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Abstract Crustal heterogeneity has a fundamental influence on rift development; however, the
detailed architecture of structures within crystalline basement is commonly poorly understood,
resulting in the exact manner in which basement structures control rift development being rather
enigmatic. The Jianghan Basin evolved on a crystalline basement covered by thick prerift strata, providing
an excellent opportunity to unravel the enigma. Using extensive 2‐D and 3‐D seismic, borehole and
field data from the Jianghan Basin in combination, we investigate the deformation characteristics of
basement structures and unravel their relationship with the overlying rift basin. A most striking feature of
the basement structures in the Jianghan Basin is that prerift strata near the major rift‐related fault
planes in the hanging walls are older than these in the footwalls and for most faults prerift strata in the
hanging walls become increasingly older while approaching the fault planes, suggesting that these
rift‐related faults have reactivated preexisting thrusts or thrusts associated with unroofed folds through
negative structural inversion. All the major rift‐related faults have very high Dmax/L ratios (0.11–0.66)
compared to typical normal faults, likely resulting from either constant length fault model or low
frictional strength. By unraveling the prerift deformation intensity and structural division of basement
structures in the Jianghan Basin, we propose that basement structures not only have crucial influence on
rift geometry but also control rift localization. The reactivation of multidirectional basement structures
and multidirectional extension with rift localization in the Jianghan Basin provides yet unrecognized
insights into the development of tripartite rift systems.

1. Introduction

Rift basins commonly evolve on structurally heterogeneous crust that has undergone numerous deformation
events prior to the final phase of extension (e.g., Fazlikhani et al., 2017; Morley, 2014; Mortimer et al., 2016).
Numerous studies utilizing a wide variety of techniques have proposed that basement structures play a key
role in shaping the geometry of rift basins by controlling basin location and the orientation of major rift‐
related faults, for example, using gravity and magnetic data (Katumwehe et al., 2015), seismic and well data
(Bird et al., 2015; Fazlikhani et al., 2017; Fossen et al., 2017; Morley, 2014; Mortimer et al., 2016; Paton &
Underhill, 2004; Phillips et al., 2016; Qi et al., 2015; Ye et al., 2018), analogue and numerical modeling
(Aanyu & Koehn, 2011; Autin et al., 2013; Chattopadhyay & Chakra, 2013; Deng et al., 2017, 2018; Tong
et al., 2014), and geochronological and topographic data (Rotevatn et al., 2018; Smets et al., 2016).
However, the exact manner in which basement structures reactivate and the degree that basement structures
exert their influence on the overlying rift basins remains poorly understood, although some studies have
paid attention to the basement structures and their relationship with individual rift‐related faults and sub-
basins (Bird et al., 2015; Fazlikhani et al., 2017; Morley, 2014; Phillips et al., 2016). The primary reason is that
rift basins mostly evolve on a crystalline basement which is mainly composed of magmatic andmetamorphic
rocks (Fazlikhani et al., 2017; Katumwehe et al., 2015; Morley, 2014; Mortimer et al., 2007); therefore, prerift
structures are more difficult to identify within crystalline basement than prerift strata (Hou et al., 2010;
Paton et al., 2006; Su et al., 2009; Wu, Mei, Liu, et al., 2018). Their differences are especially noticeable when
basement structures are thrusts and/or folds.

©2020. American Geophysical Union.
All Rights Reserved.

RESEARCH ARTICLE
10.1029/2019TC005671

Key Points:
• Major rift‐related faults have

reactivated preexisting thrusts or
thrusts associated with unroofed
folds through negative inversion

• Basement structures not only have
crucial influence on the rift
geometry of the Jianghan Basin but
also control its rift localization

• The multidirectional basement
reactivation and extension with rift
localization inspire our
understanding of tripartite rift
systems

Correspondence to:
L. Mei,
lfmei@cug.edu.cn

Citation:
Wu, L., Mei, L., Paton, D. A., Liu, Y.,
Shen, C., Liu, Z., et al. (2020). Basement
structures have crucial influence on rift
development: Insights from the
Jianghan Basin, central China.
Tectonics, 39, e2019TC005671. https://
doi.org/10.1029/2019TC005671

Received 15 MAY 2019
Accepted 13 JAN 2020
Accepted article online 21 JAN 2020

WU ET AL. 1 of 21

https://orcid.org/0000-0002-2667-3516
https://orcid.org/0000-0002-1531-5748
https://doi.org/10.1029/2019TC005671
https://doi.org/10.1029/2019TC005671
mailto:lfmei@cug.edu.cn
https://doi.org/10.1029/2019TC005671
https://doi.org/10.1029/2019TC005671
http://publications.agu.org/journals/


As rifting proceeds, the activity of rift‐related faults and depocenters generally shows spatial variations,
resulting in rifting migration and rift localization (e.g., Bell et al., 2014; Cowie et al., 2005; Gawthorpe
et al., 2003; Nixon et al., 2016). Many factors have been discussed in previous studies to decipher these phe-
nomena, such as strain variation and thermal and rheological evolution of lithosphere (Behn et al., 2002;
Bell et al., 2014; Gawthorpe et al., 2003; Huismans & Beaumont, 2007). However, the role of basement struc-
tures in these processes remains uncertain. In addition, previous studies have been conducted in rift basins
whose major rift‐related faults and basement structures are in a relatively uniform direction (e.g., Cape Fold
Belt, Paton et al., 2006; Erlian Basin, Qi et al., 2015). These cases cannot reconcile the initiation and devel-
opment of tripartite rift systems and triple junctions which show a complex multidirectional system of rift‐
related faults (Acocella, 2014, and references therein; Heine et al., 2013). Consequently, the evolution of tri-
partite rift systems is still poorly understood.

The Jianghan Basin, located in central China, developed on a crystalline basement covered by thick pre-
rift strata (Figures 1 and 2a; Wang et al., 2006), offering an excellent opportunity to investigate the role
of basement structures during rift development. Moreover, the prerift strata in the Jianghan Basin are
well exposed in the surrounding area (Figures 1b and 1c), which can be used to constrain basement
structures in conjunction with the extensive 2‐D and 3‐D seismic and borehole subsurface data
(Figure 3a). In this study, we aim to (a) investigate the characteristics of rift‐related fault system and
basement structures in the Jianghan Basin, (b) clarify the evolution of rift‐related faults and depocenters,
(c) document the relationship between basement structures and overlying rift basin, and (d) provide a
new insight into the development of tripartite rift systems. Our study, for the first time, provides an
exceptional image of faults exhibiting negative structural inversion (namely rift‐related deformation reac-
tivating preexisting reverse faults) that is globally unrivaled. Our investigation of the evolution of the
Jianghan Basin provides a fundamentally new insight into how strain is distributed at rift initiation in
a multidirectional system and subsequently localized. This reveals the importance of basement inheri-
tance on establishing tripartite rift systems and the early development of triple junctions during
continental breakup.

2. Geological Setting

The Jianghan Basin, located on the northern South China Block, is a large Cretaceous‐Cenozoic petrolifer-
ous rift basin, covering an area of 34,000 km2 (Figures 1a and 1b). The basin is bound by the Qinling‐Dabie
orogenic belt to the north and east, the Jiangnan Orogen to the south and the Huangling massif to the north-
west. Notably, much of the North Jianghan Basin outcrops on the surface with a series of predominantly
NNW‐striking grabens and half‐grabens (Figures 1b and 1c). In contrast to the North Jianghan Basin, the
central Jianghan Basin and South Jianghan Basin are buried by less than 1,100‐m thick postrift sediments
(Figures 1b and 2a; Wu, Mei, Liu, et al., 2018). The Jianghan Basin is surrounded by a prerift fold and thrust
belt without extensional reactivation (Figures 1b and 1c).

The basement of the Jianghan Basin consists of two parts: the underlying crystalline basement and the over-
lying prerift strata (Figures 2a and 2b). The crystalline basement of the Jianghan Basin mainly consists of
Archean‐Proterozoic metamorphic and metasedimentary rocks (Henan Bureau of Geology and Mineral
Resources [HBGMR], 1990). The prerift strata refer to the Sinian (Ediacaran)‐Jurassic sequences with alter-
nating deposition of carbonate and detrital rocks and can be subdivided into four units (Figure 2a). During
the Sinian to the Early Triassic, the Jianghan Basin was located on the passive continental margin of the
northern South China Block and was covered by widespread carbonate platform and marine clastic deposits
(HBGMR, 1990; Yao et al., 2015). The tectonic setting changed in the mid‐Late Triassic due to the collision of
the South China Block and North China Craton (Dong et al., 2011), resulting in foreland detrital sedimenta-
tion in the Jianghan area.

The Sinian succession, with a maximum thickness of 1,000 m, is dominantly composed of limestones and
dolomites with conglomerates at the base. The approximately 1,200‐m thick Cambrian‐Ordovician
sequences mainly consist of limestones, dolomites, argillaceous dolomites, and marine shales. The overlying
Silurian unit having a maximum thickness of 2,300 m is characterized by mudstones, silty mudstones, and
muddy siltstones, while the Devonian sequences that are less than 50m thick are mainly composed of quartz
sandstones and are absent throughout most of the Jianghan area. The depositional facies varied from open
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platform during the Cambrian‐Ordovician to littoral and shoreland during the Silurian‐Devonian. The very
thin Devonian sequences are always attributed to the overlying unit rather than the underlying Silurian unit
following the Hercynian movement (e.g., Wang et al., 2013). The Carboniferous to Lower Triassic sediments

Figure 1. (a) Tectonic map showing the location of the Jianghan Basin. (b) Geological map of the Jianghan area (modified after HBGMR, 1988, 1989, 1990).
(c) Cross sections showing the architecture of the North Jianghan Basin and the deformation characteristics of the Chibi fold belt (modified from Shi et al., 2013;
ZM, 1976; PM, 1976).
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were deposited in a shallow‐water environment as indicated by the presence of many coal layers (HBGMR,
1990; Shu et al., 2008). This succession mainly comprises limestones, chert nodule limestones, and
argillaceous limestones, with a maximum thickness of 2,400 m. The Middle Triassic‐Jurassic
foreland sediments mainly consists of terrestrial conglomerates, sandstones, and mudstones, interbedded
with coal layers.

Widespread thrusting and folding occurred in the Jianghan area during the Late Jurassic as the Qinling‐
Dabie orogenic belt thrust southwestward and the Jiangnan Orogen thrust northwestward (Liu et al.,
2005, 2015). The compressional event was caused by a combination of the continued convergence between
the South China Block and North China Craton and northwestward subduction of the Pacific plate (Liu

Figure 2. (a) Stratigraphic column for the Jianghan Basin (modified fromHBGMR, 1990; Wu, Mei, Liu, et al., 2018). (b) Characteristics of basement reflections and
seismic units. (c) Seismic well tie of well PS1. Seismic Unit 1 (SU1): thin, medium‐low amplitude, semicontinuous, and medium frequency reflections; Seismic Unit
2 (SU2): thickened, medium‐low amplitude, semicontinuous, and medium frequency reflections; Seismic Unit 3 (SU3): thickened, medium‐low amplitude,
chaotic‐semicontinuous, and medium frequency reflections; Seismic Unit (SU4): thickened, medium‐high amplitude, continuous‐semicontinuous, and medium
frequency reflections; Seismic Unit 5 (SU5): thickened, medium‐low amplitude, chaotic‐semicontinuous, and high‐medium frequency reflections. See Figures 3b
and 5 for location.
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et al., 2015; Zhang et al., 2009). As a result, a series of thrust and fold belts formed in the Jianghan area, many
of which are visible on the geological map (Figure 1b), namely the NNW‐ to NW‐trending belt in the north-
west, the NNE‐ to ENE‐trending belt in the south, and the arc‐shaped belt in the northwest. The superposi-
tion of these belts formed a complex converging zone between them which is mostly covered by the
Cretaceous‐Cenozoic sediments (Figure 1b; Liu et al., 2015).

Figure 3. (a) Map showing the coverage of seismic data and the locations of basement wells used in this study. (b) Time structure map of base rift surface with the
major rift‐related faults offsetting seismic basement. The width of fault polygons is proportional to the heave of the faults. Fault names: GF, Guohe Fault; ZF,
Zhanggou Fault; KF, Kaixiantai Fault.
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The Late Jurassic thrust faults and folds underwent extensionally reactivated through the Late Cretaceous
and Paleogene rifting events, after the Early Cretaceous thermal doming (Mei et al., 2008; Wu, Mei, Liu,
et al., 2018). The driving mechanism of the rifting events was the active upwelling of upper mantle induced
by a combination of the rollback of the Pacific slab and India‐Asia collision (Li et al., 2014, Li, Zhu, et al.,
2015; Liu et al., 2004; Wu, Mei, Liu, et al., 2018, Wu, Mei, Paton, et al., 2018). During the Paleogene, the
rift‐related faults in the North Jianghan Basin gradually aborted while most faults in the central and
South Jianghan Basin were further extensionally reactivated with some newly reactivated faults (Wu, Mei,
Liu, et al., 2018, Wu, Mei, Paton, et al., 2018). The Late Cretaceous syn‐rift sediments are dominated by con-
glomerates, sandstones, mudstones, and some basalt eruptions, with a maximum thickness of ~4,500 m. The
Paleogene sediments aremainly sandstones, mudstones, salt, and voluminous basalts (Figure 2a;Wang et al.,
2006), with a maximum thickness of ~9,000 m.

3. Methodology and Interpretation of Basement Structures

The dataset used in this study includes 2‐D seismic lines (>8,000 km), 3‐D seismic surveys (ca. 5,000 km2),
borehole data and field data (Figure 3a). The 2‐D seismic lines have a line spacing of 1 to 7 km. The 3‐D seis-
mic surveys have a 12.5‐, 25‐, or 50‐m inline and crossline spacing. These seismic data have high quality of
imaging within the prerift strata, allowing for imaging to depths of 6‐s two‐way travel time (TWTT). A total
of 86 wells have penetrated the basement (Figure 3a), which were used for constraining prerift stratigraphic
horizons. The interpretation of syn‐rift sequences has been summarized byWu,Mei, Paton, et al. (2018). The
time‐depth conversion formula is Depth (m) = 0.0003*T2 + 0.9368*T (T‐Time, ms/TWTT) for calculating
fault displacements and dips (Wu, Mei, Paton, et al., 2018). Fault displacements were calculated with heave
and throw values.

Interpretation of prerift strata and basement structures is based on seismic‐well ties and seismic reflection
characteristics (Figures 2 and 4). Top basement map is presented (Figure 3b), as are appropriate seismic sec-
tions to validate the observations and interpretation in this study although individual isochron maps
between key seismic horizons cannot be shown because of data confidentiality. The Sinian (Ediacaran)‐
Jurassic strata are divided by several medium‐high amplitudes, semicontinuous‐continuous reflections
(key seismic horizons), defining five distinct seismic units (Figures 2b and 4). The top unit is always trun-
cated by the base rift surface, so its thickness can be much thinner than the underlying unit. The Sinian unit
is characterized by Seismic Unit 1 (SU1) with a thin package (170–270 ms thick) of medium‐low amplitude,
semicontinuous, and medium frequency reflections. The overlying Cambrian‐Ordovician unit is character-
ized by Seismic Unit 2 (SU2) with a thickened package (400–480 ms thick) of medium‐low amplitude, semi-
continuous, and medium frequency reflections. The Silurian unit is characterized by Seismic Unit 3 (SU3),
which displays a thickened package (590–620 ms thick) of medium‐low amplitude, chaotic‐semicontinuous,
and medium frequency reflections. The Devonian‐Lower Triassic unit is characterized by Seismic Unit 4
(SU4), which displays a thickened package (650–720 ms thick) of medium‐high amplitude, continuous‐
semicontinuous, and medium frequency reflections. The Middle Triassic‐Jurassic unit is characterized by
Seismic Unit 5 (SU5), displaying a thickened package (600–820 ms thick) of medium‐low amplitude,
chaotic‐semicontinuous, and medium‐high frequency reflections. Among them, SU3 and SU4 are most typi-
cal and recognizable throughout the basin.

Based on the seismic reflections and borehole data, the basement structures and their interactions with rift‐
related faults can be identified and unraveled (Figures 4a and 4b). The prerift strata in the hanging wall (near
the fault plane) not only are older than these in the footwall but also become increasingly older while
approaching the fault plane. To visually show the prerift deformation styles of the basement structures,
structural restoration was undertaken usingMidland Valley's 2DMove software (Figure 4c). We used a layer
cakemodel in the depth conversion. Interval velocities for the prerift strata were calculated in well PS1; velo-
city differences are less than 10% when compared with other basement wells. The velocities for SU1 to SU5
are 4,480, 6,270, 5,185, 6,600, and 6,600 m/s, respectively. The potential influence of compaction is consid-
ered to be negligible as the prerift strata were deeply buried before they underwent thrusting and folding.
We applied a simple shear algorithmwithin 2DMove software to remove the normal displacements and esti-
mate the prerift configuration (Figure 4c). Structural restorations were only performed on faults with large
normal displacements. During the restoration, seismic section in Figure 4b have ca. 12.1‐km horizontal
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shortening. Comparing Figure 4b with Figure 4c, the removal of the normal displacements along the major
rift‐related faults reveal that these same faults correspond to a series of thrusts associated with unroofed
folds. The restorations reveal apparent compressional displacements on the restored fault planes. The
restored geometry is similar to the fold and thrust belt on the southeast margin of the Jianghan Basin as
well as the fold and thrust belt in the northern Alpine foreland (Section C‐C' in Figure 1c; Malz et al.,
2016). The general deformation characteristics of the restored section demonstrate that the Jianghan
Basin have reactivated preexisting fold and thrust belt and major rift‐related faults have reactivated
preexisting thrusts or thrusts associated unroofed folds through negative structural inversion.

4. Characteristics of Rift‐Related Fault System and Basement Structures

The major rift‐related faults in the Jianghan Basin show highly variable strikes (Figures 1b, 3b, and 5).
Overall, the major rift‐related faults can be divided into three groups: 1) the NNW‐trending fault system
in the North and central Jianghan Basin, 2) the NNE‐ENE‐trending fault system in the central and South
Jianghan Basin, and 3) the WNW to nearly E‐W‐trending fault system in the central and South Jianghan
Basin. Importantly, the NNW‐trending faults mainly dip to the ENE and the other major faults mainly
dip to the ESE‐SW. Using outcrop and subsurface data in combination, the present basement geology of
the Jianghan area was mapped (Figure 5). Clearly, basement deformation in the Jianghan area is dominated
by a NNW‐trending synclinorium and a NNW to E‐W‐trending synclinorium, being divided by a NNW‐

Figure 4. Uninterpreted and interpreted seismic profiles showing the characteristics of basement structures and interactions between basement structures and
major rift‐related faults, along with the restored section. Well located nearby the section is shown in vertical dashed line. The erosional parts are restored sche-
matically assuming the strata are of equal thickness. See Figures 3b and 5 for location.
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trending narrow anticline (Figure 5). Importantly, the NNE‐ENE‐ and nearly E‐W‐trending major rift‐
related faults in the central and South Jianghan Basin overprint the two synclinoria and NNW‐trending
faults. In the following sections, we divide the rift‐related faults in the Jianghan Basin into three groups
and describe the characteristics of rift‐related fault system and basement structures in detail.

4.1. The NNW‐Trending Fault System

The NNW‐trending fault system crops out at the surface and is evident in the geological map (Figure 1b),
forming a series of NNW‐striking grabens and half‐grabens (Figures 1b and 1c), except for the WNW‐

trending Tianyangping graben. Most rift‐related faults dip to the ENE, other than the WSW‐dipping
Yuan'an and NNE‐dipping Tianyangping faults. These rift‐related faults coincide with the thrusts and folds
that also crop out on the surface (Figure 1b; HBGMR, 1990). The Hanshui Fault dips at ca. 20° with an acute
cutoff angle, indicating an initial low‐angle normal fault (Figures 6a and 6b). Together with the basement

Figure 5. Present basement geological map showing the present deformation characteristics of prerift strata in the Jianghan area. The fault strike data in the inset
rose diagram are length‐weighted. Fault names: BF, Baimiao Fault; DF, Datonghu Fault; HF, Honghu Fault; JF, Jingmen Fault; KF, Kaixiantai Fault; QF, Qianbei
Fault; Typ, Tianyangping Fault; TcF, Tongchenghe Fault; NF, Nanmiao Fault; NHF, northern segment of the Hanshui Fault; SHF, southern segment of the
Hanshui Fault; ZgF, Zhugentan Fault; TmF, Tianmenhe Fault; NTF, northern segment of the Tonghaikou Fault; STF, southern segment of the Tonghaikou Fault;
GF, Guohe Fault; YF, Yuan'an Fault; WF, Wen'ansi Fault; WcF, Wancheng Fault; ZbF, Zibei Fault; ZF, Zhanggou Fault; ZlF, Zhoulaozui Fault. NJHB, North
Jianghan Basin; CJHB, central Jianghan Basin; SJHB, South Jianghan Basin; CBB, Cenozoic basin boundary.
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penetrations in Z7 well, basement structures were unraveled. The prerift strata near the rift‐related fault
plane in the hanging wall of the Hanshui Fault is pre‐Sinian crystalline basement, while those in the
footwall are the Devonian‐Lower Triassic unit (even accounting for the erosion that occurred during rift
development), indicating a reverse sense of slip along the fault when the normal displacement is restored.
Furthermore, while approaching the fault plane, the prerift strata in the hanging wall change from the

Figure 6. Uninterpreted and interpreted seismic profiles crossing the Hanshui Fault. Well located nearby the section is shown in vertical dashed line. See
Figures 3b and 5 for locations.
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Silurian unit to pre‐Sinian crystalline basement, indicating that the prerift strata become increasingly older.
Therefore, the northern Hanshui Fault have reactivated a thrust associated with an unroofed fold. Notably,
there is still some compressional offsets preserved in the lower part of the Hanshui Fault (Figure 6b) within
the prerift strata (Figure 6b).

The Qianjiang Fault offsets the Hanshui Fault, dividing it into two segments. The southern segment of the
Hanshui Fault had a much greater fault activity rates during the Late Cretaceous and its activity gradually
ceased during the earliest Paleogene (Figure 6d). The southern segment of the Hanshui Fault dipping at
ca. 27° is also a low‐angle normal fault (Figure 6d), with a maximum displacement of ca. 14.5 km. The prerift
strata near the fault planes in the hanging walls of the Hanshui and Zhugentan faults are the pre‐Sinian crys-
talline basement and the Devonian‐Lower Triassic unit, which are older than those in the footwalls (the
Devonian‐Lower Triassic unit and Middle Triassic‐Jurassic unit, respectively). As illustrated with the
restoration (Figure 4), this geometry would restore to a compressional offset after the removal of the normal
displacement. In addition, with proximity to the rift‐related fault plane, the prerift strata in the hanging wall
of the Hanshui Fault change from the Devonian‐Lower Triassic unit to pre‐Sinian crystalline basement and
become increasingly older (Figure 6d). Thus, the southern segment of Hanshui Fault has reactivated a thrust
associated with an unroofed fold and the Zhugentan Fault resulted from the reactivation of a thrust. The
lower part of the Zhugentan Fault has a steep and upright geometry (Figure 6d). This geometry and its nearly
E‐W strike may result from the combination of southwestward and northwestward compression.

4.2. The NNE‐ENE‐Trending Fault System

The Wen'ansi and Wancheng faults located in the central West Jianghan Basin are two NNE‐NE‐trending
listric faults (Figures 3b and 5). TheWancheng Fault dips at ca. 50° in the upper section and has a maximum
displacement of ca. 13.5 km (Figure 7d), while the Wen'ansi Fault located in its NW orientation indicates a

Figure 7. Uninterpreted and interpreted seismic profiles showing the fault system and basement structures in the central west Jianghan Basin. Well located nearby
the section is shown in vertical dashed line. See Figures 3b and 5 for locations.
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lower cumulative maximum displacement (ca. 8.2 km) and dip angle (ca. 43°). In addition, the Anfusi Fault,
having amuch smaller extensional displacement (ca. 2.5 km), developed further toward the NW in the North
Jianghan Basin (Figure 7b). The prerift strata near the rift‐related fault planes in the hanging walls of the
three rift‐related faults are the Cambrian‐Ordovician unit, middle and lower parts of the Devonian‐Lower
Triassic unit (from SE to NW), while they are older than these in the footwalls, suggesting that there will
be compressional offsets when the normal displacements are restored. With increasing proximity to the
fault planes, increasingly older trends are observed in the prerift strata in the hanging walls of the three
rift‐related faults (Figure 7). Hence, the three rift‐related faults result from reactivation of thrusts
associated with unroofed folds. Furthermore, the three illustrated faults show decreasing extensional and
compressional displacements toward the NW (Figure 7).

The NNE‐ENE‐trending Qianbei and Tonghaikou faults is nearly perpendicular to the NNW‐trending
Hanshui and Jingmen faults (Figures 3b and 5). The Qianbei and Tonghaikou faults both have a listric geo-
metry with moderate dips (Figure 8). The prerift strata near the fault planes in the hanging wall of the
Tonghaikou Fault are the Silurian unit, and those in the footwall are the Devonian‐Lower Triassic unit, indi-
cating that there will be a compressional offset when the normal displacement is restored. The Zhugentan
Fault also show similar characteristics after normal faulting restoration. Due to the erosion of the prerift
strata in the footwall of the Qianbei Fault, there is no significant difference in stratigraphic age between
the prerift strata in the hanging wall and footwall (Figures 5 and 8). The notable fold deformation of the
Cambrian‐Ordovician unit in the hang wall of the Qianbei Fault and footwall of the Tonghaikou Fault
may suggest that shale acted as a detachment during the Late Jurassic thrusting and folding (Figures 2a
and 8). We proposed that there was also a compressional offset before normal faulting initiated near the
Qianbei Fault for the following three reasons: (a) even accounting for the intense erosion during the rift
development (~1,600 m, Wang et al., 2018), prerift strata in the hang wall are still as old as these in the foot-
wall, suggesting that prerift strata in the hang wall were older than those in the footwall before rift initiated
or erosion occurred; (b) the distinct difference in deformation style of prerift strata between the hanging wall
and footwall may suggest that there was a thrust between the footwall and hang wall; (c) the strike of the
Qianbei Fault coincides with the NE‐trending folds on the northern margin of the Jianghan Basin (YM,
1976) as well as the NE‐trending Zhanggou Fault (see further discussion below). The Zhanggou Fault is a

Figure 8. Uninterpreted and interpreted seismic profiles showing the rift‐related fault system and basement structures in the central east Jianghan Basin. See
Figures 3b and 5 for location.
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minor rift‐related fault (Figure 8b), and its strike is parallel to the Qianbei Fault. The prerift strata near the
Zhanggou fault plane are the Cambrian‐Ordovician unit in the hang wall and Sinian unit in the footwall,
indicating that there will be a compressional offset when the normal displacement is restored.
Furthermore, while approaching the fault plane, the prerift basement strata in the hanging wall change from
the Silurian unit to Cambrian‐Ordovician unit, becoming increasingly older. Similar characteristics can be
also observed near Hejiatai Fault. These features suggest that these minor rift‐related faults also result from
extensional reactivation of thrusts associated with unroofed folds.

4.3. The WNW‐ to Nearly E‐W‐Trending Fault System

The WNW‐ to nearly E‐W‐trending faults are located in the central and South Jianghan Basin. The
Tianmenhe Fault strikes approximately E‐W and dips at ca. 40° in its upper part (Figures 3b, 4b, and 5).
The prerift strata near the Tianmenhe fault plane in the hanging wall are the lower part of the Devonian
to Lower Triassic unit, which are older than that in the footwall as well Lu1 has penetrated the upper part
of the Devonian to Lower Triassic unit (Figure 4b). After normal displacement restoration, there will be a
compressional offset (Figure 4c). Furthermore, prerift strata in the hanging wall become increasingly older
with proximity to the fault plane as prerift strata change from the Middle Triassic‐Jurassic unit to Devonian
to Lower Triassic unit. These features suggest that the Tianmenhe Fault has reactivated a thrust fault asso-
ciated with an unroofed fold.

The NNW‐trending Hanshui Fault terminates at the WNW‐trending Zhoulaozui Fault (Figures 3b and 5).
The Zhoulaozui Fault strikes WNW and dips at 48° in its upper part (Figure 10). Similar to the above major
rift‐related faults, the prerift strata in the hanging wall (near the Zhoulaozui fault plane) not only are older
than those in the footwall but also become increasingly older while approaching the fault plane, suggesting
that there will be a compressional offset and unroofed fold when the normal displacement is restored.

5. Fault Evolution and Depocenter Development
5.1. Normal Fault Displacement Versus Length

The major rift‐related faults of the Jianghan Basin have a large range of displacements (from ca. 1.5 to 14.5
km; Figure 11). Some major rift‐related faults have simple displacement patterns with a single displacement

Figure 9. Uninterpreted and interpreted seismic profiles showing the rift‐related fault system and basement structures in the south Jianghan Basin. Well located
nearby the section is shown in vertical dashed line. See Figures 3b and 5 for location.
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maximum, indicating an isolated fault, while other faults have a complex geometry with multiple local
maxima and minima, which suggests the linkage of separate faults (Figures 11a–11f; Morley, 2014). The
linear relationship between maximum displacement (Dmax) and fault length (L) has been widely
discussed (Kim & Sanderson, 2005) and is often used to explore the influence factors of fault growth in
many studies (e.g., Exner & Grasemann, 2010; Grasemann et al., 2011; Schultz et al., 2006; Wibberley
et al., 1999, 2000). For faults with multiple linkages, length and displacement data should be measured on
every segment when calculating Dmax/L ratios (see detailed discussion in Morley, 2014). The Dmax/L
ratios of the major rift‐related faults in the Jianghan Basin vary from 0.11 to 0.66. On the length‐
maximum displacement diagram, these major rift‐related faults plot above the typical region for normal

Figure 10. Uninterpreted and interpreted seismic profiles crossing the Zhoulaozui Fault. See Figures 3b and 5 for location.
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faults (Dmax/L = 0.1–0.001; Kim & Sanderson, 2005) and plot in the similar region of the reactivated low‐
angle normal faults in Thailand (Morley, 2014) (Figure 11g). This may indicate that reactivated faults gen-
erally have very high Dmax/L ratios.

5.2. Rift Localization

The two‐phase rifting in the Jianghan Basin has distinct rift architecture and fault systems (Figure 12).
During the late Cretaceous initial rifting phase, the depocenters of the Jianghan Basin are widely distributed
(Figure 12a). The maximum thickness of sediments in the central Jianghan Basin (~4,500 m) is moderately
thicker than that of the other subbasins (~3,300 m). As rifting proceeded, the activity of most major rift‐
related faults in the North Jianghan Basin ceased during the Paleogene (Figure 12b). Meanwhile, the major
rift‐related faults in the central and South Jianghan Basin underwent further extension. Notably, the central
Jianghan Basin localized the maximum depocenters, and the maximum thickness of its sediments (~9,000
m) is significantly thicker than that of the other subbasins (~2800 m). Therefore, the central Jianghan
Basin localized the maximum depocenters and rifting progressively focused in it with the rift development.
These phenomena are the typical characteristics of rift localization.

Figure 11. (a–f) Alone‐strike variations of fault displacement. (g) Maximum displacement (Dmax) vs. Length (L) diagram
for the major faults in the Jianghan Basin, along with the reactivated faults in the Mergui Basin (Morley, 2014) for com-
paration. The typical Dmax/L ratios for normal faults are between 0.1 and 0.001 based on Kim and Sanderson (2005).
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6. Discussion
6.1. Prerift Deformation Intensity and Structural Division of Basement Structures

Based on the above observations, we reconstruct the nature of the fold and thrust belt prior to the rift phase
and outline the spatial variations in intensity and structural domains of the basement structures (Figure 13).
The deformation of the prerift strata in the Jianghan area is dominated by the arc‐shaped Southern Qinling‐
Dabie Thrust Belt, with two wide synclinoriums being divided by a narrow NNW‐trending anticline. The
arc‐shaped Southern Qinling‐Dabie Thrust Belt was overprinted by the arc‐shaped Huangling Thrust Belt
in the west and the linear‐shaped northern Jiangnan Thrust Belt in the south, suggesting that the
Qinling‐Dabie orogenic belt migrated southwestward before the Jiangnan Orogen migrated northwestward
(cf. Liu et al., 2015). This conclusion is further verified by the following observations. The NNW‐trending
Hanshui Fault is truncated by NE‐trending Qianbei Fault (Figure 5). In addition, in the South Jianghan
Basin, a NW‐striking thrust fault is truncated by a NE‐striking thrust fault in the prerift strata (Figure 9).

After the collision between the South China Block and North China Craton during the mid‐Late Triassic
(Dong et al., 2011), the Late Triassic‐Middle Jurassic foreland basin formed in the Jianghan area prior to
widespread Late Jurassic thrusting and folding (Liu et al., 2015). These tectonic events correspond to the
later phase of the Wilson cycle which suggests that there is continued convergence on subducted plate after
ocean closure and continental collision (Allen & Allen, 2005; Wilson, 1966). Thus, we infer that the south-
westward extrusion of the Qinling‐Dabie orogenic belt during the Late Jurassic is related to the continued
convergence between the South China Block (subducted plate) and North China Craton, likely driven by
the slab pull from eclogitized mafic crust (c.f. Dong et al., 2013; Li, Dong, et al., 2015). Nevertheless, the
Late Jurassic northwestward compression in the Jianghan area is a part of the NE‐NNE‐trending broad
(1,300‐km wide) intracontinental orogeny in the South China Block (Zhang et al., 2009), resulting from
the northwestward subduction of the Pacific plate.

As the Northern Jiangnan Thrust Belt propagated northwestward, it superimposed the Southern Qinling‐
Dabie Thrust Belt which had already formed, resulting in an Interfering and Converging Zone being formed
between them (Figure 13). In the Interfering and Converging Zone, there are some south dipping faults with
WNW to nearly E‐W strikes (especially in its central part), suggesting a combined influence by both south-
westward and northwestward compression. We further estimate the basement deformation intensity based
on the compressional displacements estimated from restored sections and the superimposed deformation of
prerift strata. Based on the estimated deformation intensity and the orientation of thrusts and folds, the

Figure 12. Structural and vertical thickness maps illustrating that basement structures have crucial influence on the rift localization in the Jianghan Basin. CBB,
Cenozoic basin boundary. Fault nomenclature is as in Figure 5. The local extension directions are shown schematically and nearly orthogonal to reactivated
faults, as they should have a strike angle greater than 60° relative to preexisting thrust faults in a fully reactivated scenario (see detailed discussion in Deng et al.,
2018).
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Interfering and Converging Zone is divided into three domains (Figure 13): the North Interfering and
Converging Zone, Central Interfering and Converging Zone, and South Interfering and Converging Zone.
The Central Interfering and Converging Zone show greater strain than the other regions and has the most
complicated thrust and fold system.

6.2. Influence of Basement Structures on Cumulative Displacement and Length

As shown in Figure 11g, the Dmax/L ratios of the major rift‐related faults in the Jianghan Basin are higher
than the typical normal faults, indicating that these faults have higher displacements at a given length.
This characteristic may have resulted from either constant length fault model or some other factors (e.g.,
low frictional strength).

Constant length fault model suggests that faults build displacement with limited growth of fault length after
a relatively rapid lengthening stage (e.g., Rotevatn et al., 2019). Previous studies indicate that reactivated
faults may grow via constant length fault model (Morley, 2014; Paton, 2006). In this case, when reactivating
preexisting basement structures, rift‐related faults rapidly propagated following the preexisting thrusts and
then ceased when reaching the tips of thrusts (also see discussion in Paton, 2006). When faults undergo
further extension, fault displacements rapidly increase, while the increase of fault lengths is very limited.
Displacement‐length ratios gradually increase and may exceed the typical ratios (0.001–0.1; Kim &
Sanderson, 2005) given an intense rifting. Therefore, the major rift‐related faults in the Jianghan Basin have
very high Dmax/L ratios. Paton (2006) and Bell et al. (2014) also discussed the Dmax‐L relationship when
basement reactivation occurred. Although their observations were based on an exponential relationship
between Dmax and L, they are consistent with the results in our studies.

Figure 13. Latest Jurassic tectonic map showing the distribution and structural division of basement structures in the
Jianghan area. The inset tectonic map is modified from Li et al. (2014). The fault and fold strike data in the inserted
rose diagram are length‐weighted. Some folds are not shown in the rose diagram as they are not adjacent to the basin or
located in the area with much thicker lithosphere (Li, Zhu, et al., 2015). NICZ, North Interfering and Converging
Zone; CICZ, Central Interfering and Converging Zone; SICZ, South Interfering and Converging Zone. Fault nomenclature
is as in Figure 5.
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Low frictional strength can also result in atypical displacement‐length ratios. Many studies have argued that
the maximum displacement of a fault increases as the frictional strength decreases (Schultz et al., 2006;
Wibberley et al., 1999, 2000), which can result in a greater Dmax/L ratio. This coincides with the very high
Dmax/L ratios in the Jianghan Basin and Mergui Basin (Morley, 2014) compared to the typical normal faults
(Figure 11g). Therefore, low frictional strength may also play a significant controlling factors of extensional
reactivation of preexisting structures, other than the dip and orientation of basement structures (e.g., Bird
et al., 2015; Deng et al., 2018; Fazlikhani et al., 2017). That may be why prerift structures offset by rift‐related
faults without reactivation despite being favorably oriented with respect to extension direction and with a
relatively high dip in some rift basins (Fazlikhani et al., 2017; Phillips et al., 2016).

6.3. Influence of Basement Structures on Rift Development

As discussed above, all the major rift‐related faults in the Jianghan Basin have extensionally reactivated pre-
existing thrusts or thrusts associated with unroofed folds in a negative inversion manner. Therefore, base-
ment structures control the geometry of the Jianghan Basin, including its location, shape, and
architecture, through controlling the development of major rift‐related faults (Figures 12 and 13). There
are three significant phenomena during the development of the Jianghan Basin. First, the maximum depo-
centers during the Late Cretaceous and Paleogene all focused in the central Jianghan Basin, namely the
Central Interfering and Converging Zone that underwent more intense deformation than other regions
(Figures 12 and 13). Moreover, from the Late Cretaceous to Paleogene, rifting focused in the Interfering
and Converging Zone while most major rift‐related faults in the North Jianghan Basin (out of the
Interfering and Converging Zone) failed. Notably, there is a positive correlation between basement deforma-
tion intensity and the thickness of rift sequences and the weakest zone (Central Interfering and Converging
Zone) localized the maximum depocenters and rifting progressively focused in it with the rift development
(Figures 12 and 13), indicating significant rift localization. These phenomena suggest that the weaker zone is
much easier to localize strain. Previous studies have proposed that rift localization can result from strain
localization, geothermal gradients, and plastic strain softening (Behn et al., 2002; Gawthorpe et al., 2003;
Huismans & Beaumont, 2007). Through the above discussion, we propose that basement deformation inten-
sity also play an important role in rift localization and narrowing.

Deng et al. (2018) proposed that reactivation occurs when the strike angle of preexisting basement structure
to the extension direction is more than 30° and the strike angle should be greater than 60° when fully reac-
tivated. In view of the radial strikes of the basement structures and rift‐related faults in the Jianghan Basin,
we propose that multidirectional extensionmay be themost effective way to extensional reactivate basement
structures in the Jianghan Basin (c.f., Koptev, Gerya, et al., 2018). The multidirectional extension in the
Jianghan Basin have been driven by the active upwelling of asthenospheric mantle similar to the Bohai
Bay Basin in the North China Craton (Qi & Yang, 2010; Wu, Mei, Liu, et al., 2018, Wu, Mei, Paton,
et al., 2018).

Tripartite rift systems and subsequent triple junctions are an essential component of plate tectonics, com-
monly associated with continental rifting and the subsequent opening of oceans (e.g., North Sea triple junc-
tion, Cowie et al., 2005; Afar triple junction, Acocella, 2014; Gariep tripartite rift system, offshore South

Figure 14. Cartoon diagrams illustrating the potential influence of basement structures on the development of tripartite rift systems during continental rifting.
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Africa, Paton et al., 2017). Generally, during the formation of triple junctions, one branch of the tripartite rift
systems often progressively fails as rifting proceeds, forming an aulacogen on the passive margin after con-
tinental breakup (e.g., Benue Trough, Heine et al., 2013; Ye et al., 2017), or lag behand the other two
branches during continental breakup (Afar triple junction, Acocella, 2014; Wolfenden et al., 2004).
However, this process remains poorly understood in view of its unique multidirectional extension and rift
localization. Notably, these unique features during the formation of triple junctions have a good correspon-
dence with these in the Jianghan Basin. Therefore, we propose a new conceptual model that considers the
influence of basement structures on the evolution of tripartite rift systems and triple junctions based on
our observations (Figure 14). During the prerift phase, the basement was deformed by multiphase compres-
sion from different directions, forming the multidirectional preexisting structures with varying deformation
intensity (Figure 14a). Driven by the diapirism of mantle plume or upwelling of asthenospheric mantle,
these preexisting thrust faults simultaneously undergo extensional reactivation, forming the tripartite rift
system observed (Figure 14b; cf. bidirectional continental breakup and nonuniform splitting, Koptev,
Cloetingh, et al., 2018, Koptev, Gerya, et al., 2018). As extension continues, the rift system progressively loca-
lizes; namely, rifting progressively localizes on the weaker branches as well as the rift axes, while the branch
with relatively weaker deformation progressively fails in a similar manner to the North Jianghan Basin
(Figures 12 and 14c).

7. Conclusions

Using extensive 2‐D and 3‐D seismic, borehole and field data from the Jianghan Basin in combination, we
unravel the deformation characteristics of basement structures and document their relationship with the
overlying rift basin. The main conclusions of this study are as follows:

1. The major rift‐related faults in the Jianghan Basin show highly variable strikes and can be divided into
three groups: the NNW‐trending fault system, the NNE‐ENE fault system, and the WNW‐ to nearly E‐
W‐trending fault system.

2. The prerift strata near the major rift‐related fault planes in the hanging walls of the major rift‐related
faults are older than these in the footwalls and for most faults prerift strata in the hanging walls also
become increasingly older as proximity to the fault planes increases, suggesting that these rift‐related
faults have reactivated preexisting thrusts or thrusts associated unroofed folds through negative struc-
tural inversion.

3. The major rift‐related faults in the Jianghan Basin have very high Dmax/L ratios (0.11–0.66) than the typi-
cal normal faults, likely resulting from either constant length fault model or low frictional strength.

4. The deformation of the prerift strata in the Jianghan area was dominated by the arc‐shaped Southern
Qinling‐Dabie Thrust Belt which was overprinted by the arc‐shaped Huangling Thrust Belt in the west
and the linear‐shaped Northern Jiangnan Thrust Belt in the south, forming a complex multidirectional
system of basement structures with an Interfering and Converging Zone.

5. Basement structures not only have crucial influence on the rift geometry of the Jianghan Basin (includ-
ing its location, shape, and architecture) but also play an important role in rift localization. The weakest
Central Interfering and Converging Zone localized the maximum depocenters and rifting progressively
focused in it as rifting proceeded, while the region out of the interfering and converging zone progres-
sively failed.

6. The reactivation of multidirectional preexisting basement structures and multidirectional extension with
rift localization in the Jianghan Basin provide an important analogue for us in understanding the devel-
opment of tripartite rift systems during continental rifting.
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