticline, whichwas a rolling anticline
formed in the hanging wall of Fp1 during the period of strong extension.
During the formation of the T80 unconformity, the fold amplitude
increased due to the tectonic uplift of the Zhuqiong event, so it
suffered the strongest erosion.

5.5 Evolution of the Panyu 4 Sag

The structural evolution of the Panyu 4 Sag in the Cenozoic
could be divided into three periods (six stages), namely, the
early rift period, late rift period, and thermal subsidence period
(Li, 1989; Zhu et al., 2008; Chen and Zhang, 1991; Zhang et al.,
2003; Figures 9, 10). The evolution of the Panyu 4 Sag could be
divided into three stages from the deposition of Members 6 to 2,
which were the initial faulting stage (IFS), the strong faulting
stage (SFS), and the weak faulting stage (WFS, Figure 9).

5.5.1 Early rift period
The IFS referred to the deposition of Member 6. It was equivalent to

the beginning of the first episode of the Zhuqiong event, which caused the
PRMB to enter a strong rifting phase (themiddle Eocene, Figures 9, 10F).
The sedimentary filling was mainly composed of coarse clastic rocks
formed in rivers, alluvial fans, fan deltas, and similar environments (Jiang
et al., 2015). The faults controlling deposition were mainly the NE-
trending faults, which developed under an NW-SE tensile stress regime,
along with a small number of accommodation faults. Fp1 and small-scale
transfer normal faults mainly developed in Southern and Central Sub-
sags. In addition, Southern andCentral Sub-sags were controlled by faults
along the east-west boundary. There were also EW-trending lateral
accommodation faults and a few NEE-trending transfer faults in
Northern Sub-sag. The intensity of activity of the sag-controlling
faults was high in the east and low in the west; it was high in the
north and south and low in the central region.

During the process of structural evolution, the boundary of
Northern Sub-sag was controlled by Fp1 in the east and Fp2 in the

FIGURE 9
Structural evolution profile of Panyu 4 Sag. Mbr - Member, Fm - Formation.
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west. Because the intensity of activity of Fp1 was greater than that of
Fp2, the sedimentary thickness was thick in the east and thin in the
west. The depocenter was close to Fp1 on the east side, with a
maximum thickness of 450 m. The boundary of Central Sub-sag was
controlled by Fp1 on the eastern side, and by two small faults
developed on the western side, forming a horst-graben interphase
structure. Due to the low intensity of fault activity, the deposited
strata were distributed in a plate-shaped area with a thickness of less
than 200 m. The Southern Sub-sag was bounded by Fp1 on the east
side, forming a half-graben. The distribution area was limited to the
main sag, with no deposition on the western gentle slope. Three
small depocenters, resembling a string of beads, were located near
the main boundary fault on the east side; the maximum thicknesses
were 250 m, 400 m, and 330 m. Northwestern Sub-sag was a sub-
uplift during this period; it originated from the eastern extension of
the Xijiang Middle-Low Uplift. It gradually transitioned from
Central Sub-sag and was separated from Northern Sub-sag by
faults. Western Sub-sag was a secondary structural unit that
gradually transferred from Southern Sub-sag. During this period,
it was a gently sloping landform and was in a state of erosion, and no
residual strata were present.

The SFS referred to the deposition of Members 5 and 4 (Figures
9, 10d-e). It was equivalent to a period of intense activity during the

first episode of the Zhuqiong event. The area of the sag distribution
increased significantly. Faults were mainly planar, listric, and ramp-
flat faults, with various combinations of step and domino styles.
EW-trending and NEE-trending accommodation faults were widely
developed; the structural trend was mainly oriented NE.

Northern Sub-sag exhibited a graben structure with double
faults in the east and west. With the increase in the intensity of
activity of Fp2, many domino accommodation faults developed on
its hanging wall, and two new faults (Fp3 and Fp64) developed on
the footwall, forming a half-graben. The distribution area of
Members 5 and 4 was significantly larger than that of Member 6,
and a new depocenter was developed near Fp2, with a maximum
thickness of approximately 500 m. The Central Sub-sag was a half-
graben controlled by Fp1 on the east side. The increase in intense
activity of Fp1 on the eastern side gave rise to multiple stepped
accommodation faults on the hanging wall and caused the
development of small listric normal faults on the slope, forming
a half-graben. Compared to Member 6, the thickness of Member
5 increased; it was thick in the east and thin in the west, with a
maximum thickness of approximately 1,100 m. The thickness of
Member 4 was reduced to approximately 300 m, indicating that the
intensity of activity of the sag-controlling faults reduced. Southern
Sub-sag appeared as a single half-graben, and the intensity of fault

FIGURE 10
The superimposition of original sediment thickness and syn-sedimentary faults from Member 1 to Member 6 [from (A–F)] in Panyu 4 Sag.
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activity at the eastern boundary as well as the thickness of deposits
increased significantly. In Southern Sub-sag, the eastern side was
bounded by a fault. On the western side, the sequence was
terminated by the overlying interface. The distribution area of
Members 5 and 4 extended across the entire western slope and
was significantly larger than that of Member 6. The depocenter was
close to the main boundary fault on the eastern side, with a
maximum thickness of 700 m. Northwestern Sub-sag did not
receive sediment input. Western sub-sag, which gradually
transferred to Southern Sub-sag, was a gentle slope with a small
amount of deposition.

TheWFS referred to the deposition of Members 3 and 2 (Figures
9, 10b-c). Because structural activity diminished, the subsidence of
the basin slowed down, the area of deposition decreased, and the
thickness of sediments reduced. In addition to the continuous
activity of the sag-controlling boundary faults, a series of small-
scale NEE-trending en echelon normal faults developed in the
southern part of Northern Sub-sag, which appeared as a stepped
combination in the section. The fault activity in Northern Sub-sag
weakened, and the deposition area reduced and was limited to the
hanging wall of Fp2. The thickness of deposition was significantly
reduced, with a maximum thickness of less than 350 m. The
intensity of fault activity in Central Sub-sag reduced, but there
were some stepped faults trending opposite to the main fault trend.
The deposition area reduced, and the thickness of the deposition was
approximately 300 m. The intensity of fault activity in Southern
Sub-sag reduced, and the deposition area decreased and disappeared
on the western gentle slope; the maximum thickness of deposition
was close to 400 m. The upper part of Member 4 in the transitional
part of the slope and sag was eroded. Northwestern Sub-sag did not
receive sediment input, and Western Sub-sag was in the form of a
gentle slope with no stratigraphic deposition.

5.5.2 Late rift period
The late rift period started from the deposition of Member 1 in

the Panyu 4 Sag and continued until the end of the deposition of the
Enping Formation (the late Eocene to the early Oligocene). Based on
the deformation style and the distribution characteristics of the local
unconformity, it was divided into two stages, namely, an IFS and an
SFS (Figure 9).

The IFS referred to the deposition of Member 1 (Figures 9, 10A).
It was equivalent to the period of sediment deposition between the
two reflection interfaces (T80 and T81) on the seismic profiles. The
area of deposition increased significantly. Except for Northwestern
Sub-sag, the sediments of Member 1 were distributed in other
secondary structural units. The seismic reflection was
characterized by continuous weak reflection, and the sediments
were mainly fluvial deposits. Except for the inherited activities of
the NE-trending main controlling boundary faults, the newly
developed sag-controlling faults and their associated faults in
Western Sub-sag were NWW-trending, forming a half-graben
controlled by faults on the north side or a combination of
stepped faults. The direction of the fault strike in this period
changed from its NE orientation during the early rifting period
to the NWW orientation, and the regional stress field changed from
NW-SE-trending extension to near-SN-trending extension. This
was a significant period of structural transformation in the Panyu
4 Sag with the orientation of the T81 unconformity coinciding with

that of T80. Moreover, there was no obvious erosion between T81 and
T80 in the sag, and Member 1 exhibited a large residual thickness.
Therefore, it was believed that the T81 unconformity in the Panyu
4 Sag might be the product of the beginning of the second episode of
the Zhuqiong event, which led to the second rifting of the PRMB and
the formation of near-E-W-trending faults.

During the structural evolution, the pre-existing NE-trending
boundary faults within the Panyu 4 Sag underwent tensional and
torsional activity, and they controlled the deposition of Member 1.
In Northern Sub-sag, a small amount of Member 1 sediment was
deposited in the upper part of Fp1 and Fp2. At this time, the activity
of Fp2 was slightly more intense than that of Fp1, which formed an
asymmetrical graben combination that was thicker in the west and
thinner in the east, with the thickest part (approximately 300 m)
located in the upper part of Fp2. In Central Sub-sag, a small amount
of Member 1 was deposited, with a thickness of less than 200 m. The
top of Member 2 in Southern Sub-sag suffered a small amount of
erosion, and multiple independent depocenters developed in the sag
and on the slope, with a maximum thickness of 600 m within the
Panyu 4 Sag. Northwestern Sub-sag did not receive sediment input.
Western Sub-sag was transformed into a near-SN-oriented
extension during this period due to the tectonic stress field,
forming a half graben-type assemblage that could be
characterized as a “northern fault beside southern stratigraphic
overlap”, with faults Fp7, Fp8, Fp9, and Fp14 controlling the
boundaries of the half-graben. Furthermore, the early NE-
trending faults Fp12 and Fp13 inherited the late activity trends,
spreading in a NEE-oriented arc; they were cut by Fp14 and
controlled the deposition of Members 6 and 5. Two depocenters,
800 m and 550 m thick, developed in the footwall of Fp7 and Fp14,
respectively.

The SFS referred to the deposition of the Enping Formation,
which corresponded to the period of stratigraphic deposition
between the two reflection layers T80 and T70 on the seismic
profile (Figure 9). The depositional area extended across the
entire region, and the sediments changed to fine clastic sediments
formed in a lacustrine marsh environment. The depositional
thickness was mainly controlled by the near-EW-trending faults;
the depositional thickness was thick in the west and thin in the east,
and thick in the south, and thin in the north. Compared with
Member 1, the distribution area and depositional thickness
increased significantly, the intensity of the activity of the sag-
controlling fault increased, and erosion associated with the T80

angular unconformity peaked. Thus, this stage belonged to the
stage of strong fault subsidence, which was equivalent to the
period of strong activity during the second episode of the
Zhuqiong event.

The intensity of activity of the near-EW-trending fault Fp3 in
Northern Sub-sag increased during this period, forming a boundary
fault that controlled the deposition of the Enping Formation. The
east was bounded by a fault. On the west side, the sequence was
terminated by the overlying interface. Member 2 and Member 1 in
Central Sub-sag suffered erosion. The T80 interface in Southern Sub-
sag had obvious truncation and erosion. The near-EW-trending
faults Fp11 and Fp67 had a controlling effect on sedimentation,
whereas the intensity of activity of Fp1 on the eastern side was low
and it had little control over sedimentation. This was manifested as a
structural pattern of thick deposits in the west and thin deposits in
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the east on the EW-trending section. Northwestern Sub-sag received
sediment input during this period and the deposits accumulated on
the pre-Cenozoic basement, forming an angular unconformity. Due
to the lack of pre-existing basement faults, new faults did not
develop, neither under the effects of late extension nor those of
strike-slip.

5.5.3 Thermal subsidence period
The thermal subsidence period was equivalent to the deposition

period of the Zhuhai Formation to Hanjiang Formation (the late
Oligocene to the middle Miocene), which consisted of fine
sandstones, siltstones, mudstones, and other fine clastic rocks of
coastal-neritic facies; the depositional thickness was evenly
distributed. As a result of the Nanhai event, which was a strong
tectonic activity associated with the expansion of the SCS with a long
duration, the PRMB entered the stage of passive continental margin
subsidence (Figure 9). The intensity of tectonic activity was low, and
the faults were mainly high-angle near-EW-trending strike-slip
faults, which had no obvious controlling effect on sedimentation,
but had a reforming effect on the pre-existing faults during the early
and late rift periods.

6 Analogue simulation of the evolution
of the Panyu 4 Sag

6.1 Model scaling

The model presented here was scaled to the Panyu 4 Sag
geometrically, kinematically, and dynamically. The geometric
similarity was fulfilled using a thickness ratio of approximately
1.0 × 10−5, where 1 cm of loose quartz sand in the model
simulated 1.0 km of sediments in nature. Dry quartz sand has an
average angle of internal friction of 36°, a cohesive strength
(1.05 kPa), and deforms according to Navier-Coulomb failure,
making it a favorable material for simulating the brittle
deformation of sediments in the upper crust (McClay, 1990). The
grain shape of quartz sand is well-rounded and grain size is about
0.2 mm (see sand properties in Table 1b).

The kinematic similarity was approached by simulating a
sequence of events in the model that closely followed the
interpreted evolution history of Panyu 4 Sag. Therefore, based
on our interpretation of the seismic data, along with the
tectonostratigraphic relations of different sedimentary
formations, a five-stage evolution was proposed and mimicked
in the model.

The dynamic similarly was fulfilled by simulating the physical
properties of the sedimentary units of Panyu 4 Sag with appropriate
modelling materials. In this regard, the intrinsic material properties,
such as the cohesion (τ0) and coefficient of internal friction μ), in the
models and nature need to be approximated (Koyi and Kenneth,
1993; Koyi, 1997). The angle of the internal friction of rocks in the
upper crust (<10 km) was averaged as 40° (Brace and Kohlstedt,
1980), thereby resulting in a coefficient of internal friction μ) of 0.84.
The angle of internal friction of the uncompacted loose sand used in
the model was 36°, resulting in a coefficient of internal friction of
0.73 (Koyi and Vendeville, 2003; Yu and Koyi, 2016; 2017), which is
considerably close to that of the rocks in the upper crust. Meanwhile,

cohesion (τ0) was scaled by the equality between the non-
dimensional shear strength in the models and in nature.

ρgl
τ0

( )
m

� ρgl
τ0

( )
n

(1)

where ρ is the density, l is the length, g is the acceleration due to
gravity, and subscripts m and n, respectively, denote the model and
nature. The non-dimensionalised ratio was calculated for the model
and for the nature by using the shear strength of sedimentary rocks
ranging from 1 to 10 MPa (Hoshino, 1972). For clastic sediments,
the shear strength and density were 10 MPa and 2,550 kg m−3,
respectively (Yu and Koyi, 2016). The cohesion of the loose sand
was approximately 100–140 Pa (Yu and Koyi, 2016) and its density
was 1,550 kg m−3 (Table 1b). These characteristics resulted in non-
dimensional shear strengths (Eq. 1) of 11–15 for the model and
25 for the nature. These two ratios, which are within the same order
of magnitude, suggest that our models approximated the dynamic
similarity with their prototypes.

Following the scaling procedure (Ramberg, 1981; Weijermas
and Harro, 1986), the scaling stress (σ*) is given by the following
equation:

σ* � σmod

σnat
� ρ*g*l* � ρmodgmodlmod

ρnatgnatlnat
(2)

The calculated σ* equals to ~0.54× 10−6, and all the scaling
parameters used in our models are reported in Table 1b.

6.2 Modeling results

During the initial phase of first extension deformation in the
model, after 1.5 cm of total extension, NE-trending normal faults
(f1, f2, f3, and f4) first developed in the area near the edges of
plastic plates 1 and 2, forming two grabens (Figure 11ca). When
the total extension amount increased to 12 cm, two new
secondary faults f5 and f6 respectively formed in front of faults
f1 and f2 (Figures 11Cb–d). With the total extension amount
increasing to 15 cm, several new secondary normal faults, such as
f7 and f8 formed in front of f1 and f6, respectively. f6 and
f7 formed a narrow graben. Meanwhile, f5, along with other
secondary normal faults (f6, f7, and f8) developed in the hanging
wall of major fault f1 (Figures 11Ce–f). In the second extension
stage, the extension direction shifted clockwise from NW-SE to
near N-S. During the first phase of this stage, after 1 cm of total
extension, two new E-W trending normal faults (f9 and f10)were
generated, forming an asymmetrical graben (Figure 11Cg). When
the total extension amount increased to 2 cm, several new normal
faults (f11, f12, and f13) developed, forming a duplex graben that
was separated from previous asymmetrical graben by a horst
(Figure 11Ch).

The main boundary normal fault f1 was preserved in the
right part of the cross section in the model and broke through
the white sand layers 2 and 3. It developed along the boundary of
the pre-existing plastic block in the basement and was sealed by
white sand layer 4 (Figure 12). Another boundary normal fault
f2 generated during the extension and was preserved in the
middle part of the cross section, sealed by gray sand layer 5.
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Boundary faults f1 and f2 formed a graben where several
synthetic and antithetic secondary normal faults (such as f5,
f6, f7, and f8) developed. These faults broke through white sand
layers 2, 3, and 4, and were sealed by gray sand layer 5. These
boundary and secondary faults formed some secondary narrow
grabens. In the left part of the cross section, two additional
boundary faults f3 and f4 comprised a graben. The EW-trending
normal faults (f9, f10, f11, f12, and f13) were preserved in the
left bottom part of the cross section in the model and broke
through gray sand layer 5. These faults formed two grabens and
one horst. Several secondary normal faults generated between
the boundary faults f11 and f13.

6.3 Comparison between modelling results
and nature

The model exhibited a structural evolution similar to that of Panyu
4 Sag. During the early extension stage, faults f1, and f2 controlled the
deformation in the model (Figures 11Ca–b). The depocenter was in
strip shape, corresponding to the beaded shape of theNorthern, Central,
and Southern sub-sags in Panyu 4 Sag (Figure 1C; Figure 10F). With
increasing extension amount, the scale of the major faults continued to
increase, and numerous accommodation faults developed
simultaneously. However, the overall structural evolution was mainly
controlled by several major faults (Figure 10B-e; Figures 11Cc–f). In the

FIGURE 11
(A) Model setup showing a 3D view of the deformation rig and its components for modeling the evolution of the Panyu 4 Sag from the middle
Eocene to theOligocene; (B) The sketch to shows the filling process of themodel at different stages. The red solid arrows represent the stress direction in
the extension stages; (C) Top view (photographs and line drawings) of different stages of the model showing the evolution of the Panyu 4 Sag from the
extension stage 1 (a-f) to the extension stage 2 (g-h). T denotes the total thickness of the sand layers; # denotes the deformation phase of the
simulation process; the fault label numbers represent the order of the faults developed in the experiment.
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late extension stage, as the stress field transformed and the strike of the
faults also changed accordingly. The model generated multiple nearly
parallel sub-sag-controlling faults (such as f9 and f10), which formed a
half-graben sub-sag (Figures 11Cg–h). This development was similar to
that of the Western Sub-sag in the Panyu 4 Sag (Figure 1C; Figure
Fig10A). At this point, the overall structure of the sag had formed, and it
entered the thermal subsidence stage, which had little influence on the
structure of the Panyu 4 Sag. The modelling results of the second
extension stage were then compared with the structural map based on
the bottom reflections of the Eocene in Panyu 4 Sag. The map view of
model results showed similarities in the distribution and configuration
of the second-order structure units to those developed on the bottom
reflection of the Paleogene in Panyu 4 Sag (Figure 12). The boundary
faults Fp1, Fp2, and Fp64 of Northern, Central and Southern Sub-sags
exhibited similar trends and dips to faults f1, f2, and f4 developed in the
experiment conducted at 15 cm extension during the first extension
phase. The boundary faults Fp7 and Fp8 of Western Sub-sag were

comparable to fault f13 observed in the experiment conducted at the
2 cm extension during the second extension phase.

7 Discussion

7.1 Formation mechanism of the RP1

The structural evolution of the Panyu 4 Sag in the Zhu Ⅰ
Depression since the Paleogene was mainly affected by the
combined action of the NNW- or NW-trending subduction in the
western Pacific tectonic domain, the northward subduction and
collision in the western part of the Tethys tectonic domain (India),
and the NNW-trending subduction and collision in the eastern
domain (Australia) (Lee and Hwang, 1993; Northrup et al., 1995;
Ge et al., 2017; Liu et al., 2019; Ma et al., 2020; Guo et al., 2022).
During the deposition of Members 6 to 2 in the early Eocene, the

FIGURE 12
Comparison betweenmodeling results and interpretation of seismic sections across the Panyu 4 Sag. Photograph and line drawing of a cross section
in Model (for the location, see Figure 11Ch); interpreted seismic sections across the Panyu 4 Sag (for the location, see Figure 1C).
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Indian plate drifted northward at a high speed, and the northern
Pacific oceanic crust subducted under Eurasia. The Australian plate
slowly drifted northward, away from the Eurasian plate (Northrup
et al., 1995). The rate of convergence of the Pacific and Eurasian plates
gradually decreased, and the western Pacific subduction zone
retreated seaward. The East Asian continental margin underwent a
considerable transformation from the left-handed compression
system to the right-lateral extension system (Zhou et al., 2006; Shu
et al., 2006; Dong et al., 2008; Zhang et al., 2009; Li et al., 2017; Zhou
et al., 2022; Figure 13D). The main dynamic factors were the
compression caused by the NE-oriented subduction of the Indian
plate and the tension caused by the subduction and roll-back of the
Pacific Plate. Under the action of NE-SW-oriented compressive stress
(σ2) and NW-SE-oriented tensile stress (σ3) (Figure 13B), the Panyu
4 Sag in the Zhu Ⅰ Depression began to enter the RP1.

For the Zhu Ⅰ Depression, the NW-SE extensional stress field
acted on the thickened crust with the weak lithosphere. This
stress field showed homogeneous extension and a wide
deformation range, and exhibited a wide rift extension pattern
(Buck, 1991; Liu et al., 2018; Zhou et al., 2022), forming a group
of fault basins with half grabens or narrow grabens as structural
units. Each half graben was isolated from others and strongly
divided (Figures 3A,C), and internal block rotation was obvious
(Figure 2). In addition to the northern rift zone of the PRMB, the
northern SCS and the South China Continent also developed the
same period of late Cretaceous to early and middle Eocene rift
basin groups such as the Beibu Gulf Basin, Nanxiong Basin, and
Sanshui Basin (Hu, 2019).

The RP1 was the weakest period of Pacific Plate subduction
(Engebretson et al., 1985; Pang et al., 2007). It was controlled by the

FIGURE 13
(A) The prototype basin of Member 5 in Wenchang Formation; (B) Three-dimensional stress state of principal stress in the middle Eocene of
Paleogene; (C) Strain ellipse under the direction of NW-SN; (D)Movement status of Eurasian Plate, Tethys tectonic domain and Circum-Pacific tectonic
domain; (E) Formation model stereogram.
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NW-SE regional extensional dynamic background and was
dominated by NE-, NEE-, and near-EW-trending basin-
controlling faults. Moreover, NWW-trending faults were
developed. The intensity of fault activity was the strongest in the
NE-trending faults, followed in decreasing order by the NEE-
trending faults, the near EW-trending faults, and the NWW-
trending faults. The developmental characteristics of basin-
controlling faults in the four sags were distinctly different
(Figures 1B, 3A, 4a-c). The Enping Sag was mainly controlled by
NE- and near-EW-trending faults with high activity rates, such as
F1 with an activity rate of up to 270 m/Ma (Figure 4D); The Xijiang
Sag was dominated by NE- and NEE-trending faults with an activity
rate of approximately 260 m/Ma (Figure 4D), while NWW- and
near-EW-trending faults were mainly accommodation faults with
relatively low activity rates. However, the Huizhou and Lufeng Sags
were dominated by near-EW- and NWW-trending faults with an en

echelon distribution in the plane and a tension-torsional feature.
Compared to the Enping and Xijiang Sags, the intensity of fault
activity was relatively lower, with most of the fault activity rates
being less than 150 m/Ma (Figure 4D).

With regard to the developmental characteristics of faults in the
study area during the RP1, there were obvious differences in the local
extensional directions from west to east. The basin-controlling faults
in the western Enping and Xijiang Sags were predominantly NE-
and NEE-trending, reflecting a NW-SE direction of local extension,
which was consistent with the direction of the regional stress field.
However, the eastern Huizhou and Lufeng Sags were dominated by
near-EW boundary faults, with a near-N-S direction of local
extension (Figures 3, 4). The west-to-east extensional direction
was observed to be deflected clockwise, which may have been
related to the southeastward flow of the mantle during this
period. The Indian plate rapidly moved northwestward and

FIGURE 14
(A) The prototype basin of Member 1 in Wenchang Formation; (B) Three-dimensional stress state of principal stress in the late Eocene of Paleogene;
(C) Strain ellipse under the direction of N-S; (D) Movement status of Eurasian Plate, Tethys tectonic domain and Circum-Pacific tectonic domain; (E)
Formation model stereogram.
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entered into a period of “soft collision” with the Eurasian plate
(Zhang, 2012). This collision resulted in the southeastward flow of
mantle in eastern Asia, and the direction of mantle flow changed due
to the blockage of the eastern Pacific plate. As a result, the extension
direction shifted clockwise from west to east.

Under the same stress state, the strike and scale of the pre-
existing structural line of the basement had a controlling effect on
the sedimentary axis of the caprock in the basin (Figure 13A). Strong
extensional activity occurred when the strike of the pre-existing
large-scale structure was nearly perpendicular to the direction of
tensile stress (nearly parallel to the direction of compressive stress).
Such activity resulted in the genesis of boundary faults that
controlled the depression, such as fault Fp1. When the strike of
the pre-existing large-scale structure and the tensile stress field
intersected at a large angle, tensile and torsional activity would
occur. Such activity also exerted a certain degree of control over the
sag via faults, such as faults Fp2 and Fp8 (Figure 13C).

During the deposition of Members 6 to 2, the Panyu 4 Sag in the
Zhu ⅠDepression was formed mainly under the action of controlling
factors such as NW-SE-oriented tensile stress (σ3) and NE-trending
pre-existing structures. Under the influence of NW-SE oriented
extension, the activity of the pre-existing faults (such as Fp1) was
initiated; this activity was relatively strong, and these pre-existing
faults formed boundary faults on the southeast and northwest sides
of the depression. The pre-existing fault Fp2 exhibited right-lateral
tension and torsional activity, and it controlled deposition. However,
the intensity of activity of Fp2 was lower than that of Fp1.
Fp8 exhibited left-lateral strike-slip activity, which also weakly
controlled deposition. While the main fault was active, a tensile
fault was formed that was nearly perpendicular to the tensile stress
direction; this tensile fault was parallel to or intersected the main
fault at a slight angle. Simultaneously, near-EW-trending
accommodation faults developed, such as faults Fp4 and Fp6
(Figure 13E).

7.2 Formation mechanism of the RP2

During the late Eocene to the early Oligocene (the deposition
period of Member 1 to Enping Formation), the Indian Plate
collided with and squeezed the Eurasian Plate, resulting in large-
scale slippage between the intraplate blocks (Tapponnier et al.,
1982; 1986; Ding et al., 2020; Zhang et al., 2021; Guo et al., 2022;
Li et al., 2022). The orientation of subduction of the Pacific Plate
changed from NNW to NWW, and its convergence with the
Eurasian Plate increased (Li and Li, 2007; Shi and Li, 2012; Yao
et al., 2011; Hall, 2012; Morley, 2012; Ye et al., 2020; Wang et al.,
2021; Li et al., 2022; Figure 14D). This type of dynamical
background formed a near-EW-trending compression and a
near-SN-trending tension stress system of the Panyu 4 Sag in
the Zhu Ⅰ Depression, resulting in a transition of the tectonic
framework from a NE orientation to a near EW orientation,
thereby entering the RP2.

The lithospheric structure of the northern rift zone during the
RP2 showed a normal, continental margin lithospheric structure
that thinned from land (north) to sea (south) (Zhong et al., 2014).
Accompanied by crustal thinning and thickening of the lithospheric
mantle (Wu et al., 2001), the strength of the lithosphere increased,

and extension shifted from a wide rift to a narrow rift pattern under
the near N-S tensile stress field (Buck, 1991). Furthermore, the
extensional deformation changed from homogeneous to
concentrated and migrated southward (crustal thinning site),
and the rifting was concentrated in the present-day northern
continental margin of the SCS. The northern rift zone exhibited
a thinning crustal structure, and the rifting was concentrated. The
lithospheric extensional kinematics showed a necking pattern,
which led to a weak block rotation during extension (Figure 2).
Moreover, the early independent and highly segmented half
grabens or narrow grabens were interconnected and underwent
expansion, and the basin range was significantly increased
(Figure 3D). At the same time, under the action of the near N-S
tensional stress field, the Zhu Ⅰ Depression was located at the
northern boundary of the stretching action, and the inherited
development and strong activity of the earlier margin basin-
controlling faults at the northern margin was attributed to the
fact that they were pre-existing weak zones with more concentrated
stress. As a whole, the fault activity expanded northward and the
depocenter migrated northward.

Against the background of near-N-S extension, the fault
system underwent transformation. The dominant extension
direction was no longer oriented NW-SE, and the activity of
the NE- and NEE-trending basin-controlling faults was
weakened. The NWW- and near-EW-trending faults, which
were previously less active, matched better with the near-N-S
extension direction; their activity was enhanced, and they
became the main controlling faults. Differences in the prior
main basin-controlling faults led to different fault
transformation processes in different regions (Figures 3, 4).
The activity of the NE-trending F1 in the early stage of the
Enping Sag was weakened, and the northeast section died out,
whereas the southwest section was inherited and developed, but
the activity rate decreased to below 100 m/Ma. The activity of
the near-EW-trending F2 increased significantly, reaching
about 230 m/Ma, and F2 became the main controlling fault
(Figures 3B, 4D). The faults of the Xijiang Sag were primarily
inherited, but the activity of the NE-trending F4 and the NEE-
trending F3 and F5 tended to weaken during the early
development phase, and the rate of fault activity decreased to
10 m/Ma, 150 m/Ma, and 70 m/Ma, respectively, with F3 on the
northern boundary being more active than F4 and F5 on the
southern boundary. In addition, a series of new near EW-
trending faults were emerging in the northern uplift belt
(Figures 3B, 4D). The Huizhou and the Lufeng Sags, which
were preceded by near EW-trending faults, matched better with
the N-S extensional direction, and the intensity of activity was
significantly enhanced. The strike of the main basin-controlling
faults did not change significantly, but the intensity of fault
activity changed alternately. For example, in the western part of
Huizhou Sag, the activity rate of the north-south boundary
faults changed significantly in an alternate fashion, and the
basin morphology showed a reverse wedge superposition. The
activity rate of F7 and F8 at the southern boundary, which was
more active in the early stage, was significantly lower than
160 m/Ma, whereas the activity rate of F11 at the northern
boundary was significantly enhanced and reached 280 m/Ma
(Figures 3B, 4D).
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Pre-existing structural factors had inherited control effects on
deposition. The near-EW-trending pre-existing faults became active
and controlled the deposition. Under the action of near-SN-oriented
tensile stress, the pre-existing NE-trending faults (such as Fp1 and
Fp2) exhibited tensile and torsional activities with increased
strengths. Furthermore, the thickness of the depocenter increased
(Figures 14A,C).

During deposition of the RP2, the Panyu 4 Sag in the Zhu Ⅰ
Depression was formed mainly under the action of controlling
factors such as S-N-oriented tensile stress (σ3) and pre-existing
structures (Figure 14B). Under the action of S-N-oriented
extensional stress, the near-EW- and NE-trending pre-
existing faults had inherited activities, forming boundary
faults that controlled the depression. The centers of
depression were independent of each other and were
separated by uplifts. In addition to the main boundary faults,
there were near-EW-trending small normal faults, and NE- and
NW-trending tension-torsion faults. Some areas (such as
Northwestern Sub-sag) exhibited a lack of pre-existing
basement faults, so there were only a few inherited faults in
the caprock, and only a few small-scale new-generation faults
were formed (Figure 14E).

7.3 Implications for structural signatures in
the Zhu I depression and other rift basins

Henstra and Whipp et al. (Whipp et al., 2014; Henstra et al.,
2015) proposed that the boundary faults formed during the
early rift period (RP1) were likely to reactivate and evolve into
basin-controlling faults during the later rift period (RP2), even
when there was a slight change in the direction of the stress
field. In this paper, we proposed a multi-phase rift structural
evolution model based on a study of the Panyu 4 Sag in the Zhu Ⅰ
Depression, which suggested the existence of multi-phase
rift basins where the direction of extensional stress was
deflected; the small faults during the early rift period gradually
grew and became connected and finally evolved into a mature
boundary fault system, while the boundary faults during
the RP2 grew and were resurrected rapidly. These resurrected
boundary faults were often large pre-existing faults with near-
perpendicular new stress field directions. It could be inferred
that these boundary faults were not part of the stress
concentration zone during the RP1, although they might
have formed the weak zone of the pre-existing basement. They
began to rupture under the NW-SE directional extensional
stress during the RP1 and were preferentially selected for
resurrection during the N-S directional extension and the
displacement rapidly reached the maximum. The evolutionary
history of the two-phase rift in the study area indicated that
fault activity dominated the systematic variability in basin
structure and stratigraphic thickness. Firstly, in the IFS of the
RP2, EW-trending faults (such as F11, F19, and F20) joined
and rapidly expanded into coherent basin-controlling faults,
and each fault controlled a unified and large depocenter,
exhibiting a “large lake and deep basin” environment
(Figure 3D). Secondly, in the IFS of the RP2, the NE-trending
basin-controlling faults (such as F1, F3, F4, and F16) were not

dominant. Thus, the fault activity was weak, and the depocenters
were not obvious, showing gentle topography and exhibiting the
characteristics of a “large lake and shallow basin” environment
(Figure 3D).

In summary, the structural-sedimentary characteristics of
the RP2 formed a sharp contrast with those of the RP1: 1) the
faults in the IFS of the RP1 were segmentally active with
relatively small displacements, and the lake basin was
characterized as a “shallow basin”. However, the large faults
in the IFS of the RP2 were rapidly growing and penetrating, with
large displacements and strong activities, and the lake basin was
rapidly becoming a “deep basin”. 2) the depocenters of the IFS of
the RP1 were small and scattered, whereas the depocenters of the
IFS of the RP2 were large and uniform. In the multi-phase rift
basin with deflection of the extensional stress direction (Figures
3C, 7), the RP2 was often characterized by rapid growth and
resurrection of specific boundary faults. The pre-existing faults,
which were approximately perpendicular to the direction of the
new stress field, were preferentially active, and the displacement
reached the maximum rapidly (Figures 3C, 7). The tectonic
subsidence was weak in the areas controlled by inactive faults.
The above understanding had important theoretical value for the
evolution analysis of the PRMB and other multi-phase rift
basins.

8 Conclusion

Based on our interpretation of the seismic data and the results of
scaled analogue models, the following conclusions were drawn
regarding the evolution and mechanism of the Panyu 4 Sag in
the Zhu Ⅰ Depression, PRMB.

(1) The Zhu Ⅰ Depression comprised four fault sets with
different strikes, including NNE, NE-NEE, EW, and
NWW directions. Most of these faults were syn-rift faults
that formed during the Paleogene, whereas others were
post-rift faults that formed during the Neogene. The
average azimuths of the dominant strike for type Ⅰa, type
Ⅰb, and type Ⅱ faults were 75°, 85°, and 90°, respectively.
These indicated that the minimum principal stress (σ3)
directions in the Zhu Ⅰ Depression during the RP1 and
RP2 were SSE (~165°) and near-EW (~180°), respectively.

(2) The Panyu 4 Sag in the Zhu ⅠDepression undergone three cycles
of structural evolution—an early rift period (during the middle
Eocene), a late rift period (from the late Eocene to the early
Oligocene), and a thermal subsidence period (from the late
Oligocene to the middle Miocene).

(3) During the IFS of the RP1, three small and isolated depocenters
developed controlled by Fp1 and Fp2. A uniform depocenter
formed and migrated from north to south along Fp1 during the
SFS and theWFS of the RP1. During the PR2, controlled by Fp7,
Fp8, Fp9, and Fp14, several new EW-tending depocenters
formed. Analogue modelling of the two phases of anisotropic
extension revealed a high degree of correspondence with the
natural geological conditions, revealing the evolution process of
the Panyu 4 Sag. The structural-sedimentary evolution and
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analogue modelling results indicated that the Panyu 4 Sag in the
Zhu Ⅰ Depression was formed as a superimposed basin under
multi-phase anisotropic extension.

(4) The structural evolution of the Panyu 4 Sag in the Zhu Ⅰ
Depression since the Paleogene was mainly controlled by
the combined effect of the Pacific, Eurasian, and Indian
Plates. Since the orientation of subduction of the Pacific
Plate changed from NNW to NWW, the stress field mainly
shifted from NW-SE-trending tension to S-N-trending
tension, which caused the superposition of the late near-E-
W-oriented structural pattern on the early NE-oriented
structural pattern.
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Reconstruction of the proto-type
basin and tectono-paleogeography
of Tarim Block in the Mesozoic
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Yunjiang Duan2, Hao Zhang1, Jinkai Xia1, Ziqi Zhong1 and
Lunyan Wei1

1The Key Laboratory of Orogenic Belts and Crustal Evolution, Ministry of Education, School of Earth and
Space Sciences, Peking University, Beijing, China, 2Institute of Petroleum Exploration and Development,
Tarim Oilfield Company, Korla, China

The reconstruction of the proto-type basin and tectono-paleogeography of the
Tarim Basin during the Mesozoic is crucial for hydrocarbon exploration,
particularly for identifying hydrocarbon source rocks. This study reconstructs
the position, thickness, and distribution of the original stratigraphy, the
shortening amount by structural deformation, and the distribution of
sedimentary facies in each Mesozoic period using paleomagnetic data, residual
stratigraphy data, seismic profiles, and lithofacies distribution. During the Triassic
period, a syn-collision thrust fault structure formed in the southern Tarim Block
due to the successive collision of the Tianshuihai-Bayankara terrane, North
Qiangtang terrane, and South Qiangtang terrane with the Tarim Block. The
sedimentary strata mainly distributed in the Northern Depression and Kuqa
Depression, and their sedimentary centers continuously moved northward. In
the Early-Middle Jurassic, faulted basins representing post-collision extensional
structures developed on the margins of the Tarim Block. In the Late Jurassic, the
Tarim Block was compressed, and the faulted basin transformed into a
depressional downwarped basin with red coarse clastic sediments due to the
collision of the Amdo-Dongkacuomicrocontinent with the Tarim Block. In the late
Early Cretaceous, the collision between the Lhasa Block and the Tarim Block
caused the entire uplift of the Tarim Block, which stopped accepting deposition
except for the deposition of marine facies in the southwestern Tarim Basin
influenced by a large-scale transgression event. The complex evolution of the
Paleo-Tethys and Neo-Tethys Oceans during the Mesozoic significantly
influenced the sediment distribution and structural features of the Tarim Basin.

KEYWORDS

Tarim Basin, proto-type basin, tectono-paleogeography, Mesozoic, basin evolution

1 Introduction

The Tarim Basin, located in western China, is a large superimposed basin that underwent
multiple phases of tectonic deformation from the late Neoproterozoic to Cenozoic (Figure 1;
Li et al., 1996). The basin’s architecture is complex and characterized by the development of a
series of large-scale paleo-uplifts and tectonic non-conformities because of the drastic
variation in disintegrations and collisions with the surrounding terranes in different periods.
The deformation phase indicated by the extensive angular non-conformity has resulted in
significant changes in the tectonic geomorphology and geography of the basin. Petroleum
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exploration in the basin has shown that most of the hydrocarbon
accumulation was closely related to development of the proto-type
and tectono-paleogeography. Thus, research on the evolution of
proto-type and tectono-paleogeography of the Tarim Basin has
greatly intensified over the past 2 decades (Jia and Wei, 1997; Jin
and Wang, 2004; He et al., 2007; Gao et al., 2017; Wang et al., 2017;
Lei et al., 2020; Wu et al., 2020; Wei et al., 2021; Xia et al., 2023;
Zhong et al., 2023).

The Tarim basins we see today are the result of multiple tectonic
cycles and various types of tectonic activity. Over time, the nature of
these basins has changed and they have undergone different
transformations. To better understand these changes, researchers
use proto-type basin reconstruction which involves analyzing the
current basin fill and tectonic background to uncover the original
basin and analyze the effects of its transformation. Tectono-
paleogeography is a field of research that examines the
formation, development, and evolution of basins, and how
tectonic activity affects sedimentary facies. This is achieved
through the reconstruction of basins, orogenic belts, and global
paleocontinents. Several studies have utilized proto-type basin and
tectono-paleogeography reconstruction to gain insight into the
Tarim basins (Feng et al., 2004; He et al., 2013; Chen et al., 2013;

Chen et al., 2015). Systematic analysis from the proto-type basin and
tectono-paleogeography development perspective is crucial for
hydrocarbon exploration due to the significant role played by
reconstruction techniques in identifying the types and locations
of organic rock facies belts in the basin, as well as understanding the
paleo-ecological environment and sedimentary rock facies. The
analysis of the tectonic setting, the proto-type and tectono-
paleogeography in the Tarim Basin is of theoretical importance
and exploration value to understanding of formation and
development of the Tarim Basin and prediction of the favorable
reservoir rock belts and play fairways (He et al., 2007; Wu et al.,
2021).

The Mesozoic Tarim Basin was an intracontinental basin
surrounded by orogenic belts and mostly developed terrigenous
clastic deposits (He et al., 2005). The closure of the Paleo-Tethys
Ocean and the opening-closing of the Neo-Tethys Ocean in the
southern Tarim Basin had a powerful influence on the basin (Wang
et al., 2010; Xu et al., 2011). The frequent tectonic events of the
Mesozoic formed several unconformities and the denudation
destroyed the original basin structure. The Mesozoic is a key
time in the tectonic evolution history of the Tethysides. For the
Tethysides, the oceanic crust subduction, the oceanic basins closing,

FIGURE 1
Tectonic framework of the Tarim Basin (modified after He et al., 2016; Laborde et al., 2019) 1–Kuqa Depression, 2–Kepingtage Faulted-uplift,
3–Tabei Uplift, 4–Kongquehe Slope, 5–Awati Depression, 6–Shuntuoguole Low Uplift, 7–Manjiaer Depression, 8–Bachu Uplift, 9–Tazhong Uplift,
10–Guchengxu Uplift, 11–Kashi Depression, 12–Maigaiti Slope, 13–Tangguzibas Depression, 14–Tanan Uplift, 15–Shache Bulge, 16–Yecheng
Depression, 17–Southeast Depression.
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and some collision events occurred in the Paleo-Tethyan realm
during the Mesozoic, and the Neo-Tethys was opened and spreading
in Mesozoic (Mattern and Schneider, 2000; Xiao et al., 2015; Wu
et al., 2020). The impact of Mesozoic tectonic events on the
sedimentary and evolutionary history of the basin remains poorly
understood due to the challenges of obtaining geological
information from the basin’s interior, which is covered by desert.
Denudation and thrust resulting from tectonic events caused
damage to the Mesozoic prototype basins, leading to ongoing
debates about the nature and evolution of these basins. For
example, questions remain about whether a basin containing
sediments existed in the southwest Tarim Basin during the
Early–Middle Triassic (He et al., 2005; Zheng et al., 2014; He
et al., 2016), and whether the Triassic Kuqa depression and the
Late Jurassic southwest Tarim Basin represent a downwarped basin
or a foreland basin (Liu et al., 2000; Jia et al., 2003; Yang et al., 2019;
Li et al., 2022).

This paper presents a comprehensive analysis of the Tarim
Basin’s nature and evolution, using a range of methods such as
paleomagnetic, petrological, stratigraphic thickness data, and
seismic profiles. Through this research, the Mesozoic proto-type
basin and tectono-paleogeography of the Tarim Block have been
reconstructed, shedding new light on the geological history of the
region. Additionally, the study examines the impact of tectonic
events on the Tarim Basin, providing insights into the factors that
have shaped the basin’s structure and geological characteristics over
time. Overall, the findings presented in this paper contribute to a
better understanding of the Tarim Basin and its complex geological
history, offering valuable information for further research and
exploration.

2 Database and methods

2.1 Database

For the reconstruction of the Mesozoic proto-type basin and
tectono-paleogeography in the Tarim Basin, we collected the
residual stratigraphic thickness data, outcrops data, wells data,
and 81 seismic sections of the Tarim Basin in each period of the
Mesozoic mainly from the Tarim Oilfield. The timing of the north-
south collision between two terranes can be determined by the
overlap of their paleolatitudes or the change of their convergence
rate. For the location reconstruction, this paper mainly collected
Mesozoic paleomagnetic data from various terranes around the
Tarim Basin (Mcfadden et al., 1988; Li et al., 1988; Zhang et al.,
1989; Li, 1990; Fang et al., 1991; Chen et al., 1992; Li et al., 1995; Fang
et al., 1997; Meng et al., 1998; Fang et al., 2001; Shen et al., 2005;
Gilder et al., 2003; Wang, 2004; Gilder et al., 2008; Song et al., 2012;
Song et al., 2015; Ma et al., 2020; Hu et al., 2022; Wei et al., 2022).

2.2 Methods

There are three principles we need to obey when reconstructing
the proto-type basin maps. Firstly, reconstruct its location, which
means figuring out the paleogeographic position. Secondly,
reconstruct the isopach maps of proto-type basins and the

distribution of sedimentary lithofacies. Finally, reconstruct the
original range of the proto-type basin by calculating the
extension or shortening amount. Detailed procedures are
explained below.

1 The paleolatitude of the blocks can be obtained from
paleomagnetic data compared with paleopoles, but the
paleolongitude is uncertain (Hou et al., 2008). The igneous
rocks representing subduction and collision and oceanic
magnetic anomaly bands can determine the relationship
between the terranes and whether the oceans closed or
spreading. We can build a global plate distribution map based
on these paleolatitudes and the relationship between the plates. In
this paper we emphasize that two reliability criteria must be
satisfied for inclusion in the assessment namely: 24 or more
samples yielding a 95% confidence limit (A95) of <16° and Q ≥ 4
(An internationally-recognized reliability index for
paleomagnetic data, Van der Voo, 1990).
2 At present, the erosional thickness of major unconformities is
quantitatively calculated by such means as vitrinite reflectance,
paleopore analysis, and sonic well log data based on borehole
information (Magara, 1976; Henry and Natalya, 1996; Liu et al,
2000). However, it is usually difficult to use only these data to
map the distribution of an unconformity or its erosion amount in
plane owing to limitations of the available borehole data (Lin
et al., 2011). Therefore, this paper reconstructed the thickness
and extent of denuded stratigraphy in different basins according
to the trend surface of formation thickness, based on the residual
stratigraphy information of Tarim Oilfield. In this study, we
estimated the erosion thicknesses of the unconformities by
analyzing the geometry of the eroded strata beneath the
unconformity surfaces, as depicted in seismic profiles that
have been calibrated with borehole data (Lin et al., 2012).
Then, the sedimentary facies were supplemented on the extent
of the original basin inferred from the existing sedimentary facies.
3 The extension or shortening amount is measured from the
81 balanced cross-sections which can eliminate the effects of
structure and deformation. The amount of shortening and
extension of each period can be got by comparing the length
of that period with the length of the next period, combining the
shortening amount from Laborde et al. (2019) since the
Cenozoic. The reconstruction of the final original stratigraphic
spreading is carried out according to these shortening amounts
from 81 profiles averaged in eight directions (M1N, M1S, M2N,
M2S, M3N, M3S, M4N, M4S). Since the deformation mainly
exists at the edge of the Tarim Basin, the shortening is mainly
distributed in the northern and southern margins (Table 1).

To determine the characteristics of the Kuqa Basin and the
southwestern Tarim Basin, we reconstructed their distribution and
deformation. Initially, we gathered information on the residual
thickness and distribution of each basin in the Tarim Block.
Next, we reconstructed the denuded stratigraphy of the basin
perimeter using the trend surface of formation thickness method
(Wu et al., 2019). To complete the reconstruction of the proto-type
basin extent, we supplemented the denuded strata with sedimentary
facies according to sedimentary facies distribution (Chen, 1995; Jia,
2009; Liu et al., 2012; Yu et al., 2016). Finally, to eliminate the impact
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of deformation on basin distribution, we calculated shortening or
extension (Table 1) based on the balanced cross-sections (81 seismic
sections) and previously published data (Chen et al., 2009; Laborde
et al., 2019; Wang et al., 2020). As a result, Mesozoic proto-type
basin maps were drawn based on the above reconstructions of the
proto-type basin of the Tarim Basin.

3 Tarim Block in the global plate
tectonics and its evolution

3.1 The position and orientation of Tarim
Block in the Mesozoic

The Tarim Basin is a large composite and superimposed
sedimentary basin developed on the crystal basement of pre-
Cryogenian continental crust, whilst a large Meso–Cenozoic
composite inland basin is developed on a Paleozoic platform
(Zhou et al., 2001; Jia et al., 2004; He et al., 2005). The Mesozoic
sediments in the Tarim Basin are mainly continental clastic rocks,
primarily distributed in the Kuqa Depression, North Depression,
Southwest Depression and Southeast Depression. Only the
Southwest Depression developed shallow marine carbonate
deposits in the late Cretaceous Tarim Basin. The main
paleomagnetic data are acquired from sedimentary strata in the
margins of the Kuqa and southwestern Tarim Depression due to the
lack of magmatic activity in the Tarim Basin during the Mesozoic
and the large area of the basin covered by the Taklamakan Desert (Li
et al., 1988; McFadden et al., 1988; Zhang et al., 1989; Li, 1990; Fang
et al., 1991; Chen et al., 1992; Li et al., 1995; Fang et al., 1997; Meng
et al., 1998; Fang et al., 2001; Gilder et al., 2003; Wang, 2004; Shen
et al., 2005; Gilder et al., 2008). The only exception has been reported
from a Middle Jurassic alkali gabbro and basalt in the Tuoyun Basin
of southwestern Tarim (Li et al., 1995; Meng et al., 1998; Wang,
2004; Gilder et al., 2008). The characteristic remanent magnetization
here has dual polarity and consistent tilt-corrected inclinations
between the gabbro and sandstone specimens of the Triassic and
Jurassic seem to rule out significant inclination shallowing in the
sediments. The relative rotation of the individual mean C3–T1 and
J3–E1 poles has been Gilder reported between Tarim and Eurasia,
which is 9.4° + 6.4° clockwise (Gilder et al., 2003). The paleomagnetic
poles from Early Cretaceous redbeds in the Kuqa and southwestern

Tarim show a ~10°–15° inclination shallowing compared with coeval
observations from volcanic rocks from the Tuoyun Basin in
southwestern Tarim. No sizeable extensional structure is found in
the north margin of Tarim Basin, and there is block limitation in the
south margin of Tarim Basin. Therefore, it is the inclination
shallowing of the redbeds, not the result of the massive
southward movement of the Tarim Block. The pole remained at
intermediate to present high latitudes throughout the Permian to the
Mesozoic interval with Permian to Jurassic paleopoles identifying
little or no apparent polar wander (APW) (Huang et al., 2018).
Paleomagnetic data and apparent pole-shift curves show that the
Tarim Block was between ~35° and 45° N during the whole Mesozoic
with quasi-stationary position and direction (Gilder et al., 2008).

3.2 Relationship between the Tarim Block
and the surrounding massif in the pre-
Mesozoic

Numerous lines of evidence from paleomagnetic, petrological,
geochronological, and paleontological studies indicate that the
North Qiangtang terrane (NQT), South Qiangtang terrane (SQT),
Lhasa terrane (LT), India plate, and Indochina block underwent
convergence, and the Tethys Ocean gradually closed during the
Permian period. Zhao et al. (2018) synthesized the most recent data
and geologic evidence that place critical constraints on the closure
history of the oceanic domains (Liu et al., 2015; Liu et al., 2016; Liu
et al., 2017; Eizenhöfer and Zhao, 2018; Han and Zhao, 2018; Liu
et al., 2018), proposed the shear closure of the paleo-Asian Ocean
from west to east at 310–245 Ma, leading to the collision of Tarim
Block with the Kazakhstan-Yili Central Tianshan Block at
310–285 Ma, Alex block (plus Central Qilian and Qaidam) with
the Mongolia Terrane and Siberia plate at 280–265 Ma, and North
China block with the Mongolia Terrane and Siberia plate at
260–245 Ma (Zhao et al., 2018). Comparison of the equal-area
plot diagrams for paleopoles from the East Asia blocks/terranes
in the Permian to Early Triassic interval shows most blocks/terranes
in the Central Asian Orogenic Belt (CAOB) and surrounding blocks
are concentrated within a narrow palaeolatitudinal band around
~35°N (Figure 2) implying that closure of the Paleo-Asian Ocean
(PAO) and amalgamation of the CAOB were completed prior to the
Early Triassic and that the majority of the CAOB was a quasi-rigid

TABLE 1 The Mesozoic and Cenozoic shortening amount of the Tarim Basin (km).

Distribution of the shortening amount Cenozoic Cretaceous Jurassic Triassic

Northern margin of ML1 36 0 0 0

Southern margin of ML1 32 1.4 −0.8 2.2

Northern margin of ML2 21 0.2 −0.4 0.4

Southern margin of ML2 35 0 0 4

Northern margin of ML3 22 0.4 −0.8 0.7

Southern margin of ML3 0.9 3 −1 9.3

Northern margin of ML4 0 0 0 0

Southern margin of ML4 0.3 2 −0.7 6.1

Frontiers in Earth Science frontiersin.org04

Li et al. 10.3389/feart.2023.1121428

126125

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1121428


assemblage from the end of the Permian (Huang et al., 2018). The
fragmentary tetrapod bones collected from the Lower Triassic
Ehuobulak Group of Kuqa Depression indicate that the Tarim
Block collaged with Eurasia at least in the Early Triassic.
Terrestrial tetrapod fossils from the East Asian blocks (North
China, South China, Tarim, Alex-Hexi-Qilian, Indochina) suggest
that these blocks were already connected in the Early Triassic,
allowing non-marine tetrapods to migrate between the blocks
(Liu et al., 2020). These suggest that massifs (Kazakhstan-Yili
Central Tianshan, Junggar, Alex, Qaidam, South China, North
China, Mongolia Terrane and other East Asian blocks) in the
northern and eastern Tarim collaged as part of the Eurasian
continent and that the ancient Asian Ocean was closed in
Central Asia before the early Triassic.

3.3 Relationship between the Tarim Block
and the surrounding massif in the Mesozoic

The formation and rapid northward movement of the Cimmerian
continent in the south of the Tarim Block in the early Permian to Late
Triassic involved the opening and closing of Tethyan oceans and the
rifting, drifting and collision of multiple continental blocks. Two
significant paleomagnetic poles from sandstones of the SQT and the
NQT show paleolatitudes of 27°N and 27.8°N, respectively, and indicate
that the NQT was already collaged with the Tarim Block at ~220Ma
(Song et al., 2012). Song et al. (2015) reported the first volcanic-based
paleomagnetic results from Triassic rocks of the Qiangtang block that
appeared to average secular variation well enough to yield a reliable
paleolatitude estimate. Combined with the published paleomagnetic
data of the Qiangtang block, the latitude of the NQT in the Late Triassic
was calculated to be 31.7 ± 3.0°N (Song et al., 2015). The first Paleozoic
paleomagnetic data from the basalt of SQT indicate that it was located at
a latitude of 22.3 ± 5.8°S during the middle Permian and drifted rapidly

northward with the Cimmerian blocks in early Permian to Late Triassic
time. According to a simple interpolation between the paleolatitude
determined from the paleomagnetic of the NQT and its surrounding
blocks/terranes the early Permian to Late Triassic, the NQT collaged
with Laurasia and SQT in the late Triassic (Figure 3; Wei et al., 2022).

Based on comparing these paleomagnetic evidence, this paper
proposed that the NQT drifted ~50° northward rapidly during the
Permian and Triassic and was collocated with Laurasia but not yet
with SQT (4° difference) at ~220 Ma. The pillow basalt (~223 Ma)
erupted underwater, the gabbro (~220 Ma) composed of normal
mid-ocean ridge (N-MORB) fraction, the Nadi Kangri basalt
(~220 Ma) formed in a continental rift setting and the
peraluminous S-type granite (~222 Ma) associated with the
subduction collision indicate that the Paleo-Tethys Ocean was
still subducting and colliding with SQT which not yet collaged
with Laurasia (Li et al., 2006;Wang et al., 2007; Fu et al., 2010; Zhang
et al., 2014; Li et al., 2015). The muscovite peraluminous granite
(~214 Ma) formed through magmatic underplating delamination
represents SQT and NQT have been collaged at 214 Ma (Li et al.,
2015). As a result of the above paleomagnetic, geochronologic, and
petrological evidence, this paper proposes that the SQT and NQT
terranes successively collided in Laurasia rather than merging into
the NQT first and then SQT colliding in Laurasia.

Li et al. (2016) compiled existing data published mainly in
Chinese literature and provided a new, high-quality, well-dated
paleomagnetic pole from the ca. 180 Ma Sangri Group volcanic
rocks of the LT that yields a paleolatitude of 3.7°S ± 3.4° (Li et al.,
2016). This new pole confirms a trend in the data that suggest that
Lhasa drifted away from Gondwana in the Late Triassic instead of
Permian as widely perceived (Xu et al., 2011; Song et al., 2015; Li
et al., 2016; Li et al., 2022). This drift history is constrained by
geological and paleomagnetic evidence. The Lhasa terrane was
located adjacent to northern Gondwana in late Triassic time,
with rifting starting around 235 Ma (Zheng et al., 2018), and

FIGURE 2
Equal-area projections showing paleomagnetic comparisons within the Permian to Early Triassic paleomagnetic poles from the CAOB and adjacent
Siberia, North China and Tarim cratons (modified from Huang et al., 2018). (A) Permian, (B) Early Triassic.
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northward drift occurring mostly after ~215 Ma (Li et al., 2016). The
Amdo-Dongkacuo microcontinent between NQT and LT began to
collide with SQT at 166–163 Ma according to the unconformity of
the Dongqiao Formation with the ophiolite (Ma et al., 2020) and
alluvial fan deposits sourced from the Amdo basement (Li et al.,
2019), resulting in the closure of the Dongqiao-Amdo oceanic

seaway. Paleomagnetic data from the western segment of the LT
indicate a paleolatitude of 20.6 ± 5.0°N at ~132–106 Ma suggesting
that the LT had already collided with Eurasia by this time (Chen
et al., 2012). The large number of igneous rocks showing subduction,
collision, and crustal thickening is concentrated in two ages,
~110–130 Ma and ~150–170 Ma, also indicating two collisions
associated with Amdo-Dongkacuo (AD) microcontinent and LT
(Figure 4; Hu et al., 2022).

This paper concludes that the position of the Tarim Basin
remained unchanged during the Mesozoic except for a slight
rotation and that the NQT, SQT, AD, LT collided successively on
the southern margin of the Tarim, based on the above paleomagnetic,
petrological, geochronological, stratigraphic, and paleontological data.
Therefore, the global plates distributionmap centered on Tarim in the
Mesozoic (~220 Ma, ~160 Ma, ~120Ma; Figure 5) was drawn on the
basis of these insights, and the other plate locations were mainly
referred to the data in Huang et al. (2018); Zhao et al. (2018).

4 Reconstruction of the proto-type
basin

There are two major controversies related to the nature of each
depression in the Tarim Basin during the Mesozoic. The first is
whether a foreland basin existed during the Triassic in the
southwestern Tarim, and the second is whether the Kuqa Basin
was a depression or a rejuvenated foreland basin during the Triassic.
In the southwestern Tarim, He et al. (2013) suggested that the
southwestern Tarim region suffered denudation due to intense uplift
influenced by the closure of the Paleo-Tethys Ocean and locally

FIGURE 3
Paleolatitude evolution of the SQT and its surrounding blocks during the early Permian to Late Triassic (modified from Wei et al., 2022).

FIGURE 4
Histograms of the ages of Jurassic–Cretaceous magmatic rocks
in South Qiangtang, Bangong-Nujiang suture zone, and North Lhasa
(Hu et al., 2022).

Frontiers in Earth Science frontiersin.org06

Li et al. 10.3389/feart.2023.1121428

128127

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1121428


developed mountain basin (He et al., 2013). Zheng et al. (2014)
concluded that downwarped basins should have existed in the
southwestern Tarim area in the Triassic by reconstructing the
proto-type basin. However, the intense uplift destroyed the
sedimentary basins in the Late Triassic (Zheng et al., 2014). In
the Kuqa area, Liu et al. (2000); Jia et al. (2003) considered that the
Kuqa Basin belongs to the foreland basin in front of the South
Tianshan folded orogenic belt in the Triassic. Qu et al., 2004; Li et al.,
2017 consider the Kuqa Basin as a regional downwarped basin above

the northern margin uplift of the Late Paleozoic Tarim Block in the
Triassic period.

4.1 Triassic

The Triassic stratigraphy in the Tarim Basin is mainly
located in the Kuqa Basin, Tabei and Tazhong areas, and is
dominated by alluvial fan-braided river delta-flood plain-lake

FIGURE 5
Reconstruction of global plates distribution in the Mesozoic (modified from Huang et al., 2018; Wei et al., 2022). (A) 220 Ma, (B) 150 Ma, (C) 120 Ma.
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facies (Figure 6; Jia et al., 2013; Wei et al., 2021). The Triassic
stratigraphy (0–300 m thickness) is widely distributed in an
east-west strip throughout the Kuqa Basin. The depocenter of
the basin formed by the combined area of Tabei and Tazhong is
in the Awati depression. Based on thickness trends, the
stratigraphic thickness of the Triassic denudation may locally
reach 500 m, with the original boundary line typically 2–4 km
and up to 10 km from the current stratigraphic boundary line of
the remnant. The width of the denuded Triassic area is
30–40 km in the northern Kuqa Basin, and the denuded
thickness is 0–2,400 m (Yu et al., 2016). The balanced cross-
sections can be seen that the main Triassic deformation
occurred in the southwestern Tarim Basin (~3 km) and the
southeastern Tarim (~7 km).

In the southwestern Tarim Basin, few Triassic strata are
remained, only the Duwa site (Figure 9A) developed the
Lower Triassic Wuzunsayi Formation of 200–300 m thick
river-lake facies sandstone and dark mudstone in the Triassic.
The Wuzunsayi Formation is conformably overlying the Upper
Permian Duwa Formation with synchronous deformation and

unconformably overlain by the Jurassic-Cretaceous strata
conformity, which was parallel unconformity (Yang, 1994).
The Late Triassic thrust structures were also revealed by
seismic interpretation (Li et al., 2017). On the seismic
sections, the Late Triassic thrusts cut through the Paleozoic
and stop at the bottom of the Jurassic–Cretaceous (Figure 7),
and the deformations in the Jurassic–Cretaceous are similar to
the overlying the Cenozoic both not involved in the Late Triassic
thrusting. These may be critical evidence for developing a small
basin at the Duwa of the southwestern Tarim Basin in the Early
Triassic but were destroyed by thrust faults in the Late Triassic.

In the Kuqa Basin, both the remnant stratigraphy and the
reconstructed primary stratigraphy show that the depocenter
moved toward the orogenic zone and that the thickness thinned
gradually from the depocenter to the orogenic zone. However, the
depocenter of the foreland basin commonly moves toward the
foreland and gradually thins from the orogenic belt to the basin.
The Triassic strata are overlain on top of the South Tianshan
orogenic wedge and show a progressive change in sedimentary
facies and sequence structure with the overlying Jurassic strata.

FIGURE 6
Mesozoic tectonic-stratigraphic sequence of Tabei area (modified from Wu et al., 2019).
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As a result, the Kuqa Basin is more like a downwarped basin
superimposed on the transition zone between the South Tianshan
orogenic belt and the Tarim Craton. The balanced cross-sections of
B-B′ (Figure 8) and Qi et al. (2022) also show that the Triassic basin
did not develop large-scale thrust faults, and even normal faults may
exist. Thus, the Kuqa Basin is a downwarped basin developed on top
of the Late Paleozoic thrust-fold wedge or even a faulted basin in the
Triassic.

The reconstruction of the Triassic proto-type basin in the Tarim
Basin indicates that the Kuqa Basin and the Tazhong Basin are
downwarped basins controlled by crustal isostasy (Figure 9A). There
was also a local downwarped basin in the southern Tarim Basin in
the Early Triassic, which was destroyed by thrust faults in the Late
Triassic.

4.2 Jurassic and Cretaceous

There are three main controversial types of Jurassic faulted
basins in the southwestern Tarim: the pull-apart basin associated
with the Fergana-Kashgar-Yecheng strike-slip fault (Sobel, 1999),
the large half-graben faulted basin between Tarim Block and West
Kunlun orogenic belt (Zhang et al., 2000), and small horst-graben
structure after the collision orogeny (Li et al., 2017). To address this

issue, we reconstructed the Jurassic and Cretaceous proto-type
basins of the Tarim Block in the same way as above and
obtained Figures 9B, C.

Jurassic formations in the Tarim Block are mainly found in the
Kuqa Basin, the southwestern Tarim Basin, the southeastern Tarim
Basin and the eastern Tarim Basin. The continental clastic rocks of
alluvial fan-braided river delta-flood plain-lake facies are developed
under the control of normal faults in the Kuqa Basin, the
southwestern Tarim Basin, and the southeastern Tarim Basin.
The maximum thickness of Jurassic strata in each basin is
~1,000–2000 m, and it gradually thins from the fault to the basin
(Wei et al., 2022). The depocenter of the basin gradually moved toward
the orogeny. Deformation in the Late Jurassic led to uplift and
denudation, resulting in the formation of a regional unconformity
with a general denudation thickness of 0–250 m in the interior of the
basin and a maximum denudation thickness of 500 m. However, the
denudation thickness is up to 2000 m, and the denudation distance is up
to 40 km in the northern margin of the Kuqa basin (Yu et al., 2016).
Jurassic basins are predominantly unshortened and developed faulted
basins in regional extensional settings.

The Late Jurassic is a transitional phase from the stable stage of
fault subsidence to the initial stage of depression. The underlying
faulted basin combines with the overlying downwarped basin to
form a basin with a binary structure from observation of the seismic

FIGURE 7
Two-dimensional seismic section A-A′ in piedmont of W. Kunlun (A) and flattened its Paleogene bottom (B) (Li et al., 2017).
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FIGURE 8
The balanced cross-section of B-B′ section. Abbreviations: Nh–Nanhua system (Cryogenian system), Z–Sinian system (Ediacaran system),
−∈–Cambrian system; O–Ordovician system; S–Silurian system; D–Devonian system; C–Carboniferous system; P–Permian system; T–Triassic system;
J–Jurassic system; K–Cretaceous system; E–Paleogene system; N–Neogene system; Q–Quaternary system.
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section in Jurassic (Figure 10). An approximately 60 km-wide
Triassic fold-and-thrust belt along the southwestern margin of
Tarim Basin is unconformably overlain by a Jurassic–Cretaceous
sedimentary sequence along a regional angular unconformity in the
southwestern Tarim Basin. The Lower–Middle Jurassic strata
consists mainly of an upward-fining sequence ranging from
terrestrial conglomerates to turbidite deposits, representing the
products of an initial rift stage. Contrast to the pioneering phase,
the sequence of Late Jurassic through Early Cretaceous were
characterized by several cycles of coarse clastic deposits with
large-scale cross laminations that suggest a fluvial to braided

delta setting (Wu et al., 2021). These basins were not unified as
one but existed in the graben-horst structure. These Jurassic basins
are distributed along the Karakorum premontane faults and cannot
be extended to the Ferghana Fault as no contemporaneous Jurassic
clastic deposits exist between the Karakorum and the Western
Tianshan. Therefore, based on reconstructions of proto-type
basins, the southwest Tarim Basin was a faulted basin with small
horst-graben structure after the collision of orogeny during the
Jurassic.

The Early Cretaceous strata are mainly distributed in the
southwestern Tarim Basin and the Central Basin consisting of
Kuqa, Tazhong, Tadong, Tanan, and southeastern Tarim, and
deposit red coarse clastic terrestrial deposits of alluvial fan-
braided river delta-flood plain-fluvial faces. Compared to the Late
Jurassic strata, the Cretaceous strata are thinner in thickness and
slower in deposition rate but are similar in depositional and
structural characteristics without being controlled by faults (Li
et al., 2017; Wu et al., 2021). The crustal shortening did not alter
significantly in most areas, except for the southeastern Tarim, where
a shortening of 2–3 km occurred, resulting in a substantial uplift that
reduced the area of the southeast Tarim Basin by approximately half
in the Early Cretaceous. The Central Tarim Basin is an intracratonic
depression basin according to these sedimentary features. During
the Late Cretaceous, the Tarim Basin was denuded due to general
uplift, resulting in practically no sedimentary record for the entire
basin, except for the southwest Tarim Basin. The late Early
Cretaceous in the northeastern part of the eastern Tethys
witnessed a large-scale transgression event that resulted in the
formation of the trumpet-shaped bay in the western Tarim Basin
(Xi et al., 2020). Finally, the basin is dominated by repeated
deposition of multiple mudstone-carbonate assemblages in the
Late Cretaceous (Bosboom et al., 2014), indicating that the
sedimentary environment is mainly controlled by multiple
transgression-regressive cycles rather than intense tectonic
activities (Zhang et al., 2018). The inconspicuous shortening of
the crust and the inactive thrust faults indicate that southwest Tarim
Basin was a downwarped basin throughout the Cretaceous.

The Jurassic and Cretaceous proto-type basin reconstructions
(Figures 9B, C) show that the Jurassic was a fault-basin period and
began a transition to a downwarped basin in the Late Jurassic. The
early Cretaceous basins were deposited and sequenced in a similar
manner to those of the Late Jurassic. However, unlike the Late
Cretaceous Tarim Basin, which experienced uplift and ceased
deposition (Jia et al., 2003; Jin et al., 2008), except for the
southwest region where there was the development of marine
sedimentation due to multiple transgression-regression cycles.

5 Reconstruction of tectono-
paleogeography around the Tarim
Basin

The study of tectono-paleogeography focuses on tectonic
patterns and paleogeographic features. The basin types and global
tectonic events control the paleogeographic distribution, basin
subsidence rates, depositional systems and evolution of proto-
type basin. The Tarim Basin has entered the stage of continental
basin development since the Mesozoic and mainly developed

FIGURE 9
Proto-type basin of Tarim and adjacent areas at ~220 Ma,
~150 Ma, and ~120 Ma. Circle–well, square–city.
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terrestrial clastic rocks (He et al., 2005). The closure of the Paleo-
Tethys Ocean and the opening-closing of the Neo-Tethys Ocean in
the southern Tarim Basin heavily influenced the Tarim Basin,
including changes its uplift-depression pattern and unconformity
development (Wang et al., 2010; Xu et al., 2011). In order to clarify
the influence of global tectonic events on the Mesozoic
paleogeography of the Tarim Basin, this paper analyses the
Mesozoic geotectonic events on the periphery of the Tarim Basin
and reconstructs the Mesozoic tectono-paleogeography of the Tarim
Basin in a comprehensive view.

5.1 Tectono-paleogeography around the
Tarim Basin in the Late Triassic period

The Paleo-Tethys Ocean had begun to northward subduction
since the Carboniferous in the southern Tarim and eventually closed
in the Late Triassic in response to the accretion of the Tianshuihai-
Bayankara terrane, NQT and SQT with the Tarim Block (Jolivet
et al., 2001; Xiao et al., 2002; Xiao et al., 2003; Liu et al., 2015; Song
et al., 2015; Ma et al., 2020; Wei et al., 2022). The intense
compressional collision caused an uplift in the southern Tarim
Basin, transforming the Permian foreland into an uplift (He
et al., 2015). This collision also formed the thrust fault structure
from the West Kunlun orogenic belt and the Altyn orogenic belt
toward the basin in the southern margin of the Tarim Basin, as well
as the back thrust structure from the basin to the orogenic belt in the
Maigaiti slope (Li et al., 2017). Uplift and thrust of the basin caused
the Early–Middle Triassic strata in Bachu, Tanggu and Tadong areas
to be denuded to the Central basin and formed a sizeable regional
unconformity. Alluvial fan-braided river delta-flood plain-lake
facies were mainly developed in the central basin, and the
depocenter was located in the Tabei area and moved northward
continuously during the Triassic period (Liu et al., 2012). At this
time, Kuqa Basin, as a downwarped basin superimposed on the

transitional zone between the northern margin uplift of the Tarim
Craton and the Late Paleozoic southern Tianshan orogenic wedge,
was not evidently affected by the collision (Figure 11A).

5.2 Tectono-paleogeography around the
Tarim Basin in the Late Jurassic period

The Tethys region was in an expanding setting as the New
Tethys Ocean spread during the Early to Middle Jurassic. The
Triassic uplift transformed into depressions in the southern
Tarim Basin under the extensional background, and a series of
narrow and deep faulted basins with coal-bearing strata composed
of sand-mudstone intercalated with coal seams at the margin of the
Tarim Basin (Figure 11B). The Amdo-Dongkacuo microcontinent
collided with the southern margin of Tarim during the Late Jurassic
period, which caused the Tarim Basin to be influenced by
compressional stresses (Ma et al., 2020). The normal fault ceased
to be active and the graben basin began to transform into a
downwarped basin. Red coarse-grained clastic rocks were
deposited throughout the basin during the Late Jurassic, and
alluvial fans suddenly appeared in the southeastern Tarim.

5.3 Tectono-paleogeography around the
Tarim Basin in the late Early Cretaceous
period

The collision of the Amdo-Dongkacuo microcontinent with
the Tarim Block in the Late Jurassic represents the beginning of
the collision of the paleo Lasa terranes with Eurasia. The
northward subduction of the Meso-Tethys during the Early
Cretaceous and the continued collision of microcontinents
created continuous compressional stress on the Tarim Basin.
The southeastern Tarim began to uplift and no longer received

FIGURE 10
Interpretation of the seismic profile C-C′ in the southwestern Tarim Basin (Wu et al., 2021).
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deposition, and the Kuqa Basin and the Central Basin have
combined into a whole with red coarse clastic deposits
(Figure 11C). The collision of the Lhasa Block with the Tarim
Block formed an enormous compressional stress during the Late
Early Cretaceous that caused the entire Tarim Basin to uplift and
no longer accept sedimentation. The widespread transgression of
the Tethys Ocean resulted in seawater influx from the western
openings of the Tarim Basin into the southwestern Tarim Basin.

It began to receive a deposition of multiple mudstone-carbonate
assemblages (~110 Ma).

6 Conclusion

1 The North Qiangtang Terrane and the South Qiangtang
Terrane collided with the Tarim Block successively during
~220 Ma to 215 Ma, rather than merging into a single block
before colliding in the late Triassic. This collision led to a large
uplift in the southern Tarim Basin resulting in denudation of
strata. Therefore, a large number of alluvial fans appeared in the
southern margin of the sedimentary basin and the depositional
center moved northward.
2 Faulted basins combined to form a large floodplain developed
in the Early–Middle Jurassic extensional setting in the margins of
the Tarim Basin. In the Late Jurassic, the Tarim Block was
compressed to some extent and the faulted basin started to
transform into a downwarped basin with red coarse clastic
sediments as a result of the Amdo-Dongkacuo microcontinent
collision with Tarim Block at ~160 Ma.
3 During the early Cretaceous period, the Tarim Basin was
characterized by a downwarped basin inherited from the late
Jurassic period. Around 120 Ma ago, the Lhasa Block collided
with the Tarim Block, causing the Tarim Basin to experience
uplift and denudation. Additionally, the southwestern region of
the Tarim Basin underwent transgression from the Neo-Tethys
Ocean, leading to the deposition of marine sediments.
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A new superimposed model of the
Tongnanba anticline in
northeastern Sichuan and its
exploration implications

Yonghe Zhai, Zhuxin Chen*, Yuqing Zhang, Nan Su, Lining Wang,
Rong Ren and Geng Yang

Research Institute of Petroleum Exploration and Development, PetroChina, Beijing, China

Understanding the structural style, kinematic process, and timing of superimposed
structures worldwide is often difficult due to complex structure deformation process.
Fortunately, the newly acquired high-quality seismic reflection data and geological
observations covering the Tongnanba anticline provide an excellent chance to
characterize such structures. Here, we used geological and seismic data from the
Tongnanba region to evaluate the structural style and deformation sequence of
Tongnanba anticline. In this regard, we propose a new model of the northeastern
Sichuan Basin, which are different from themodel that deep structures formed earlier
than shallow structures demonstrated by previous studies, and we also discussed the
implications of this new model for the deep oil and gas exploration. Compressed by
Micangshan andDabashan thrust belts and controlled by three detachment layers, the
Tongnanba anticline shows a complex multi-stage, multi-directional, and multi-level
superimposed structure. Therewere three deformation layers vertically, leading to the
multi-level detachment thrust structure style. Specifically, the upper and middle
deformation layers were mainly controlled by South Dabashan thrust belt in the
early stage, forming long-distance detachment thrust structure extended in the NW-
SE direction. A series of pop-up structures propagated toward the upper and middle
detachment layers. On the other hand, the lower deformation layer was primarily
controlled by theMicangshan thrust belt in the late stage, forming complex basement
faults extended in the NE-SW direction, which was consistent with Trishear fault-
propagation fold. Along the basement detachment developedmultiple branch slopes
spread from northeast to southwest. The middle and upper deformation layers was
transformed by the basement faults, thus forming the complex superimposed
structure of north-south zonation and east-west segmentation at present. It was
such complex superimposed structure that control the process of hydrocarbon
accumulation and adjustment in each deformation layer, and the deep-ultra-deep
ancient oil and gas reservoirs may be worth of exploring.

KEYWORDS

superimposed structure, multi-detachments, Micangshan, Dabashan, Sichuan basin

Introduction

There are large number of superimposed structures develop orogenic belts and
continental crustal deformation areas. Multiple phases compression causes the
deformation formed in the early stage being modified by the deformation formed lately
(Kusky and Loring, 2001; Saha, 2002; Dario et al., 2010; Shah et al., 2013; Deng et al., 2015;
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Zhang et al., 2019; Hou et al., 2020). For instance, in the core zones
of the Alpi Apuane metamorphic complex in the northwest Tuscany
Italy, the switch from the crustal scale contractional regime to the
extensional one has been documented (Molli et al., 2022). Two
phases of deformation of Paleozoic accretion of the orogenic belt are
reported based on the analysis of folds on the northern margin of the
North China Craton (Hou et al., 2020). Zhang (2019) report that
NE-near EW trending fold superimposed NW-NNE trending fold in
the Jianchi area of western Dabashan according to field investigation
and identification.

However, the study of these superimposed structures pay
attention to outcrop- and regional-scale, which ascertain the fold
interference patterns which are influenced by two phases of
orthogonal or oblique deformation. Therefore, a serious of
interference patterns are proposed for the single-layer
superimposed folds (Ramsay, 1962, 1967; Ghosh et al., 1992;
Grasemann, 2004). Otherwise, a serious of numerical simulation
and physical simulation experiments are fully used in the study of
superimposed structures (Deng et al., 2016; Long et al., 2021; Ma
et al., 2023).

Unlike most superimposed structures investigated currently,
there are always multi-level folds superimposed vertically in front
of the foreland thrust belt. And been subjected to Mesozoic-
Cenozoic multi-phase, multi-directional compression, the
superimposed structures are different with the conventional one.
This makes us not only understand the superimposed structure in
single-layer or in planar, but also comprehend it vertically.

This article chooses Tongnanba anticline as the research object
to discuss the structural styles and evolution process of multi-phase,
multi-directional and multi-level superimposed structure. The
Tongnanba anticline is intersection zone in the fronts of the
Dabashan and Micangshan fold thrust belts. Decades have been
spent studying the structural style, evolutionary processes (Wu et al.,
2006; Hu et al., 2012; Shi et al., 2012; Dong et al., 2013; Wen et al.,
2013; Chen, 2015, Chen et al., 2016; Li et al., 2015) and oil and gas
exploration (Jin et al., 2012; Li et al., 2016; Jiang et al., 2020) of the
Tongnanba anticline and peripheral thrust belt. It is commonly
believed that the Tongnanba anticline was compressed by
Micangshan in the early stage to form the NE-SW striking deep
thrust fold deformation and experienced the Dabashan over-
thrusting to form the NW-SE striking compressive thrust
deformation in the middle and upper parts in the late stage
(Dong et al., 2006; Wu et al., 2006; Jiang et al., 2008; Li et al.,
2008; Xu et al., 2009; Zhang et al., 2010; Zhang et al., 2011; Li et al.,
2013; Wang et al., 2013; Chen et al., 2015; Chen et al., 2016). And a
multi-detachment deformation system is formed under the control
of multiple sets of detachment layers, which incorporate a classic
incorporate a classic decoupled deformation model. But the regional
seismic profile indicates that different tectonic deformation layers
exhibit local coupling, which contradicts the notion that early
deformation occurs in the lower deformation layer and late in
the upper and middle deformation layers. Therefore, it is
necessary to redefine the structure style and deformation sequence.

In this study, the structural style was discussed by a serious of
region seismic profiles in different directions. Based on seismic
profile interpretation results, a new tectonic evolution process of the
study area is restored. Finally, we discussed the adjustment and
modification of hydrocarbon by the new tectonic evolution process.

Geologic setting

The Tongnanba anticline, located in northeastern part of the Sichuan
Basin, is a major part of Micangshan-Hannan Uplift and the Southern
Dabashan arc thrust belt, with a general trend ofNE toNNE (Figure 1). It
experienced an orogenic collision between the Yangtze Plate and the
North China Plate and uplift of the eastern margin of the Qinghai-Tibet
Plateau since the late Triassic, forming a series of underground structures
with northeast and northwest trends (He et al., 2011; Jia et al., 2013).
From Cretaceous-Cenozoic, exhumation formed the relief at present. It
composed two stratigraphic units on a Precambrian crystalline base: 1)
Marine sedimentary sequences from the Sinian toMiddle Triassic formed
in the Marine Craton rift basin to the craton depression basin; and 2)
terrestrial sedimentary sequences from the Late Triassic to the Neogene
developed in the continental depression basin to foreland basin (He et al.,
2011; Huang et al., 2021). The absence of an angular unconformity and
the development of multiple parallel unconformities in the region are
notable. Due to intense denudation, the strata exposed on the surface are
mainly Jurassic and Lower Cretaceous (Figure 2).

The Micangshan and Southern
Dabashan FTB

The Micangshan FTB is connected and intersected with several
structural belts, including the Sichuan Basin, the Songpan-Ganzi
orogenic belt, the Longmenshan FTB and the south Dabashan FTB.
It comprises Mesoproterozoic metamorphic rocks, with Paleozoic and
Mesozoic sedimentary rocks surrounding it. Micangshan FTB
underwent multiple phases of tectonic movement, forming a
complex structural system (Wu et al., 2011; Sun et al., 2011). Two
rapid uplift events occurred in Micangshan uplift, respectively during
the Early Jurassic-Early Cretaceous and Late Miocene to present, which
are related to the collision of the Yangzian-North China and Indo-
Eurasian plate (Li et al., 2010; Zhang et al., 2022).

Located at the northern margin of the Yangtze Craton, the
Southern Dabashan FTB is a curved tectonic belt in the southern
Qinling orogen formed by the Late Triassic collision of the Qinling
microplate and the Yangtze plate. Due to the Late Triassic collision
and structural superposition during the Late Jurassic to Early
Cretaceous, it experienced foreland folding and thrusting (Dong
et al., 2006; Zhang et al., 2011). The Southern Dabashan FTB is
mainly characterized by the multi-detachment structures. Governed
by the Lower Triassic Jialingjiang Formation and Cambrian
detachment layers, the multi-level and multi-stage detachment
deformation are formed (Li et al., 2017; Huang et al., 2021).

Detachment layers in the Tongnanba
anticline

Gypsum rock, mud, and shale demonstrate the characteristics of
plastic flow upon subjection to compression deformation, which is
easily transformed into a detachment layer. Other rock strata, such as
limestone and dolomite, are primarily distinguished by their brittle
fracture. Multiple detachment layers are recognized in the study area,
including the pre-Sinian basement detachment layer, the Silurian
mudstone detachment layer and the Triassic Jialingjiang-Leikoupo

Frontiers in Earth Science frontiersin.org02

Zhai et al. 10.3389/feart.2023.1162586

139138

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1162586


Formation gypsum detachment layer (Jin et al., 2006; Zheng et al.,
2013). The gypsum detachment layer in the Leikoupo Formation has a
chaotic seismic event feature, thickens locally under strong extrusion,
according to the high-quality seismic profile (Figure 3). It is buried
between 4,500 and 5,500 m deep. The Silurian detachment layer shows
weak and discontinuous seismic reflection, with no obvious thickness
change. Its depth is 6,000–6,500 m. The depth of the pre-Sinian
basement detachment layer is currently controversial. Local
detachment layers are not discussed in detail here. According to the
analysis of the detachment layer in the study area presented above, three
structural deformation layers (upper, middle, and lower) are formed in
the upper portion of the pre-Sinian basement detachment layer,
exhibiting inconsistent deformation in different deformation layers.

Data and methods

Comprehensive seismic data on the Tongnanba region form the
basis for studying its structural geometric features in this paper. This

study employs twenty NE-SW trending and twenty-eight NW-SE
trending time-migrated 2D seismic profiles. The approximate
depths are converted based on an average velocity of 4,000 m per
second. Although this time-depth conversion method is simple
compared to the reality, the vertical stretching and compression
do not affect our analysis of structure style in the study region.

We primarily employed fault-related fold, balanced section
restoration technique, and forward modeling analysis to
characterize the Tongnanba anticline’s superimposed deformation
pattern, evolution process, and spatial structure characteristics.
To constrain the underground structural model while
interpreting seismic reflection profiles, we projected 1:
200,000 regional geological mapping results onto seismic
profiles. Two NE-SW 2D seismic profiles and five NW-SE 2D
seismic profiles are chosen as examples for this explanation.
Otherwise, the Trace710 seismic profile was constructed to
investigate the evolution process and variations in shortening.
Its tectonic strike is perpendicular to Micangshan FTB and
parallel to Dabashan FTB, containing the maximum structural

FIGURE 1
(A) A simplified structuremap of the North China plate, the South China plate, theQinlingMountains orogenic belt and the location of the study area
(modified from Chen et al., 2016). HD, Hannan uplift; SD, Shennongjia uplift. (B) A simplified geologic map of Tongnanba anticline and its adjacent thrust
belts.
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features. Finally, the relationship between regional geological
structure, evolution processes, and petroleum is discussed. We
divided the characteristics of source-reservoir-cap assemblages
into those of the upper, middle, and lower tectonic deformation
layers by investigating the characteristics of source-reservoir-cap
assemblages of different tectonic deformation layers.

Structural geometry of the Tongnanba
anticline

The regional seismic profiles’ structural analysis clarifies the
structural characteristics of the piedmont area of South Dabashan
and Micangshan FTB, respectively. In this paper, use two NE-SW
and five NW-SE 2D seismic profiles are interpreted explain the
typical tectonic features of the southern Dabashan and Micangshan
front regions, with the location of the seismic profile is shown in Figure 1.
The interpreted results explains that the Tongnanba anticline belt is
characterized by the NW-trend long-distance detachment thrust
deformation of the upper and middle deformation layers, and NE-

SW trending deep basement fold structural deformation of the lower
structural deformation layer, which is evidence of the prominent
vertically stratified multi-detachment thrust deformation pattern of
the Tongnanba anticline (Figure 4).

Structural analysis of NE-SW directed
seismic profiles

Three deformation layers are displayed from bottom to top in
the NE-SW seismic profiles: 1) The chaotic reflection with depths
greater than 8 km, representing the Precambrian crystalline
basement; 2) the strong continuous reflection with depths
approximately 8–4 km, representing the Cambrian-Permian; and
3) the shallow, weak continuous reflection with depths
approximately 4 km, representing the Triassic-Cretaceous
(Figures 4A, 5A).

NE-SW directed seismic profiles reflect the detachment
thrust deformation in the upper and middle deformation
layers. On the whole, the deformation distribution is wide,

FIGURE 2
A simplified stratigraphic column of the Tongnanba anticline, indicating multistage tectonic activities (modified from Chen et al., 2016).
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but the fault displacement is small. Because of differences in the
shorting strength, different styles of structures are exposed
from South Dabashan to the Sichuan Basin. In the upper
deformation layer, it is revealed that multiple small folds
and pop-up structures developed along the upper
detachment layer on both limbs, showing the unequal
distance distribution of structures. There are large-scale
detachment structures near the Huangcaogou and HBC area,
forming the subsidiary anticline with large amplitude (Figures
4B, 5B). Also, it can be seen that multiple NE-dipping thrust
faults distributed in the Shapin area and numbers of pop-up
structures near the South Dabashan. Closed to the Southern
Dabashan FTB, the structural deformation becomes
complicated and the upper detachment layer gradually
uplift. In addition, salt accumulation occurs in the upper
detachment layer, resulting in the thickening of the
detachment layer in the local place (Figures 4A, B).

Because of the strong thrusting, different types of structures
are developed in the middle deformation layers. Like the upper
deformation layers, thin-skinned thrust fold structures
distributed on the two limbs of the anticline, and the position
of deformation is the same as the upper deformation layers
locally. Deformation close to the South Dabashan is
characterized by an imbricate thrust structure, which involved
the Sinian, Lower Paleozoic, and Permian and a small portion of
Triassic units. Continuous imbricate structure resulted in
obvious thickening of strata (Figures 4B, 5B). There are also
several thrust fault and back thrust fault appear near the region of
Hebachang, with the strata in the upper deformation uplifting
locally.

The deformation in the lower structure deformation layer is
controlled by Micangshan FTB, which form the SE-directing
thrust faults. Therefore, in the NE-SW seismic profiles, these
SE-directing faults are showed as several branch fault flats

FIGURE 3
Seismic reflection characteristics of the detachment layer. (A)NE-SW regional seismic profile Hctrace710. (B) Enlarged area of seismic profile shown
the Lower Triassic (Leikoupo Formation) detachment layer. (C) Line-drawing of Figure 3B. (D) Enlarged area of seismic profile shown the Lower Silurian
detachment layer. (E) Line-drawing of Figure 3D.
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superimposed one by one. And there are different fault flats in
different seismic profiles.

Structural analysis of NW-SE directed
seismic profiles

NW-SE seismic profiles reflect the deformation formed by
Micangshan FTB, with the basement anticline of the Tongnanba
area (Figures 6, 7). There are also three parts to the reflections, but
unlike the NE-SW profile, there is no discernible dislocation of the
reflection axis in the shallow layers. On the contrary, obvious reflection
axis deformation occurs in themiddle and deep layers, which reveals the
basement fold structure and its control over the upper strata. The
seismic profile also reveals that the shallow, middle, and deep structure
deformation layers exhibit partially synchronous deformation in the

NW-SE direction, indicating that the deep structure deformation time is
later than that of the middle and shallow long-distance detachment
thrust structural layers.

Generally, from NW to SE, the Tongnanba anticline is a broad
anticline whose shape changes from monocline to asymmetric
anticline from northeast to southwest, and it can be seen that
there are two types of basement anticlines arise in the study area
(Figures 6, 7). One is single basement anticline controlled by one
basement fault (Figure 6). According to 2Dmove-forward modeling,
it is inferred in this paper that the pre-Sinian basement detachment
layer has a significant burial depth about 17 km and maybe a weak
layer in the middle-lower crust. From SW to NE, the anticline
transited from broad gentle anticline to monocline. The basement
fault disappeared downward into the lower detachment, and
terminated in the upper detachment layer locally, showing that
the middle structure deformation layer is severed by basement faults

FIGURE 4
NE-SW seismic profile (A1-A1’) in the Tongnanba anticline shown the structure of Dabashan thrust system. (A, B) Seismic profile and its interpretation
result for (A1-A1’). The basement faults are distributed in SE-directing, which are flat in the NE-SW striking section.
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(Figure 6 B1-B1’, B3-B3’). It is worth noting that the fault
displacement decreases gradually from Sinian to the upper
detachment layer. In specific profiles, the basement fault does not
cut through the upper strata, and SE-dipping faults appeared in the
middle and upper deformation layers, representing the NW-strike
faults from Dabashan FTB which cause the stratum to thicken.
Under the adjustment of the upper detachment layer, the upper
deformation layer has no noticeable thrust faults, and the strata in
the upper deformation layer is relatively continuous and complete.
Moreover, due to compression, the upper detachment layer thickens
close to the Micangshan.

Another one is double basement anticline controlled by two
basement faults (Figure 7). Like the anticline which is controlled by
one basement fault, the upper detachment layer thickens because of
compression from Micangshan FTB. And near south Dabashan, a

series of NW-strike thrust faults cause the middle deformation layer
to thicken (Figure 7 C1-C1’b). However, the difference is that the
lower and middle deformation layer are double anticlines, while the
upper tectonic deformation is simple anticlines, which illustrate that
in the vertical it is decoupled locally. According to the planar
distribution of the NW-SE seismic profiles, it can be seen that
the single basement anticline and the complex basement anticline
appear alternately, which represented the transitional location of
two basement faults.

According to the seismic profile interpretation and balanced
cross-section restoration, it is confirmed that the basement faults in
the lower structure deformation layer conforms to the Trishear
fault-propagation fold model (Suppe J and Medwedeff D A, 1984;
Erslev, 1991; Allinendinger RW, 1998). It is known that the Trishear
fault-propagation foldmodel has the characteristics that the shape of

FIGURE 5
NE-SW seismic profile (A2-A2’) in the Tongnanba anticline shown the structure of Dabashan thrust system. (A, B) Seismic profile and its interpretation
result for (A2-A2’). The basement fault is distributed in SE-directing, which are flat in the NE-SW striking section.
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the anticline is asymmetric, whose front wing is narrow and the rear
wing is wide. Besides, the fold becomes more andmore tightly closed
with the increase of depth and the deformation cannot be
transmitted forward. The fault displacement gradually increases
from bottom to top. In this paper, the NW-SE seismic profiles
have the same feature. Firstly, the seismic profile shows asymmetric
anticline in Figures 6, 7, with the front limb being steeper than the
back limb. The dip angle of the front limb decreasing gradually from
bottom to top (Figure 7). Otherwise, the fault displacement
gradually decreases from Sinian to the lower Triassic.
Furthermore, there is no discernible deformation propagated
towards the basin, indicating that the basement deformation the
basement deformation from Micangshan FTB is no longer
transmitting forward. All the above proved that the basement
faults are consistent with the Trishear fault-propagation fold model.

Characteristics of fault distribution

To comprehend the fault distribution and geometric style of the
Tongnanba anticline systematically and comprehensively, we analyze
the planar fault distribution characteristics of the different structure
deformation layers using regional seismic profiles (Figure 8).

In the upper structure deformation layer, under the compression of
South Dabashan, it forms a series of NW-SE and NS striking pop-up
structures which were primarily formed in Fuyangba and Xindianzi area.
Near the Hebachang area develop three groups of NW-trending thrust
and back-thrust faults, and faults with slight displacement dominate the

Fuyangba. On the southern side of the Well M-2 forms two near-NS
faults. Multiple large-displacement faults distribute near Xindianzi and
Lianghekou area, illustrating the intense compression in the vicinity of the
Southern Dabashan (Figure 8A).

The middle structure deformation layer, also under the compression
from South Dabashan, develops a series of NW and near-EW trending
fault groups. Compared to the upper structure deformation layer, no
faults have formed near the well HB-101 and HB-2, indicating that the
compression from South Dabashan has yet to be transmitted here. In the
Hebachang region, there are three groups of NW-trending thrust and
back-thrust faults whose positions corresponded to those of the upper
structure deformation layer. Fuyangba area is devoid of small faults,
whereas in theXindianzi andLianghekou area exhibit near-EW imbricate
structures which structural strike consistent with the western section of
the Dabashan FTB (Figure 8B).

Compared to the upper andmiddle structure deformation layers, the
lower structure deformation layer has the opposite fault distribution
direction. A group of NE-trending thrust faults form a pattern of lateral
spread. The F1 fault has the smallest distribution range, which terminates
north of Lianghekou. Fault F2 extends northeast from HC-1, while Fault
F3 extends northeast to the Shaping region. These faults are stacked on
top of one another in a piggyback fashion (Figure 8C), which controlled
the structure of the lower structural deformation layer.

Under the compression along the South Dabashan and
Micangshan, the planar distribution of faults reveals that faults of
different stages have diverse distribution characteristics. The faults in
the upper andmiddle structural deformation layers parallel or obliquely
intersect the structural trend of South Dabashan, resulting in groups of

FIGURE 6
NW-SE seismic profile in the Tongnanba anticline shown the structure of Micangshan thrust system. FromNW to SE showed the Seismic profile and
interpretation result for B1-B1’, B2-B2’, and B3-B3’.
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FIGURE 7
NW-SE seismic profile in the northeastern Tongnanba anticline shown the structure of Micangshan thrust system. From NW to SE showed the
Seismic profile and interpretation result for C1-C1’ and C2-C2’.

FIGURE 8
Fault distribution map of Tongnanba anticline dominated by different detachment layers.
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thrust and back-thrust faults of varying scales. The NE-SW striking
faults in the lower structural deformation layer are nearly parallel or
oblique to the trend of the Micangshan thrust belt. These faults
traversed the entire Tongnanba anticline, forming a structural
combination of NW and NE striking faults stacked vertically.

Restoration of tectonic evolution

The complex deformation of the Tongnanba anticline can be
attributed to the multistage regional tectonic activities. This
article, the NW-SE seismic profile is restored under the
analysis of structure deformation in the Tongnanba anticline
for clarifying the structure deformation process of different

stages in the Tongnanba region. Different stages of the
compression generated by the Micangshan and South
Dabashan FTB were transmitted to the Tongnanba region,
resulting in the multi-detachment thrust structure (Figure 9).

This article suggested that the upper and middle structure
deformation layers formed earlier than the lower structure
deformation layer, which means that the deformation from South
Dabashan FTB is earlier than Micangshan FTB. Firstly, it is evident
that three structure deformation layers are coupled locally in the NE-
SW and NW-SE seismic profiles, which have consistent axes in some
seismic profiles. Otherwise, Sandbox simulation experiment indicates
that the structure trace of shallow deformation if the paleo-uplift was
formed first (Marshak, 2004; Long et al., 2021). And we believe that the
middle and shallow structures could not spread forward across the
paleo-uplift. In addition, there is no significant regional unconformity in
the stratigraphic sequences, which may imply that the development of
the anticline is in the late stage. Therefore, the deformation from south
Dabashan FTB is early than Micangshan FTB.

In the early stage, a series of thrust and back-thrust faults were
formed during the early stage that South Dabashan produced NW-SE
compression (Figure 9B). The deformation traveled long distances along
the upper detachment layer. Several imbricate thrust structures develop
near the front of South Dabashan during the middle stage (Figure 9C).
And there are a series of thrust and back-thrust faults occur far from
South Dabashan. The upper structure deformation layer is further folded
due to the substantial folding deformation of the middle structure
deformation layer. In the late stage, under the compression of
Micangshan FTB, three forward thrust fault were formed which were
characterized by laterally-arranged piggyback thrust structures. In the
meantime, these faults modified the deformation which is generated
earlier (Figure 9D).

According to the above analysis, the Tongnanba anticline is
subjected to two long-distance detachment thrust formations above
the Silurian mudstone detachment layer, producing near-EW and
NW-SE striking faults in the shallow and middle structure
deformation layers. Subsequently, basement structure produced
by Micangshan FTB modified the upper deformation. These
tectonic processes combine to form the Tongnanba anticline’s
multi-level superimposed structure.

Discussion

A new model explains the superimposed
structure

The lateral extension-superposition model of the
deep basement detachment thrust structure

We use 2D MOVE for the forward modeling of basement faults
to verify the validity of the model of the basement fault structure. In
the model, the dip angle of the faults is 20.5°, the trishear angle is 80°,
and the fault propagation slip ratio is 1 (Figure 10).

As depicted in Figure 10, the fault F1 developed in the basement,
with its lower endpoint in the pre-Sinian detachment layer and its upper
endpoint in the basement (Figure 10A). When the displacement is
transmitted along F1, the rear limb bends and slides along the fault,
forming a broad anticline. At this time, the displacement of the fault is
the distance between the inactive axial plane and the active axial plane

FIGURE 9
Multi-stage deformation of the Tongnanba anticline (see
Figure 1A–A’ for the profile).
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projected onto Fault F1 (Figure 10B). The anticline core contracted
when the displacement was increased, and the high point of the
anticline roes at the same time (Figure 10C). This model resembles
the single anticline in the Tongnanba region.

When the fault F2 is created along the basement detachment layer
in the front limb direction of a previously formed anticline, it

manifested two forward thrust faults, with fault F2 controlling the
deformation and generating new displacement along the fault F2. And
the fault F1 deformed passively in response to the fault F2 (Figure 10D).
The anticline formed previously was altered and reflected the double
anticline with one anticline high point (Figure 10E). With the
displacement increasing, the folds become more tightly closed. This

FIGURE 10
Sequential model of the growth Tongnanba anticline controlled by lower detachment. F1: dip angle is 20.5°, trishear angle is 80°, propagation/slip
ratio is 1; F2: dip angle is 20.5°, trishear angle is 80°, propagation/slip ratio is 1.
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model is consistent with the double anticline of the Tongnanba
anticline, which is controlled by two branch faults.

Based on the analysis and forward modeling, we established the
basement fault spatial distribution of Tongnanba anticline (Figure 11).
It is clear that three faults, developed fromNE to SW, result in the broad
anticline. While two faults which is stacking between the fault slopes
displays a double anticline. Under the influence of basement faults, it is
showing that the Tongnanba anticline has a complex geological
structure, which is segmented from NE to SW.

Implications for oil and gas explorations

Complex segmentation is developed in the Tongnanba anticline
due to the multi-detachment superimposed structure. The structural
segmentation and tectonic evolution are closely related to hydrocarbon
accumulation. Consequently, it is necessary to analyses the hydrocarbon
accumulation in the vertical and horizontal direction (Figure 12).

In the upper structure deformation layer, the shallow Triassic
Xujiahe Formation, such as the continental 2nd and 4thMembers, are
the focus of shallow exploration. The source rocks are the 3rd and 5th
Members of the Xujiahe Formation, and the regional caprock is the
upper mudstone. Consequently, the advantageous source-reservoir-
cap combination is formed (Du et al., 2019; Jiang et al., 2020). In the
Late Jurassic, the source rock reached the peak of hydrocarbon
generation (Wang et al., 2014) (Figure 12). During the Late
Cretaceous, intense compression is produced from South
Dabashan, resulting in crude oil and natural gas generation. Thus,
structural hydrocarbon reservoir is formed, in which the shallow
structural traps is corresponded with the oil and gas generation of the
source rocks. Otherwise, faults in the upper structure deformation
layer enhance the physical properties of the reservoir and connect the
source rocks and reservoir effectively. Therefore, the reconstruction of
shallow layers from late basement faults may alter or destroy
previously formed oil and gas reservoirs.

In the middle structure deformation layer, it develops the gas
reservoirs of the granular beach facies in the 3rd Member of the
Lower Triassic Feixianguan Formation and the reef-beach facies of
the Upper Permian Changxing Formation. Permian Wujiaping
Formation and Dalong Formation are primarily source rocks. In
addition, older source rocks like Silurian may also contribute to the
middle trap. The Jialingjiang Formation’s gypsum rocks serve as a
high-quality regional caprock (Lan et al., 2019; Wang and Ji, 2020).
During the Early to Middle Jurassic, oil production peaked in the
Permian source rocks. The paleo-lithologic reservoirs may be taken
shape in the Feixianguan Formation and Changxing Formation On
the premise that no paleo-structures existed at the time. In the Late
Jurassic, the crude oil cracked to produced gas, leading to paleo-gas
reservoir (Zhang et al., 2013; Liu et al., 2019). The structural trap of
the middle structure deformation layer was formed after the Late
Cretaceous because of Dabashan compression, which corresponded
to the stage of thermal cracking and gas generation in crude oil.
There is some possibility that structural-lithologic or structural
hydrocarbon reservoirs are existed. Besides, these hydrocarbon
reservoirs are difficult to be modified by the basement faults in
the late stage. So special consideration must be given to these
reservoirs during exploring the middle layers.

Dengying Formation in the Sinian is the exploration focus in the
lower structure deformation layer, which consists primarily of alga-
rich microbial dolomite. The source rocks consist of mudstone and
shale from the Qiongzhusi Formation and Doushantuo Formation,
with Silurian mudstone serving as the regional caprock (Jia et al.,
2015; Lan et al., 2019; Guo et al., 2020; Guo et al., 2020). During the
Late Silurian, with the burial depths increasing, the source rocks of
the Qiongzhusi Formation and Sinian began producing oil, but the
paleo-reservoir was initially formed during the Middle Permian (Liu
et al., 2021). It may migrate laterally into the platform margin at the
higher elevation to form lithologic reservoirs under the condition of
no significant paleo-structures. In the Late Triassic, the crude oil in
the Sinian paleo-reservoirs cracked into gas and paleo-gas reservoirs

FIGURE 11
Distribution pattern of the basement fault.
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were formed because of the increased formation temperature (Liu
et al., 2021) (Figure 12). The crude oil completed the oil-cracking
process before the Jurassic and the basement deformation occurred
after oil-cracking process, which means that no structural traps is
matched with the hydrocarbon. Therefore, early-formed paleolithic
reservoirs in deep layers may be the key to oil and gas exploration.

Conclusion

(1) Due to the multi-stage uplift tectonic events of Micangshan
and South Dabashan, the Tongnanba anticline is primarily
controlled by three sets of detachment layers: the pre-
Sinnian basement, Silurian mudstone, and Lower Triassic
gypsum salt rock to form a complex multistage, multi-
directional and multi-level superimposed structure. As a
result, the Tongnanba anticline is vertically stratified and
differentiated.

(2) The NW-SE striking long-distance detachment thrust structures
develop in the upper and middle structural deformation layers
of the Tongnanba anticline because of the early stage thrusting
of South Dabashan, which forms a series of thrust and imbricate
thrust structures. In the late stage, the Micangshan uplift
produces three basement faults in the lower structure
deformation layer that are laterally arranged in a piggyback
fashion. The early-formed deformation is reconstructed by
basement faults. Consequently, the Tongnanba anticline is
segmented and planarly differentiated.

(3) The Tongnanba anticline has hydrocarbon accumulation that is
vertically stratified and laterally segmented. The formation of
shallow gas reservoirs corresponds well with the emergence of
structural traps. Nevertheless, the formation of deep oil and gas
reservoirs temporally mismatches the formation of structural
traps, making a complex process of reservoir formation. The
exploration may be given to pay attention to early paleo-oil and
gas reservoirs.
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The Songliao Basin is a large Mesozoic–Cenozoic continental basin with multiple
sedimentary cycles. It has experienced the influence of multidirectional and
different structural stresses in the peripheral structural belt, resulting in a
complex geological structure. The continental clastic deposits at the
depression of the Quantou Formation in the shallow part of the basin,
including the Fuyu oil layer and the Yangdachengzi oil layer, are the primary
exploration and development target. The structure and faults are the dominant
factors controlling the hydrocarbon accumulation in the upper member of the
Quantou Formation in the central Songliao Basin. In this study, we finely interpret
the three-dimensional structure of the thirdmember of Quantou Formation in the
ZY block by the integration of well logging and seismic data and then analyze the
stratigraphic distribution and fracture characteristic and the tectonic development
history of the Yangdachengzi oil layer. The results show that the Yangdachengzi oil
layer is a monoclinic structure from the southeast to northwest. It has four third-
level structural units, the Mofantun nose structure, Yumin nose structure,
Zhaoyuan nose structure, and Zhaoyuan western nose structure, which form
the structure-lithostratigraphic trap zones in the study area, in which a total of
80 traps for the Yangdachengzi oil layer has been identified with the total area of
about 58.06 km2. Faults are highly developed in the central depression of the
Songliao Basin. The ZY block is dominated by the extensional-strike-slip faults.
The main fault direction is mostly north–northeast, and the secondary fault
direction is mostly north–northwest. The complex tectonic activities determine
the formation mechanism and the evolution of faults. The faults in this block can
be classified as early-stage, middle-stage, late-stage, and long-term faults. The
long-term fault is the major fault type of the five fault bundles, and it acts as the
main channel for oil and gas migration. In addition, the reservoir is an above-
generation and below-storage model. This study provides evidence for the
hydrocarbon accumulation model of the Quantou Formation.

KEYWORDS

Songliao Basin, Quantou Formation, fault characteristics, Yangdachengzi oil layer,
structure-lithostratigraphic trap
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1 Introduction

Since the discovery of Daqing Oilfield in 1959, the Songliao
Basin has become the most important oil- and gas-producing area in
China and has made great contributions to the development of
China’s oil industry. The Songliao Basin is a large continental rift
basin developed in the Paleo-Pacific tectonic domain, Mongol-
Okhotsk Ocean tectonic domain, and Paleo-Asian Ocean tectonic
domain (Hu et al., 2005; Li et al., 2012a; Liu et al., 2020a; Liu et al.,
2022b). The rift is the main manifestation of continental extensional
structures. Numerous studies focused on the developing mechanism
of continental extensional structures (Yang et al., 2019; Zhang and
Dong, 2019; Lin and Li, 2021; Xiang et al., 2022; Liu et al., 2023),
including the following: 1) Continental rifting is driven by the
upwelling of mantle plume; e.g., the Kenya Rift in the East Africa
is formed by the upwelling of the Afar mantle plume and Kenya
mantle plume (Wilson, 1966; Macgregor, 2015; Pirajno and Santosh,
2015; Ge and Hou, 2018; Yao et al., 2018; Jia et al., 2021). 2)
Continental margin extension is caused by subduction slab rollback
and subduction zone retreat. For example, the Aegean wide rift basin
is caused by the retraction of the African subduction plate under the
Mediterranean ridge. When the extension began, large low-angle
detachment faults started to develop in the upper crust, and then, in
the later stage, high-angle normal faults were developed with the
decrease of extension (Gautier et al., 1999; Jolivet and faccenna,
2000; Chen et al., 2014). 3) The gravitational collapse of the
thickened crust drives the extension. For instance, the collapse of
post-orogenic extension is responsible for the formation of the large-
scale extension basin and range province in western North America.
The low-angle normal faults developed in the upper crust received
rotational shear deformation in the extensional deformation at first,
and then, the high-angle rotating normal faults and tilting fault
blocks were developed in the late stage (Eaton, 1982; Rehrig, 1986;
Ren and Li, 1998; Chen et al., 2014). 4) The extension can be formed
by the stress field in the strike-slip zone, like the Los Angeles Basin
and the Sacramento Basin, which are formed by the long-term
strike-slip movement and local turning of the San Andres fault zone
(Powell and Weldon, 1992). The research on strike-slip faults has
gone through more than 100 years. The internationally famous San
Andreas Fault is a right-latera transform fault formed by the NW
(northwest) movement of the Pacific plate relative to the North
American plate (Reading, 2009; Wesnousky, 2005; Scharer and
Streig, 2019). The Tan-Lu strike-slip fault in China, which is
similar to the San Andreas Fault, has produced some strike-slip
pull-apart bsins in the northeastern part of China and has also had a
certain impact on the Songliao Basin (Feng et al., 2022).

The Songliao Basin is one of the important rift basins in the
Northeast Asian rift system. The driving mechanism has been
argued by numerous researchers. It is generally believed that the
closure of the Paleo-Asian Ocean, the subduction of the Mongol-
Okhotsk Ocean plate, and the subduction of the Paleo-Pacific plate
offer the driving force of the Songliao Basin (Huang et al., 2016;
Yang et al., 2019; Zhang and Huang, 2019; Feng et al., 2021; Lin and
Li, 2021; Dong et al., 2022; Guan et al., 2022; Xiang et al., 2022). The
Songliao Basin has experienced four tectonic stages: the basement
formation and transformation stage, the rift extension stage, the
cooling depression stage, and the tectonic inversion stage (Hou et al.,
2004). As the result of repeated extension and strike-slip activities,

multi-stage fault systems can be observed inside the basin: the first-
stage faults were developed in the Middle–Late Jurassic period. The
basement of the basin was strongly deformed by the large-scale left-
lateral strike-slip activities in the northern section of the Tan-Lu
fault system and derived NNE, NNW, and near NS trending
secondary faults. The second-stage NNE-trending extensional
faults were developed during the thermal uplift rifting stage from
the Late Jurassic to the Early Cretaceous period. The stress of the
basin tectonic system gradually changed from left-lateral
compression–torsion to extension, and the faults’ trend began to
parallel the Paleo-Pacific subduction belt. The third-stage of NNE-
trending ‘Y’-shaped faults was developed in the subsidence stage
from the middle and late Early Cretaceous to the early Late
Cretaceous period, and the basin underwent a weak extension.
The fourth-stage faults were developed in the Late Cretaceous.
The basin was subjected to the compressional stress from the
southeast direction and formed a large number of NE-trending
compressional faults and NNW-trending tension–torsion faults
(Ren et al., 2002; Ge et al., 2009; Li et al., 2014; Huang et al.,
2016; Deng et al., 2021; Feng et al., 2021; Jiang et al., 2021; Feng et al.,
2022). A study of the Songliao Basin would be challenging because of
the complex geodynamic background and unique magmatic activity
characteristics.

The Yangdachengzi oil layer is a high-yield oil production unit
and one of the key exploration targets in the Songliao Basin (Xi et al.,
2015). The faults of the Yangdachengzi oil layer are developed in
multiple phases and provide good conditions for oil and gas
migration and accumulation. The fault-block, fault-nose, and
anticline traps that relate to the tilted Yangdachengzi oil layer are
distributed around the fault-concentrated belt. The high density and
small scale of the faults cause the strong vertical heterogeneousness
in the deeply buried Yangdachengzi oil layer (Luo, 2010; Guo, 2019;
Mei et al., 2020). The study of the deformation characteristics and
evolution patterns of the faults is critically important for
understanding the influence of faults on oil and gas migration,
yet it has not been fully discussed in the previous research. In this
study, by integrating the three-dimensional (3D) seismic, logging,
and drilling data in the central depression area of the ZY block of the
Songliao Basin, we study the structural style and fault developing
characteristics of the Yangdachengzi oil layer in detail. The fracture
patterns and characteristics are summarized, and the controlling
mechanism of the different stages of faults is demonstrated. The
results provide a better understanding of the fault system and its
relation with the hydrocarbon distribution. By analyzing the tectonic
evolution characteristics of the late Early Cretaceous–early Late
Cretaceous in the Songliao Basin, the relationship between
tectonic movements and fault-concentrated belts is recognized,
which provides a theoretical basis for the control of fault belts on
the reservoirs during the deposition of the Quantou Formation in
the Songliao Basin.

2 Geological setting

The Songliao Basin lies in the northeast of China. It is
geologically located at the intersection of the North China plate,
the Pacific plate, and the Siberian plate. The Songliao basin is a
typical fault-depression composite structural basin. The basin is
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controlled by the regional faults. The western boundary is the
Nenjiang–Baicheng Fault and the Greater Khingan Range, the
eastern boundary is the Yilan–Yitong Fault and the
Zhangguangcai Range, the southern boundary is the
Chifeng–Kaiyuan Fault and the Yinshan–Yanshan orogenic belt,
and the northern boundary is the Xunke–Tieli Fault and the Lesser
Khingan Range. The basin interior is separated by multiple sets of
deep faults (Ren et al., 2002; Shan et al., 2009; Lu et al., 2022). The
strikes of the main fault zones are north-northeast–southwest-west
(NNE–SWW), nearly east–west (EW), and northwest–southeast
(NW–SE). The Nenjiang–Baicheng Fault in the western boundary
and the Dedu–Da’an fault, Qinggang–Gan ‘an fault, and
Siping–Dehui fault in the interior are all strike-slip faults (Deng
et al., 2021). The basin can be further divided into seven first-order
tectonic belts—that is, the western slope, northern plunge, central
depression, NE uplift, SE uplift, SW uplift, and Kailu depression. The
major oil- and gas-producing areas are the Daqing anticline,
Qijia–Gulong, Sanzhao, and Changling sags, and the
Chaoyanggou terraces developed in the central depression zone
(Feng et al., 2010; Xi et al., 2015). The study area covers the eastern
part of the central depression and the NW slope of the SE uplift zone
(Figure 1A).

The strata can be divided into four main periods based on
their tectonic deformation characteristics: the foreland period
(Triassic–Jurassic strata), the syn-rift period (Huoshiling
Formation–Yingcheng Formation), the post-rift period
(Denglouku Formation–Nengjiang Formation), and the

tectonic inversion period (Sifangtai Formation–Taikang
Formation), corresponding to the basement tectonic layer,
fault depression layer, depression layer, and inversion tectonic
layer, respectively (Figure 1B). Clear regional unconformities can
be found between the layers (Feng et al., 2010). Since the Middle
Jurassic, the collision and subduction between the Siberian plate,
the Sino–Korean plate, and the Paleo-Pacific plate have caused
the deep asthenosphere to rise upward, and the crust has
continuously thinned and stretched, forming the early
structure of the Songliao Basin (Yang et al., 2021).

At the end of the Late Jurassic, the Songliao Basin began to
extend and rift and form numerous fault basins with various
scales and structural styles. In the early stage of the Late
Cretaceous, the cooling effect in the lithosphere caused the
uneven sinking of the crust. The basin entered the thermal
depression stage (Li et al., 2021). After that, the rift basins
unified and formed a large lake basin, and the Quantou
Formation started to deposit. During this period, the influence
of the basement structure and the extension range decreased and
formed normal faults in different scales during the sedimentary
period of the Quantou Formation. The strikes of most of these
faults were dominated by the north–south (NS) direction, but
some areas were dominated by the NNE or NNW direction. The
dominant trend often followed the structural trend from the fault
depression period, reflecting the control of the deep structure. An
individual graben or graben system is indicated by the V-shaped
faults or nested V-shaped faults on the seismic section (Sun et al.,

FIGURE 1
(A) Study location. The Songliao Basin is a large Mesozoic–Cenozoic sedimentary basin in northeast China, spanning Heilongjiang Province, Jilin
Province, Liaoning Province, and the Inner Mongolia Autonomous Region. The whole basin can be divided into seven first-order tectonic belts. The
red small frame is the location of the work area, which is located on the east side of the central depression. The figure shows the top surface structure
of the Yangdachengzi oil layer; the overall strata are low in the NW and high in the SE. The section crossed #50 well is shown in Figure 3: (B) brief
stratigraphic histogram of the Songliao Basin (Wang et al., 2007; GE et al., 2010). The Yangdachengzi oil layer is located at the top of the Quantou
Formation, with a buried depth of 3,000–3,400 m. It was deposited in the late Early Cretaceous, 100 Ma ago, and the lithology is mainly sandy
mudstone. 1—Conglomerate; 2—sandstone; 3—mudstone and shale; 4—coal; 5—loose sediment; 6—volcanic rock; 7—pyroclastic rock; 8—granite;
9—metamorphic rock.
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2013a). The depression period holds the largest density of faults,
and lesser faults can be found in the inversion period, while the
fault depression period contains the least faults. The faults are
varied in scale, displacement, and extension range, which
revealed the characteristics of multistage activities of the faults
(Liu et al., 2017).

The Quantou Formation (K1q) that deposited in the large-scale
depression lake basin mainly consists of fluvial–lacustrine clastic
sediments, which covers almost the entire basin. Several transient
transgression events and weak volcanic activity occurred during the
deposition of the Quantou Formation, and the intensity of fault
activity was greatly reduced (Ge et al., 2010; Fan et al., 2017). The
Yangdachengzi oil layer lies in the upper part of the Quantou

Formation (Figure 2). The meandering river deposits of
Yangdachengzi oil layer were formed in a humid–arid alternating
climate and gentle terrain background with slow subsidence of the
basement. The lithology is mainly mudstone, fine sandstone,
mudstone-bearing coarse siltstone, mudstone-bearing fine
sandstone, coarse siltstone-fine sandstone, fine sandstone-coarse
siltstone, and calcium sandstone (Li et al., 2013). The sand body
developed in the lower Yangdachengzi oil layer shows a clear
reduction of natural gamma ray (GR) value. The middle and
upper parts of the Yangdachengzi oil layer are dominated by the
thick purplish red mudstone, which host the thin sandstone layers.
The GR curve gradually changed upward from a box type to a
toothed bell type, indicating an increasing level of river sinuosity.

FIGURE 2
No. 55 comprehensive histogram. The Yangdachengzi oil layer is located in the middle and lower part of the Quansan section. The lithology is
purple, gray–green, dark purple mudstone, silty mudstone and gray argillaceous siltstone, siltstone, and brown–gray oil-bearing siltstone. The resistivity
curve is an alternate distribution of toothed low resistance and finger, spike, and thick-layeredmedium and high resistance. This stratum belongs to fluvial
facies–delta facies deposit under an oxidizing environment, and the thickness of this well area generally is 369.0–484.0 m. 1—mudstone; 2—muddy
siltstone; 3—silt mudstone; and 4—sandy mudstone.
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The sedimentary environment gradually transitions from a delta
deposition to a meandering river deposition.

3 Data and methods

The main purpose of this work is to study the influence of
the Yangdachengzi oil layer structure and fracture system on oil
and gas migration and accumulation. An integration of 3D
seismic data, logging, and drilling data is used. The study area
covers the eastern part of the central depression and the NW
slope of the SE uplift zone (Figure 1A). It is covered by five 3D
seismic working areas with a total coverage of 797 km2. These
3D seismic data come from different vintages, and the
frequency of seismic data is about 35 Hz. The two-way travel
time of seismic data is mainly in the range of 900–1,600 ms. A
total of 53 wells encounter the Yangdachengzi oil layer, with
10 wells drilling through.

Based on the evaluation of data, a synthetic seismogram is
necessary to generate the identification of seismic horizons. It
was also used to correlate the geological data with the well logs’
data to justify the seismic trace data. We use the existing drilling
data to finely calibrate the seismic geological horizon. Then,
starting from the known well points, through the well profile,
amplitude change, waveform characteristics, and time difference
law, the standard seismic reflection layer is finely compared and
tracked to establish a backbone interpretation profile. The
bottom of the Qingshankou Formation with stable distribution
and easy identification is used as the marker layer, which can
guarantee the reliability of the interpretation scheme. Seismic

attributes assisted us to obtain the information obtained from
seismic data based on empirical results. The main principle of the
coherence attribute technology is to represent the lateral
heterogeneity of the formation by the similarity of adjacent
seismic traces in the 3D seismic data volume to determine the
faults in the formation. Using the coherence attribute technology,
horizontal slice technology, and 3D visualization technology,
we carried out detailed correlation of the interpreted layers
and faults and construction of fault space combination.
Through the study of structural characteristics and fault
system analysis in the study area, we strengthen our
understanding of the Yangdachengzi oil layer and establish an
accumulation model.

4 Interpretation and results

4.1 Seismic response characteristics

The top surface of the Yangdachengzi oil layer is about 130 ms
below the standard interface of the Fuyu oil layer. The seismic
section has the seismic reflection characteristics of medium–high
frequency, medium–strong energy, and medium–strong continuous
wave peak. The overall lateral waveform is stable and continuous,
and the seismic response characteristics of the whole area were
relatively uniform. The top surface of the middle Yangdachengzi oil
layer is about 190 ms below the standard interface of the Fuyu oil
layer. It has the seismic reflection characteristics of medium–high
frequency, weak–medium strong energy, and medium–strong
continuous wave peak. The lateral waveform is relatively stable,

FIGURE 3
Seismic horizon calibration profile of well #50. The seismic reflection interface at the bottom of the Qingshankou Formation has good continuity
and strong amplitude, which can be used as a good seismic standard layer. Below it is the Fuyu oil layer and the Yangdachengzi oil layer. The seismic
reflection interface is stable and continuous.
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continuous, and locally different. The top surface of the lower
Yangdachengzi oil layer is about 240 ms below the standard
interface of the Fuyu oil layer, which has the seismic reflection
characteristics of medium–high frequency, weak–medium strong
energy, and medium–strong continuous wave trough. The bottom
surface of the Yangdachengzi oil layer is located about 280 ms below
the standard interface of the Fuyu oil layer, with medium–high
frequency, medium–strong energy, and medium–strong continuous
trough reflection. Seismic reflection characteristics are relatively
stable laterally and had good continuity (Figure 3).

4.2 Combination characteristics of faults

Faults in the Yangdachengzi oil layer are highly developed. The
plane density is large, the distribution is uneven, and it has the
characteristics of zoning. With the help of coherent attributes, we
identify more than 600 large and small faults in the study area and
divide the faults into five fault-concentrated belts with a strike of
NNE–NNW (Figure 4). They appear in the nose structure area,
which is susceptible to tensile stress and produced a series of
concentrated belts parallel or nearly parallel to the long axis of the
structure. The faults are mainly located in the depression layer
between the Quantou Formation and Qingshankou Formation. In

general, the fault has the following characteristics: 1) The fault is a
trans-tensional straight normal fault with an NS strike and a dip
angle of 70°. 2) Various style combinations are densely developed
to form the fault zones. According to the profile combination
characteristics of the faults, the extensional tectonic styles could be
classified as graben, horst, fault-step, and Y-shaped types of faults.
The density was the largest during the depression period, and the
profile shows a combination of V-shaped graben or stepped faults.
3) The faults that ruptured horizons are complex, and the number
of faults that developed over the long term was significant. We
identified 53 long-term faults in the five fault zones. The fault
trough is between 10 and 130 m. The maximum extension length is
13,066 m and generally less than 5,000 m. The overall trend is
mainly in the NNW and NNE directions, which shows obvious
sinistral characteristics. The fault’s surface is curved, which is a
typical indicator of a strike-slip fault. 4) The fault density is large in
a plane view, and it is nearly parallel, oblique, orthogonal, en
echelon, and broom-like (Table 1). In general, the faults are
trending SN, and the inner part is separated by flower-like fault
belts that formed trap groups. Following the distribution law of
fault superposition diagram, the fault system changed little. The
fault spread outward from the bottom to the top of the
Yangdachengzi oil layer, with a small offset and good
inheritance (Figure 4).

FIGURE 4
(A) Fault distributionmap of the Yangdachengzi oil layer in the Zhaoyuan area. The fault is very developed. It is generally divided into five fault zones,
with a strike of NNE–NNW. (B) Assistance of coherent attributes in the interpretation of faults. The comparison shows that the fault interpretation is
reliable and the fault plane correlation combination is reasonable. (C) Seismic profile of A–B. From SW to NE are the No. 5, No. 4, No. 3, No. 2, and No.
1 fault zones.
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4.3 Fault structure style

The extensional tectonic style in the ZY block is not the
traditional extension formed under positive stretching or
arching, but is an oblique extension with the characteristics of
torsion. From the seismic section, the fault combination generally
presents a graben–horst combination mode, and the fault style
mainly includes graben-type, horst-type, step-like, Y-shaped and
X-shaped conjugate, and negative flower-like faults (Table 2). 1)
The step-like faults form in a step-like style on the main survey
line section. A series of normal faults form a step-like fault zone,
and the stratigraphic tendency is the opposite of the fault
tendency. 2) The combination of the main fault and reverse
inclined secondary fault forms a Y-type fault. The Y-type faults
are composed of main faults and secondary small faults, which
usually intersect in a Y-shaped pattern, and multiple Y-shaped
combinations form a complex Y-shaped pattern. 3) The X-type
conjugate faults are formed by a cross combination of two groups
of faults in different directions, at different levels, and over
different periods, and the acute angle was about 70°. 4) Under
the condition of a regional tension–torsion stress field, the

negative flower-like fault accompanies the strike-slip fault, and
it spreads upward in the form of a bifurcation from a main fault.
Many groups of small faults develop at both ends of the fault,
showing flower-like characteristics on the section. There are
many grabens and horsts in the study area. For example, in
the No. 5 fault belts, the SW side is composed of a series of reverse
fault terraces with a tendency toward the SW direction, and the
NE side is composed of reverse fault terraces with opposite
tendencies that formed horsts between them. In the No. 4 and
No. 3 fault belts, reverse fault-steps as well as Y-shaped and
X-shaped conjugate faults can be identified, which are combined
to form a graben–horst model (Figure 4).

4.4 Plane structural features

In the regional structure, the study area is located in the central
depression area and the NW slope area of the SE uplift zone and

TABLE 1 Fracture space combination classification.

Type Diagram Example

Parallel type

Oblique type

Orthogonal type

En echelon type

Broom type

TABLE 2 Classification of fault structural types.

Type Diagram Example

X type

Y type

Horst

Graben

Step-like

R E N type

Cauda equina

Minus flower
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developed the Zhaoyuan nose structure, which inclines to the NW
direction. According to the structural map of each layer, the deep and
shallow structures of the entire work area are the same. In general, it
is a NW-dipping monoclinic structure. The stratum trend is oblique
to the near NS fault at a low angle, and the structure is not developed
in some areas. The Sanzhao depression in the NW is a long-term
developed inherited depression (only a part was in this area), and it is
also the sedimentary and subsidence center, which shows a gradual
upward trend around this area. The Zhaozhou structure in the east
also presents a local depression pattern, and four nose structures are
developed in the central uplift belt (Figure 5E): the Mofantun nose
structure, the Yumin nose structure, the Zhaoyuan nose structure,
and the Zhaoyuan western nose structure. Among them, the
Mofantun nose structure is located between the two depressions
in the east and west, and the fault-nose structure with the long-arm
shape in nearly NS trend is developed, and the terrain is relatively
gentle (Figure 5C). The NE side of the Yumin nose structure is
adjacent to the depression, and the slope of the western side is
relatively slow (Figure 5D). The overall trend of the fault-nose
structure is NNW; the Zhaoyuan nose structure overall trend is
NNE, with east and west sides of the fault depression development
(Figure 5B). The trend of the Zhaoyuan western nose structure is in a
NS direction, the terrain is steep, and the fault-nose structure extends
northward for a short length (Figure 5A). They were uplifted by the
faults to form a graben–horst model.

5 Discussion

5.1 Fault development stage

The developing stage of the faults play a significant role in
the formation and evolution of the basin, and it also assists the
migration and accumulation of oil and gas. Depending on which
strata the fault cuts through, the fault systems in the study area
are divided into early-stage fault, middle-stage fault, late-stage
fault, and long-term fault (Figure 6). The early-stage faults were
extensional faults formed in the rift period of the basin,
generally cutting off the Jurassic or Denglouku Formations.
The middle-stage faults were formed in the sedimentary period
of Qingshankou Formation in the depression area of the basin,
and a large number of small normal faults were produced, which
are mainly distributed in the upper part of the Quantou
Formation. The fault distance gradually decreases in the
shallow layer and mostly disappears in the Yaojia Formation.
The late-stage faults were generated from the end of the
deposition of the Nenjiang Formation that interrupted the
Yaojia Formation. The long-term faults were formed during
the fault-depression period of the basin and developed in the
later tectonic movement over a long period of time. The long-
term faults are identified as the long extension on the plane view
and with large fault distance on the vertical seismic profile. The

FIGURE 5
(A) The seismic profile of Zhaoyuan Western Nose structure. (B) The seismic profile of Zhaoyuan Nose structure. (C) The seismic profile of Mo Fan
Tun Nose structure. (D) The seismic profile of Yu Min Nose structure. (E) Top structural map of the Yangdachengzi oil layer is a monoclinic structure
inclined to the NW. The red dashed line delineate the boundaries of the nose structures.
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upper part of the long-term faults disconnects the
Yangdachengzi oil layer, and the following interrupts the
Putaohua oil layer at the end of the Yaojia group
sedimentary period. The fault distance decreases gradually
from deep to shallow. The long-term faults are the main
controlling faults which determine the growth of fault belts
and act as the main channels for oil and gas migration in this
area. In general, the early-stage fault develops in the fault-
depression period, the middle-stage fault develops in the
depression period, the late-stage fault develops in the

tectonic inversion period, and the long-term fault continues
to develop during deposition.

5.2 Formation mechanism and evolution of
the fault

As a fault-depression superimposed basin, the Songliao Basin
contains a large number of faults. The fault systems of Quantou
Formation in the Songliao Basin are formed on the basis of the pre-

FIGURE 6
(A) Fault distributionmap of the Yangdachengzi oil layer. The red is a long-term fault, the blue is amedium-stage fault, and the black is an early-stage
fault. (B) Fault seismic profile, with the location (A–A′) shown in (A). Obvious flexures along the fault can be observed in the strata near the fault.
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existing faulted structure, which then experience the tension-twist
deformation during the depression stage of the basin, and finally
reconstruct during the reversal deformation stage. Therefore,

clarifying the activities of different stages of the Songliao Basin is
helpful in revealing the genetic mechanism and evolution of the fault
belts of the Yangdachengzi oil layer in the Quantou formation. After

FIGURE 7
Structural development history section of the Yangdachengzi oil layer. The location of the fault (A–A′) is shown in Figure 6A. (A–G) Developmental
history of the Yingcheng Formation to Nenjiang Formation. The duration of the faults is different. The early-stage faults were active during the deposition
of the Yingcheng Formation and Denglouku Formation, the middle-stage faults were active before the deposition of the Yaojia Formation, and the late-
stage faults disconnected the Yaojia Formation. Long-term faults continue to operate in each period and play an important role in oil and gas
migration and accumulation.
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carefully analyzing the fault developing stages and characteristics of
stratigraphic distribution, we create a tectonic development history
profile (Figure 7). Based on the regional geology and the
interpretation results, the analysis of the structure and
sedimentary development in this area is as follows:

Figure 7A shows the Yingcheng–Denglouku Formation
sedimentary period. During the early stage of the basin
development, the joint effect of the closure of the Mongolian-
Okhotsk Ocean and the oblique subduction of the Izenagi Plate
generated a left-lateral compression and torsion stress, resulting in
extensive magmatic activity within the basin (Hou et al., 2010; Yang
et al., 2019). Under the NNE trending left-lateral system, a
secondary NS compression stress field was generated in the basin
basement, resulting in NNE- and NNW-trending fault systems,
which had a profound impact on the basin (Ge et al., 2010). After the
Late Jurassic, the upwelling of mantle plumes produced thermal
domes on Earth’s surface, and the geopotential energy of these
domes drove the crust to undergo gravity spreading, resulting in
NNE-oriented tensile stress. The stress regime of the basin began to
transform from left-handed compression and torsion to extension.
During the sedimentation period of the Yingcheng Formation, the
Songliao Basin developed into a horseshoe-shaped rift basin (Li
et al., 2019a; Li et al., 2019b). In the late stage of rifting (Yingcheng
Formation sedimentation period), the direction of extension
gradually changed from NNE to near EW to ESE, which was
related to the WNW–ESE crustal extension and detachment
(Yang et al., 2019). During the sedimentation period of the
Denglouku Formation, tectonic movement was relatively weak.
Because of the weakening of the EW-oriented tensile stress, the
basin began to gradually sink regionally, and the basin type
transitioned from a rift basin to a depression basin.

Figures 7B–D) show the Quantou Formation sedimentary
period. After the deposition of the Denglouku Formation, the
basin entered a stage of significant and stable subsidence, and
tectonic movement tended to stabilize. The fault activity during
the deposition of the Quantou Formation exhibited obvious
inheritance and co-deposition characteristics. The fault activity
during the deposition of the Quantou Formation can be divided
into two stages. The early stage was characterized by a co-deposition
normal fault developed at the bottom of the Quantou Formation.
Obvious flexures along the fault can be observed in the strata near
the fault, and these faults have a characteristic of decreasing vertical
displacement from bottom to top (Figure 6B). The early fault activity
was strong, and then, it gradually weakened and ceased upward,
indicating an inherited activity of a long-existing fault. The late-stage
fault developed at the end of the Quantou Formation deposition and
is a co-deposition normal fault with extensional and rotational
properties under regional differential subsidence (Wang et al.,
2022a).

Figures 7E, F) show the Qingshankou Formation sedimentary
period. From the late Early Cretaceous to the Late Cretaceous, the
distribution range of igneous rocks significantly decreased towards
the east and migrated from inland to coastal areas, indicating the
eastward drifting of the Eurasian continent and the retreat of the
ancient Pacific subduction plate, resulting in continental extension
and the formation of weak NW–SE horizontal tension (Zhang et al.,
2005; Tang et al., 2018; Fu et al., 2020; Lin and Li, 2021; Xiang et al.,
2022). During the sedimentation of the Qingshankou Formation, a

large number of densely distributed fault zones were formed in a belt
shape, some of which inherited the pre-existing long-term faults. On
the plane, they are closely arranged in parallel, en echelon, and
braided patterns. The boundary of the fault belt has a larger fault
scale, while the fault scale within the belt is smaller. Typical
flower-like structures can be seen on the seismic profile, which
has obvious strike-slip characteristics, reflecting the torsion stress
state. In addition, there is a “V”-shaped trench system and a “Y”-
shaped structural pattern, which cuts off the Quantou Formation.
Some of the fault-concentrated belts are not connected to deep faults
due to the horizontal detachment of the mudstone layer (Xie and Fu,
2013; Xie et al., 2015). The overall development of the fault-
concentrated belt is controlled by the “weak zone” existing
during the faulting period, e.g., pre-existing faults, volcanic vents,
and uplift zones. The genesis of the fault zone can be divided into
three types: 1) strike-slip, where a large-scale strike-slip fault
developed in the Sanzhao area named the Xuzhong fault, which
became active in the late sedimentation period of the Quantou
Group, forming a “braided” fault zone (Li and Li, 2010; Li et al.,
2012b). 2) Oblique rifting, where the early north–northwest-
oriented basement faults intersect with the near-east–west
extensional forces at an angle of approximately 60°, producing
oblique tension. 3) Extension, where the NS-oriented faults are
formed by the E–W extensional forces. Strike-slip force is prone to
forming “braided” fault belts and flower-like fault combinations.
Extensional force is prone to forming “parallel belt-shaped” fault
zones, as well as “V”-shaped and “y”-shaped fault combinations.
Meanwhile, the torsional force is prone to forming “en echelon” fault
belts.

Figure 7G shows the Yaojia Formation–Nenjiang Formation
sedimentary period. The sedimentation of the Yaojia Formation was
during the early stage of basin inversion, where the extensional
forces within the basin gradually disappeared, and only small faults
developed near the base of the Yaojia Formation, while the long-
term faults continued to develop. The subduction of the Pacific plate
changed from the northwest to west–northwest direction (Hou et al.,
2004), and the basin began to experience compression during the
sedimentation of the Yaojia Formation. The compression stress
direction was WNW–ESE, causing weak deformation in the fault
plane (Gong et al., 2008). The sedimentation period of the Nenjiang
Formation was the main period of the transformation of the faults,
which experienced the “Nenjiang Movement” and strong
compression in the basin (Huang et al., 2014; Liu et al., 2020).
However, the tectonic movement did not cause any significant
change in the strata or structural pattern, but resulted in a
differential uplift within the basin (Chen et al., 2010). During the
deposition of the Mingshui Formation, the most intense structural
reversal occurred, resulting in a left-hand compressional and
rotational deformation of the fault zone, forming the current
structural pattern (Sun et al., 2013b).

5.3 Influence of the structure and fault
system on oil and gas migration and
accumulation

The roles that faults play in hydrocarbon accumulation can be
summarized as follows: 1) the migration channels for oil and gas
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migration, 2) the lateral sealing effect, and 3) the various traps
related to faults (Guo, 2010; Liang et al., 2019; Wang et al., 2022b).
The Yangdachengzi tight sandstone oil reservoir at the Quantou
Formation was accumulated by above-generation and below-
storage. The upper Qingshankou Formation was the oil source
layer. Due to the difference of the geological structure, the
overlying strata of the Qingshankou Formation in the eastern
region were mudstone. There were many faults developed in the
lower Qingshankou Formation, which can provide a good migration
channel for oil and gas to the lower sandstone (Yang, 2022). Based
on the geochemical analysis, some of the hydrocarbon in the
Yangdachengzi oil layer migrated from the Sanzhao Depression
on the NW side of the study area. The Fuyu oil layer on the footwall
of the fault was laterally opposed to the source rock of the
Qingshankou Formation on the hanging wall, and the oil and gas
were directly transported from west to east to the Fuyu and
Yangdachengzi oil layer (Sun et al., 2010; Huang et al., 2012;
Wang et al., 2020). The distribution of the fault system and the
development of sand bodies were the main controlling factors of
hydrocarbon lateral migration and accumulation.

The fault-concentrated belt can provide both lateral sealing
and vertical conduit system for oil and gas migration in the
Songliao Basin. When the banded sand bodies in the river delta
system across the fault got concentrated, the sand bodies were
blocked by faults in the upward direction, which formed the
lithologic-fault traps. When the sand bodies and the faults had
the same striking, there was no barrier function in the updip
direction and no formation conditions for favorable traps. At this
time, the fault belts acted as NS migrating channels, and the oil
and gas continued to migrate to the higher part of the structure
and gradually accumulated in the traps away from the source

rock (Chen et al., 2011; Mei et al., 2020). Four fault-nose
structures were developed along five fault-concentrated belts
in the study area, and a total of 80 traps are identified at the
top of the Yangdachengzi oil layer, with the total area about
58.06 km2 (Figure 8). The trap types are mainly fault-block traps
and fault-nose traps. The Yumin nose structure developed at the
eastern side of the No. 1 fault concentrated belt, which formed a
large number of fault-block traps inside. Because of the high and
steep terrain in the southeast part of the study area, these fault-
block traps have the characteristics of a small closure area and a
high closure height, which are difficult to preserve hydrocarbons.
The Mofantun nose structure developed between the No. 2 and
No. 3 fault-concentrated belt, which formed several large fault-
nose traps due to the flat terrain in the north part of the study
area. The Zhaoyuan and Zhanyuan western nose structures
developed on the side of the No. 4 and No. 5 fault-
concentrated belt. The strata show an NW–SE trending
direction, which agrees with the strike of the faults. Therefore,
traps developed in these two nose structures are small in size and
separated sparsely.

The structural style of the Fuyu and Yangdachengzi oil layers
were controlled by horst, antithetic fault terrace, graben, and
step-like fault. The degree of hydrocarbon enrichment is diverse
in different structure types. The statistical results showed that the
success rate of exploration wells with horst, antithetic fault
terrace, graben, and step-like fault in the fault-concentrated
belt decreased gradually (Chen et al., 2013). When the fault
had large displacement, both sides of the horst were blocked
by mudstone, forming good accumulation conditions. The height
of the oil column increased with the fault displacement distance.
The graben structure in the middle of the fault-concentrated belt

FIGURE 8
Trap distribution map for the top of the Yangdachengzi oil layer. Traps develop along the fault-concentrated belt; the size and number of traps
depend on the relationships between faults and strata.
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has a low terrain, and then, lateral oil and gas can be blocked by
the negative topography of the graben, resulting in the reduction
of oil column height or completely blocking oil and gas. The
horsts and step-like faults on either side of the dense fault zone
were the favorable areas for hydrocarbon accumulation in the
Yangdachengzi oil layer. As shown in Figure 9, part of the oil and
gas migrated from west to east and part of the oil and gas
migrated downward. The sand bodies cross the fault plane
laterally. Because of the undeveloped induced fractures, the
fault footwall had good lateral sealing, which was beneficial to
the hydrocarbon accumulation and lithologic-fault trap
establishment in the footwall (Luo., 2011). The hydrocarbon
in the Fuyu oil layer migrated laterally along the sand body to
the vicinity of the fault and continued to migrate downward
along the fault to the Yangdachengzi oil layer due to the higher
formation pressure in the upper layer. Then, the oil and gas
migrated along the sand bodies to the structural high of the
Yangdachengzi oil layer.

6 Conclusion

According to the study results, we can draw the following
conclusion:

1. The whole study area is a monocline structure striking in the
SE–NW direction, with the stratigraphic strike and the nearly NS
faults crossed obliquely at low angle. The local structure is
undeveloped, and four nose-shaped tectonic units are formed.

2. The faults are highly developed in the study area, and the strikes are
mainly in the NS direction. The dense fault zones are formed where
fault density is large, and some faults were active inmany stages. Five
types of fault dense zones are categorized based on vertical

characteristics, including step-like, graben, horst, Y-shaped, and
X-shaped conjugated faults in herringbone and horsetail styles. In
the plane view, the faults can be categorized into near-parallel,
oblique, orthogonal, en echelon, and broom types.

3. We divide the fault system into early-stage, middle-stage, late-
stage, and long-term fractures. The long-term fractures were
formed during the basin rifting period. The basin developed for
a long time in the later tectonic movement, featuring
characteristics of long extension and large fault displacement
distance, and the fault displacement distance gradually
decreases from deep to shallow. The long-term fracture is the
main controlling fault type and is the main channel for oil and gas
migration.

4. The basement faults in the Songliao Basin were developed during
the Jurassic period, which controlled the later sedimentary
activities. From the end of Jurassic to the early Cretaceous, the
basin experienced a fault depression period. In the late
Cretaceous, it experienced a depression period. At the end of
the Cretaceous, the structure began to reverse. Finally, the
structure was finalized, forming a complex fault
depression–depression superimposed basin. Clarifying the
activities of different stages of the Songliao Basin is helpful in
revealing the genetic mechanism and evolution of the fault belts
of the Yangdachengzi oil layer in the Quantou formation.

5. Faults can act as channels for oil and gas migration and also
provide good lateral sealing. It is conducive for an oil- and gas-
shielding reservoir to form a lithology-fault trap. The horst
and step-like faults are favorable places for oil and gas
accumulation in the Yangdachengzi layer. Four fault-nose
structures were developed along five fault-concentrated
belts in the study area, and a total of 80 traps are identified
at the top of the Yangdachengzi oil layer, with the total area of
about 58.06 km2.

FIGURE 9
Oil–gas migration map. Eastward migration of oil–gas in the Sanzhao area. The oil and gas of the overlying Qingshankou Formation poured
downward and accumulated in the Fuyu and Yangdachengzi oil layer (yellow background color) to form lithologic-fault traps. The Yangdachengzi oil
layer has less oil, mainly gathered horst and reverse fault terrace parts with many dry and water layers.
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In conclusion, we discuss the relationship between tectonic
movements and fault-concentrated belts, which provides a
theoretical basis for the control of fault belts on the reservoirs
during the deposition of the Yangdachengzi oil layer in the Quantou
Formation in the central depression of the Songliao Basin. However, the
microstructures cannot be recognized on the seismic profiles due to the
limitations of the resolution for seismic data. In the next plan, we
propose discovering themicrofractures generated in the Yangdachengzi
oil layer combined with advanced identification technology, which can
give us a better understanding of crustal stress during the deposition
period of the Quantou Formation in the study area.
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