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Abstract In the Cretaceous, the subduction of the Izanagi/Paleo-Pacific plates beneath the South China
Block (SCB) created a wide back-arc domain characterized by numerous extensional basins coeval with
voluminous magmatism. The SCB witnessed the whole evolution by records of widespread extensional
structures to accommodate the lithospheric stretching. In the interior of the SCB, the Yuechengling (YCL)
Massif preserves a large, low-angle detachment fault, the Ziyuan Detachment (ZYD) at the western margin,
and a high-angle ductile normal fault, the Tianhu Fault (THF), in the middle of the massif. Both faults
display ductile shearing with top-to-the west kinematics but play different roles in two stages of extension. In
the early stage at 140-120 Ma, the THF deformed the eastern YCL pluton at a temperature of ~350 °C, but the
ZYD shows limited movement at this time. On the contrary, the later stage (100-85 Ma) is characterized
by pervasive middle- to high-temperature deformation (~400-500 °C) and rapid exhumation along the ZYD,
but the THF only underwent a near-surface brittle overprint. Across the SCB, the two-phase extension is
widely recorded in other extensional structures and coincides with magmatic flare-ups at its eastern margin,
suggesting episodic changes in the subduction dip. Combined with two compressional events that took
place between the intervals of extension, the SCB experienced two cycles of compression-extension at
155-120 and 120-85 Ma. This periodicity is tentatively interpreted as a combined effect from the
Izanagi/Paleo-Pacific subduction angle change and a thickening-foundering process in the arc region.

1. Introduction

Crustal extension is a common phenomenon in back-arc regions of subduction zones, such as the Aegean
(Jolivet et al., 2013; Jolivet & Brun, 2010; Lister et al., 1984; Ring et al., 2010) and western North America
(Davis & Coney, 1979; Davis & Lister, 1988; Sonder & Jones, 1999; Wernicke, 1981). Within extensional tec-
tonics, normal faults play an important role to accommodate the stretching of continental crust by exhuming
middle-lower crustal units. First described in the Basin and Range province, metamorphic core complexes
(MCCs) are now considered as best indicators of highly extended continental crust and are characterized
by low-angle normal faults that juxtapose sedimentary rocks of the hanging wall and highly strained, meta-
morphic rocks of the footwall (Crittenden et al., 1980; Davis & Coney, 1979; Lister & Davis, 1989; Wernicke,
1981). These low-angle normal faults, or detachments, commonly evolve from gently dipping, ductile exten-
sional shear zones in the lower/middle crust and transform into discrete brittle faults at surface. Detachment
and its supradetachment basin have been widely used to identify extensional structures, and further studies
on structural evolution and geochronology can constrain the timing and amount of crustal stretching
(Augier et al., 2015; Jolivet et al., 2013; Lin et al., 2008; Lin et al., 2013; Lin et al., 2013).

A major portion of East China has experienced large-scale extension within back-arc regions of the Late
Mesozoic Paleo-Pacific subduction system. This may also lead to the spectacular destruction of the North
China Block (NCB) that removed a large amount of lithospheric mantle since the Mesozoic (Chen et al.,
2009; Lin & Wang, 2006; Wu et al., 2019; Zhu et al., 2011). The South China Block (SCB), which was amal-
gamated with the NCB by the Qinling-Dabie orogeny, displays a similar extensional scenario (Ji, Lin, Faure,
Shi, et al., 2017; Li et al., 2014). The Paleo-Pacific oceanic plate subducted westward beneath the SCB, where
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voluminous plutonic and volcanic rocks were widespread in the central and eastern regions from 160 to
90 Ma (Li & Li, 2007; Zhou et al., 2006). Despite intermittent short-lived compression, extensional structures
dominated the tectonic framework of the Late Mesozoic SCB, including (half-) graben basins and brittle nor-
mal faults or detachments (Li et al., 2014; Shu et al., 2009). Recent studies have reported several detachments
within MCCs or extensional domes in this region, and those detailed work on field mapping, structural
analysis, and geochronological/thermochronological dating constrain the deformation pattern and episodes
of activities of those detachments (Ji et al., 2018; Li et al., 2013; Wei et al., 2016; Zhu, Xie, et al., 2010).

To better recover the general history of extension in the SCB, the knowledge of timing, kinematics, exhuma-
tion amount and rate, and spatial variation is critical. However, compared with the well-constrained tectonic
evolution of the MCCs in the NCB (Lin et al., 2008; Lin, Faure, et al., 2013; Liu et al., 2005; Wang et al., 2011;
Zhu et al., 2015), not only variable kinematics has been demonstrated in different MCCs/domes of the SCB

(e.g., Faure et al., 1996; Lin et al., 2000; Zhu, Xie, et al., 2010; Li et al., 2014; Wei et al., 2016; Ji, Faure, et al.,
2018), but the temporal-spatial distribution of extensional structures also provides a more complex story that
contains episodic deformation with ill-defined boundaries of this extensional province (Ji et al., 2014;
Figure 1). Notwithstanding the complication of the Late Mesozoic tectonics in the SCB, more pieces of
evidence are accumulated with the timing, amount, and geodynamic setting of extension than were known
before. In the central SCB, the Yuechengling Massif develops a large-scale low angle detachment and a
hanging wall Cretaceous basin. As the westernmost extensional structure, it occupies a significant position
to help us delineate the boundary of the extensional province, and its deformation history also provides
important clues to reconstruct the precise temporal sequence of extension. This paper presents a multidisci-
plinary study of this detachment and adjacent regions to complete the regional deformation scheme and shed
light on the tectonic evolution of the Cretaceous back-arc extension in the SCB.

2. Geological Setting

The SCB is a composite landmass that includes different tectonostratigraphic units with distinct rock forma-
tions and tectonic histories. As the remnant of the Neoproterozoic subduction and collision, the Jiangshan-
Shaoxing Fault zone (JSF in Figure 1) and ophiolitic rocks witness the amalgamation between two
Precambrian blocks (Charvet et al., 1994; Shu & Charvet, 1996; Wang et al., 2013), the Yangtze Block to
the west and the Cathaysia Block to the east (Figure 1). This event has been mostly concealed by
Paleozoic and Mesozoic sedimentary rocks, or erased by later tectonic reworking. After the
Neoproterozoic collisional orogeny, two Phanerozoic intracontinental orogenic events (Early Paleozoic
and Triassic) involved different parts of the SCB, leading to a distinct tectonic segmentation (Chu & Lin,
2014; Faure et al., 2009).

The eastern part of the SCB experienced intense Early Paleozoic deformation-metamorphism-magmatism,
which not only reworked most of the Neoproterozoic structures but obliterated Neoproterozoic petrological
records by amphibolite-facies or granulite-facies metamorphism, migmatization, and widespread intrusions
(Charvet et al., 2010; Chu & Lin, 2014; Faure et al., 2009; Li et al., 2010; Li et al., 2016). In the absence of a
magmatic arc, subduction complex, and ophibolites, this orogeny is interpreted as an intracontinental event
that may have initiated as early as ~465 Ma (Charvet et al., 2010; Chu & Lin, 2014). The synmetamorphic
ductile deformation yields U-Pb ages at 460-440 Ma indicative of the culmination of the compression
(Charvet et al., 2010; Li et al., 2010 ; Wang et al., 2012). Synorogenic and postorogenic granitoids widely
spread in the whole orogen from 460 to 420 Ma, but the demise of the orogen is recorded by *°Ar-**Ar cooling
ages at 390-380 Ma (Chu & Lin, 2014; Faure et al., 2009). The Triassic deformation is poorly developed, but
we can still find some clues of deformation in Late Paleozoic to Middle Triassic rocks unconformably over-
lain by Late Triassic terrigenous deposits (Li et al., 2010; Wang et al., 2012). In contrast to the limited effect of
the Early Mesozoic compression, the Late Mesozoic arc-related magmatism controlled by the Paleo-Pacific
subduction is dominant in the coastal region of the SCB. Volcanic and plutonic rocks overlie on or intrude
into pre-Jurassic rocks of this region (Li, 2000; Li et al., 2014; Zhou & Li, 2000).

The western part of the SCB shows a different tectonic scenario. Together with the Sichuan Basin that repre-
sents the core of this Precambrian continental fragment, the entire block received a continuous Paleozoic-
Early Mesozoic deposition with over 10 km thick of sandstone, siltstone, mudstone, and limestone
(BGMRJX, 1984; BGMRGX, 1985; BGMRHN, 1988). Except the Late Silurian to Early Devonian
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Figure 1. Tectonic map of the South China Block and adjacent regions. Mesozoic structures including fold-thrust belts and
extensional domes/metamorphic core complexes are highlighted on this map. The base map made with GeoMapApp
(http://www.geomapapp.org). JSF: Jiangshan-Shaoxing Fault. CLF: Chenzhou-Linwu Fault. Extensional domes/meta-
morphic core complexes: DBS: Dabieshan. DYS: Dayunshan. HL: Huangling. HS: Hengshan. HZ: Hongzhen. LS: Lushan.
TBS: Tongbaishan. QY-JH: Qingyang and Jiuhua. WGS: Wugongshan. YCL: Yuechengling.

unconformity or disconformity in the eastern part of the Yangtze Block, most of the area escaped the Early
Paleozoic high-temperature metamorphism and ductile shearing, but folded strata are common because of
the foreland thrust belt of the intracontinental Wuyi-Yunkai orogeny, that centers on the eastern SCB
(Chu & Lin, 2014; Li et al., 2010).

Mesozoic compressional events play a significant role in shaping the architecture of the Yangtze Block. The
Early Mesozoic (Middle to Late Triassic) compression created the NE-SW to E-W trending intracontinental
Xuefengshan Belt to the northwest of the Chenzhou-Linwu Fault and Jiangshan-Shaoxing Fault (Figure 1;
Chu, Faure, Lin, & Wang, 2012; Chu, Faure, Lin, Wang, & Ji, 2012; Chu & Lin, 2018; Faure et al., 2016),
but the west tectonic front is ambiguous, because this belt is partly modified by a second compressional phase
during the Jurassic-Early Cretaceous (Yan et al., 2003, 2009). Multistage tectonics that includes Early
Mesozoic and Late Mesozoic events also resulted in episodic contraction and exhumation of the circum-
Sichuan Basin belts (Yan et al., 2011; Dong et al., 2013; Tian et al., 2016; Xue et al., 2017).

The two parts of the SCB display contrasting tectonostratigraphy, but, as a matter of fact, they share similar
tectonic histories with variable deformation intensity. Since the Late Mesozoic, the Paleo-Pacific subduction
at the eastern continental margin of the SCB started to influence the surface stress field in a wide region from
the coastal regions to the Xuefengshan Belt at the center. Then arc-related magmatism and regional extension
became the major characteristics in response to the interaction between the two plates (Zhou et al., 2006;
Zhou & Li, 2000). The first magmatic flare-up initiated at ~160 Ma and invoked gigantic granitic intrusions
in the eastern SCB (Li et al., 2014). Two Cretaceous magmatic pulses occurred with widespread volcanism
and mineralization. Contemporaneous with the Cretaceous magmatism, detachments or high-angle normal
faults controlled most extensional basins in which continental red beds were deposited (Shu et al., 2009).
Some pretectonic and syntectonic granitic plutons were also deformed under subsolidus conditions by these
detachments (Ji, Faure, et al., 2018; Wei et al., 2014), but most of the structures can be classified as extensional
domes/MCCs (Figure 1), including Hengshan (Li et al., 2013; Wei et al., 2016), Lushan (Lin et al., 2000; Zhu,
Xie, etal., 2010), Hongzhen (Zhu, Yang, & Wang, 2010), Wugongshan (Faure et al., 1996), and Yuechengling,
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which were subjected into pervasive ductile deformation. However, two kinematics include NE-SW and
NW-SE stretching characterize those extensional structures (Ji, Faure, et al., 2018; Li et al., 2013; Zhu, Xie,
et al., 2010), indicating a heterogeneous pattern that accommodates the large-scale crustal extension.

3. Tectonic Units of the Yuechengling Massif and Preextension Deformation

The Yuechengling Massif mainly consists of the Early Paleozoic Miaoershan and Yuechengling plutons,
metamorphosed Neoproterozoic rocks, and Paleozoic-Mesozoic sedimentary rocks (Figures 2 and 3). The
two plutons are almost equally sized and intruded into pre-Devonian metasedimentary rocks. The
Miaoershan pluton is a coarse-grained biotite granite with localized ductile deformation along its western
margin; the Yuechengling pluton, which has similar mineral composition, is intensively deformed and
sheared. Radiometric ages show that the Miaoershan and Yuechengling plutons crystallized at 412 + 4
and 424 + 3 Ma, respectively (Chu, Lin et al., 2012).

The Ziyuan Detachment (ZYD) separates the western hanging wall from the eastern footwall that yield dis-
tinct deformation features (Figure 3a). The hanging wall includes from top to bottom: the Cretaceous Xining
Basin, Paleozoic to Early Mesozoic strata, Early Paleozoic Miaoershan pluton, and metamorphosed
Neoproterozoic sandstone/mudstone. These greenschist-amphibolite facies metamorphic rocks form the
ductile decollement zone developed during the Triassic intracontinental Xuefengshan orogeny (Chu,
Faure, Lin, Wang, & Ji, 2012). During the Cretaceous activity of the ZYD, the hanging wall only recorded
brittle deformation by faults and joints.

The footwall consists of the deformed Yuechengling pluton and Paleozoic and Mesozoic limestone sandstone
(Figure 3a). Compared with the hanging wall, the ductile deformation in the footwall is localized immedi-
ately below the ZYD, suggesting a direct link to the Cretaceous extension. Eastward from the detachment,
the structures related to the Triassic intracontinental orogeny can be traced because of the weak overprint
by the extensional tectonics (Chu, Faure, Lin, & Wang, 2012). In the following, we shall focus on the struc-
tural analysis of the deformation linked to the Cretaceous extensional event.

4. Structural Analysis
4.1. The Ziyuan Detachment

Extending NE-SW, the Ziyuan Detachment represents the largest tectonic discontinuity in this region
(Figure 3a), juxtaposing ductilely deformed and metamorphosed middle crustal rocks of the footwall with
unmetamorphosed upper crustal rocks of the hanging wall. The activity of the detachment resulted in tens
to hundreds of meters-thick fault zone, containing from west to east a combination of faulted rocks that
are fault breccia, silicified cataclasite, mylonitic granite, and sheared granite (inset in Figure 4). The structure
of the deformed granite will be presented in the following section; only the rocks involved in the detachment
are analyzed here.

The uppermost part of the detachment consists of fault-related breccia. Along the entire detachment, tec-
tonic breccia develops continuously at the base of the Cretaceous Xinning Basin or Paleozoic rock forma-
tions. The thickness of the brecciated zone varies from 1 m to tens of meters throughout the length of the
detachment. Depending on the different rock types, from Cretaceous red sandstone and conglomerate to
Paleozoic limestone, the breccia shows distinct appearances. To the east of the Xinning Basin, the lower sedi-
mentary formation contains conglomerate with rock fragments enclosed in pelitic matrix at the base of the
extensional basin. This conglomerate was then involved into intense brittle deformation with fractures
(Figure 5a). As the detachment activity continued, rock fragments were further crushed into small pieces
and formed a gouge zone above which a new brecciated zone was produced. In places where the hanging
wall consists of limestone, fluids that migrated along the main fault zone were injected into rock fissures
and provoked rock fragmentation and fault brecciation (Figure 5b). The density of the fractures or veins
increases toward the detachment, and multiple stages of injection of calcite or quartz fluid can be observed
due to the repeated fault motion.

Beneath the breccia, near the main detachment plane, intensive fluid infiltration formed silicified cataclasite
(Figures 5c and 5d). The thickness of this cataclasite ranges from 1 to 6 m, but along-strike variation in fluid
supply and fault activity led to discontinuous occurrences of the silicified cataclasite. On top of the granite,
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Figure 2. Structural map of the Xuefengshan Belt modified after Chu, Faure, Lin, and Wang (2012). Important normal
faults/detachments are highlighted. The box shows the location of the Yuechengling Massif presented in Figure 3.

cataclasite exposures display a light green color, highly fractured appearance, and early foliation or other
planar structures has been totally distorted by protracted brittle faulting along the detachment (Figure 5c).
Shear bands spaced in 10-30 cm gently dip to the west and cut the cataclasite, in agreement with the
overall kinematics of the detachment. Silicified cataclasite consists of 90% of quartz grains and minor dark
minerals, which completely replaced the original mineralogy by fluid-rock interaction (Figure 5d). At the
microscopic scale, the highest strain was localized in 0.5- to 1-mm-wide cataclastic zones in which quartz
grains were crushed to less than 10 um (Figure 5e). These small-scale shear zones developed in the
cataclasite document heterogeneity of accumulated strain (Figure 5f). Coarse quartz grains sometimes are
ductilely deformed with undulatory extinction in the core and initial bulging at grain boundaries,
respectively, suggesting low-temperature deformation in a brittle-ductile transition zone (Figure 5f).

Along the boundary between the YCL pluton and the Cretaceous Xinning Basin, the detachment plane can
be well traced with smooth surfaces and conspicuous slickenlines (Figure 5g). This contact is preserved with
a silicate-rich layer coating the surface, which results from fluid penetration along the fault plane. This pro-
cess facilitates the persistent fault activity and in turn gives rise to more infiltration of fluid from the deeper
parts. The detachment plane dips to the west at angles between 20° and 40°. Some surfaces carry decimetric-
scale corrugation parallel to the motion of the fault. On the detachment plane, slickenlines made of quartz
fibers and rods of quartz aggregates show a consistent top-to-the west sense of slip (Figure 5g). When
approaching the subsurface, the detachment itself and its adjacent rocks, including cataclastic granites
and breccia, are cut by secondary normal faults with medium to high angle dipping to the west, and similar
kinematics is indicated by dip-slip striations and steps (Figure 5h).
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Figure 3. (a) Geological map of the Yuechengling Massif and its adjacent regions. Lithological outlines are based on our
field observations and existing maps (BGMRHN, 1988; Chu, Faure, Lin, & Wang, 2012; Chu, Faure, Lin, Wang, & Ji, 2012).
Structural foliation and lineation based on our fieldwork show the general architecture of the Yuechengling Massif with
north striking foliation and E-W trending lineation. EYP: Eastern Yuechengling pluton. WYP: Western Yuechengling
pluton. ZYD: Ziyuan Detachment. THF: Tianhu Fault. (b-d) Stereographic plots of structural elements from the
Yuechengling Massif in Schmidt's lower hemisphere equal-area projection. ZYD: Ziyuan Detachment. THF: Tianhu Fault.
(b) Poles to bedding of undeformed/weakly deformed rocks. (c) Poles to foliation. (d) Lineation.

4.2. Footwall of the Ziyuan Detachment

4.2.1. Deformation in the Western Yuechengling Pluton

The YCL pluton, as the major portion of the footwall, shows an obvious strain gradient decreasing from west
to east. The ductile shear zone is separated from the isotropic granite by a high-angle normal fault, the THF,
in the middle of the granite, which allows us to subdivide the pluton into two parts, the Eastern
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Figure 4. Geological cross sections across the Yuechengling Massif. Locations are indicated in Figure 3. Rock symbols are the same in Figure 3. These sections show
the tectonic units and their relationships with the Ziyuan Detachment. In the cross section C-C’, an insert of the petrological units displays a close view of the
detachment. From up to bottom, four units of tectonites are distinguished: tectonic breccia, silicified cataclasite, mylonitic granite, and granite with shear bands and
weakly oriented feldspar.

Yuechengling pluton (EYP) and the Western Yuechengling pluton (WYP; Figure 3). Close to the
detachment, the granite is strongly mylonitized with shallow-dipping foliation, and stretching and mineral
lineation (Figures 6a). The mylonitic foliation dips at a low angle (0-30°) to the west or WNW, but some
of foliation that dips to SE may result from undulation of the detachment plane (Figures 4b-4d).
Macroscopically, the foliation consists of alternation of biotite-rich matrix and light-colored,
quartzofeldspathic interlayers (Figure 6a). On the foliation plane, lineation is marked by aligned biotite
flakes and elongated quartz and feldspar grains or aggregates, showing a roughly WNW-ESE trending and
shallow dip angles (Figure 6b). In some deformed rocks far from the ZYD, a NNE-SSW lineation shows a
perpendicular direction to the regional lineation (Figure 3d). It can be a relict structure of Early Paleozoic
synmagmatic deformation or related to pre-Cretaceous compressional events.

The intensity of deformation can be indicated by well-developed shear bands in the pluton. In high-strain
rocks, the foliation is defined by the orientation of coarse feldspar and quartz grains, whereas the shear plane
corresponds to segregation of biotite flakes. Close to the detachment, high-density shear bands are parallel to
the foliation (Figure 6a). The angle between shear bands and foliation gradually decreases when the rocks
evolved from orthogneiss to mylonite (Figures 6¢c and 6d). In the eastern part of the WYP, shear bands
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Figure 5. Field and microscopic photographs illustrating the deformation above the Yuechengling Detachment. (a) Fault breccia as the uppermost tectonite of the
YCL Detachment, south of Meixi. Note that some granitic pebbles suggest the subaerial exposure of the Yuechengling pluton; the red pelitic matrix is composi-
tionally similar to the Cretaceous sediments. (b) Faulted rocks with fluid activity, northeast of Xinning. Carbonated fluid is injected along faults or fissures.

(c) Cataclasite of quartzite above the detachment, south of Meixi. All the rocks experienced brittle deformation and are full of cracks and faults. (d) Close view
of silicified fault breccia, northeast of Ziyuan. Both the pebble and matrix are modified by silica-rich fluid. (e) Photomicrograph of cataclasite in which some brittle
shear zones reduced the grain size by mechanical crushing, northeast of Meixi. (f) Deformed quartzite within a cataclastic shear zone, northeast of Meixi.

Quartz grains with undulose extinction in the lower part show some ductile deformation. The cataclastic shear zone in the central part is filled with fragments of
quartz at the expense of plastically deformed quartzite. (g) Fault plane of the Ziyuan Detachment, south of Meixi. This plane develops along the western
boundary of the Yuechengling pluton with consistent westward dip with an average angle of 30°. (h) Fault planes developed in the granite, south of Xinning.
Secondary fault of the Ziyuan Detachment partly cuts through the granite. Downdip slickenlines on the fault plane indicate top-to-the west normal faulting.
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Figure 6. Field and microscopic photographs of mylonitic granite in the footwall of the Ziyuan Detachment. (a) NW dip-
ping foliation of the mylonitic granite, south of Meixi. The foliated rock contains mica-rich layers and quartzofeldspathic
layers. Sigmoidal feldspar porphyroclasts show a top-to-the NW shear sense. (b) E-W trending lineation on the foliation
plane, east of Xinning. The lineation is composed of biotite and elongated quartz and feldspar aggregates. (c) Shear band
structures in mylonitic granite, east-northeast of Ziyuan. The gently west dipping shear planes and the upper left-lower
right foliation planes indicate a top-to-the NW sense of shear. (d) Sigma-type K-feldspar porphyroclasts that suggest a
top-to-the west shear sense, southeast of Xinning. Note that the K-feldspar also experienced ductile deformation, implying
a deformation temperature over 500 °C. (e) Preferred orientation of K-feldspar that forms mineral lineation on the
foliation plane, northeast of Ziyuan. (f) Fabrics on the section parallel to the lineation and perpendicular to the foliation,
South of Ziyuan. In this rock, shear sense is difficult to observe. (g) Delta-type plagioclase porphyroclasts with a top-to-the
NW sense of shear in the mylonitic granite, southeast of Meixi. (h) Mylonitic granite with sigma-shape porphyroclasts
of K-feldspar indicating a top-to-the west sense of shear, southeast of Meixi.
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disappear in granites, but coarse feldspar grains are still oriented by consistent ductile shearing of extension,
trending roughly E-W (Figure 6e). Most of feldspar grains have euhedral rectangular shape and smooth
boundaries, as indicative that no recrystallization occurs at grain boundaries (Figure 6f).

Kinematic indicators document a consistent top-to-the west shear sense in the WYP. Sigma-shape structures
in orthogneiss and shear bands preserved in mylonite both show top-to-the west shearing (Figures 6¢c and
6d). Photomicrographs show that strong mylonitization reduce mica and quartz grain size to form the dark
matrix that surrounds the feldspar porphyroclasts. Delta- and sigma-type structures demonstrate a top-to-the
NW/W shear sense (Figures 6g and 6h).

4.2.2. Deformation in the Tianhu Fault and EYP

The Tianhu Fault is a subvertical shear zone developed in the YCL pluton. Compared with the WYP,
the foliation of the Tianhu Fault is subvertical or at a high angle with downdip lineation (Figures 3c
and 3d). In this shear zone, the granite experienced high strain with a gneissic structure, in which
the lineation is marked by alignment of quartz fibers and elongated feldspar grains (Figure 7a).
Sheared feldspar porphyroclasts and asymmetrical pressure shadows display a top-to-the west shear
sense during the normal faulting (Figure 7b). Bounded by the THF in the west, the EYP contains a
narrow deformed zone in the vicinity of this normal fault, but the major part of the EYP yields isotropic
textures (Figures 4a-4c). Most deformed rocks underwent a second phase of chloritization, which was
caused by fluid injection and water-rock interaction along the shear planes. At the microscopic
scale, we observe a combination of medium- and low-temperature deformation, in which feldspar grains
are fractured and rotated, but polycrystalline quartz ribbons with equally sized grains show bulging and
subgrain rotation. High-strain shear zones with a sharp contact to quartz bands suggest a cataclastic
process resulting from low-temperature deformation, or likely linked to the later chloritization
(Figure 7c). Large K-feldspar porphyroclasts with a domino structure argue for a top-to-the west shear
sense (Figure 7d).

4.2.3. Deformation in the Neoproterozoic-Paleozoic Rocks

To the north and south of the YCL pluton, the Early Paleozoic sedimentary rocks intruded by the pluton have
also been deformed by the ZYD, but the ductile deformation gradually weakens away from the detachment,
and brittle structures dominate. Instead of mylonitic foliation, cleavage is prevalent in these rocks because of
low-temperature deformation; nevertheless, the low dip angle to the west remains consistent in the entire
area involved in the detachment (Figure 8a). As the deformation temperature decreases, folds become
predominant in this upper crust section. Small detachment folds spread along pelitic zones in the
Cambrian siltstone when strata are tilted (Figure 8b); recumbent folds with axial planar cleavage are
produced by intense extensional shearing assisted by gravitational collapse (Figure 8c). Extensional struc-
tures can be followed along the ZYD northeasterly, whereas to the southwest, deformation disappears and
the detachment terminates in the Late Paleozoic rocks (Figure 3a). Stretching lineation is uncommon in
the metasedimentary rocks. To the east of the EYP, the exhumation of the YCL pluton generated a series
of folds (Figure 8d). Along the contact between the granite and sedimentary rocks, rheological contrast facil-
itates the formation of layer-parallel slip and folding.

4.3. Hanging Wall of the Ziyuan Detachment

4.3.1. Cretaceous Xinning Basin

The synextension Xinning Basin locates immediately to the west of the ZYD (Figure 3a). This basin received
a large amount of detritus from the footwall country rocks, including the YCL granite and Paleozoic
sedimentary rocks. Two sedimentary units can be distinguished. The lower unit contains several hundred
meters of purplish red thick-layered conglomerate with pebbles (<50 cm in diameter) and minor mudstone.
The upper unit consists of 150-m-thick red conglomerate with pebbles around 1 cm in diameter
(BGMRHN, 1988).

Separated from the detachment by a narrow zone of tectonic breccia or cataclasite, the base of this basin con-
tains several hundred meters to a kilometer-thick conglomerate with angular to round pebbles within red
pelitic matrix (Figure 9a). Near the detachment, unsorted pebbles show weakly developed bedding indicative
of fast sedimentation by flood or landslide events. Upward, the stable sedimentation is characterized by con-
glomerate layers with round or elliptical pebbles. Based on rough counting of the rock types of pebbles, we
find an along-strike correlation between sedimentation and erosion in this basin. In the north of this basin,
most pebbles are limestone and dolomite that were likely derived from Carboniferous to Permian
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Figure 7. Field and microscopic photographs of the Tianhu Fault. (a) Subvertical foliation with downdip lineation
formed by the alignment of quartz and K-feldspar, west-southwest of Daxijiang. Alteration with chloritization is also
observed as a later overprint of the second stage of deformation. (b) Deformation fabrics on the plane parallel to the
lineation and perpendicular to the foliation, north of Shanchuan. K-feldspar porphyroclasts show a top-to-the west
shear sense. (c) Microscopic view of low-grade mylonitic granite, north of Shanchuan. Note the sharp boundary
between the upper quartz band and lower cataclastic shear zone. The upper part consists of dynamically recrystallized
quartz indicating a low deformation temperature at ca. 300 °C during the first stage. The cataclastic shear zone that
deforms and cuts the previous structure indicates subsurface brittle deformation as an overprinting structure of the
second stage. (d) K-feldspar porphyroclast with a book-shelf structure suggesting top-to-the west kinematics, northwest
of Shanchuan. In contrast with the ductile deformation in quartz, the K-feldspar in the center is fractured into three
major fragments in a domino type.

formations; southward, more and more granitic pebbles appear together with Early Paleozoic slate or
metasandstone. Such a trend reveals uneven exhumation of the footwall. The middle and southern parts
were more elevated and the deeper ductilely deformed unit experienced more erosion. In contrast, the
northern part was less exposed and eroded, and thus, the contact between the weakly deformed Paleozoic
pluton and country rocks at a shallow level is still preserved. Deformation is weak in the Cretaceous basin
where most of the structures are conjugate joints and normal faults (Figure 9b).

4.3.2. Paleozoic Rocks

In the northern part of the hanging wall, Late Paleozoic limestone is juxtaposed with Early Paleozoic meta-
sedimentary rocks by the ZYD. Brittle extension induced numerous normal faults in the Devonian to
Permian limestone. Most fault planes dip at high angles (60-90°) to the west or east and throws along faults
vary from 1 to 5 m (Figures 9c and 9d). Between two limestone layers, carbonated fluid circulated and crystal-
lized along the slip plane, and the growth direction of calcite fiber indicates the layer-parallel slip
motion (Figure 9e).

Early Paleozoic rocks occupy the major portion of the hanging wall in the south part of the study area.
Compared with the northern part, extensional brittle structures are less widespread but still overprint
on early structures. Metamorphosed rocks in a Triassic decollement zone are offset by a normal fault with
a 1-m throw (Figure 9f). In this region, faults strike from NNW to NNE and generally dip to west or east.
Folds are locally developed because of the weak effect of the extensional tectonics. The lower-grade
metamorphism in the Early Paleozoic rocks of the north and south hanging wall suggests that the
temperature of ductile deformation reached its maximum in the middle part and decreased northward
and southward.
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Figure 8. Field photographs of metasedimentary rocks in the footwall. (a) Strongly deformed Neoproterozoic sandstone
with closely spaced cleavage, northeast of Xinning. The occurrence of the cleavage is consistent with the mylonitic
foliation in the deformed granite as a result of detachment. (b) Detachment folds in Cambrian siltstone, northeast of
Xinning. (c) Recumbent fold developed in Cambrian siltstone, east of Xinning. (d) Folds in Devonian limestone, indicating
top-to-the east movement, west of Quanzhou.

5. Estimates of Deformation Temperature From Microstructures

In addition to regional- and outcrop-scale structural observation on the ZYD, dynamic recrystallization
microstructures of quartz and feldspar are also analyzed in the sheared granites, aiming to decipher deforma-
tion mechanisms and temperature conditions (Figure 10).

In the vicinity of the detachment, samples of mylonitic granite exhibit deformation segregation in quartz
grains. Ribbons at width of 3-5 mm consist of large quartz aggregates with undulose extinction. These quartz
grains show varied sizes from 50 to 500 um in diameter, but they have all undergone elongation with irregu-
lar boundaries (Figure 11a). Amoeboid grains with large-amplitude sutures indicate that grain boundary
migration played an important role in accommodating the ductile shearing. Hence, we can infer that the
deformation temperature is approximately 450 to 550 °C (Stipp et al., 2002). Another type of quartz grains
is also observed in our samples. Within quartz-rich zones, some grains with long axes oblique to the foliation
are highly elongated with length-width ratios larger than 10:1. Recrystallized grains also show undulose
extinction (Figure 11b). In some shear zones, quartz is further sheared and recrystallized into smaller grains
less than 10 um in diameter. These fabrics with equigranular quartz neoblasts are characteristic of subgrain
rotation recrystallization, indicating deformation temperature at 400-500 °C (Law, 2014; Stipp et al., 2002).
In contrast to dynamic recrystallization in quartz, deformation in feldspar grains is accommodated by brittle
fracturing; shear zones surround the feldspar because of its high stiffness (Figure 11c). Bulging recrystalliza-
tion is rare at edges of feldspar grains, and core-and-mantle structures are absent. Under medium tempera-
ture (<500 °C), deformation in feldspar is still dominated by internal microfracturing and minor dislocation
glide (Passchier & Trouw, 2005). Considering all the textures discussed above, the mylonitic granites in the
YCL pluton yield an estimated deformation temperature from 400 to 500 °C.

Beneath the mylonite, the gneissic granites contain large undeformed feldspar grains, in which fractures
showing no offset are filled with tiny quartz grains (Figure 11d). At rims of feldspar grains, deformation twin-
ning results from the stress concentration at the bulging points, but dynamic recrystallization is still absent.
Large quartz grains show undulose extinction and bulging recrystallization in the cores and rims,

CHU ET AL.

3686



~1
AGU

100

ADVANCING EARTH
'AND SPACESCIENCE

Tectonics 10.1029/2019TC005516

Figure 9. Photos of deformation features in the hanging wall. (a) Cretaceous conglomerate in which 90% of pebbles are
limestone, northeast of Xinning. The variable size and angular shape of pebbles testify to rapid deposition in a fault-con-
trolled alluvial fan. (b) X-shape joints developed in Cretaceous red sandstone, northeast of Meixi. The conjugated joints
suggest horizontal extension (E-W) that is consistent with the regional extensional regime. (c) Normal faulting in
Devonian limestone, northeast of Xinning. (d) A normal fault in Devonian sandstone, showing a clear offset of a thick
sandstone layer, northeast of Xinning. (e) E-W trending slickenlines and calcite steps on a normal fault plane that cuts
Carboniferous limestone, north of Xinning. (f) Weakly metamorphosed Ordovician siltstone cut by a high-angle normal
fault, north of Huajiang.

respectively. In some quartz grains, mechanical twinning occupying the entire area reflects a lower rigidity of
quartz and also indicates a low deformation temperature at 250 to 350 °C (Passchier & Trouw, 2005). Shear
zones separating large feldspar and quartz aggregates consist of fine grains of quartz and biotite assemblage,
but the sharp boundary may suggest that these small grains were formed by grain-size reduction, rather than
recrystallization, indicating a deformation temperature at ~300 °C (Figures 11d and 11le). To summarize,
low-temperature deformation in the brittle-ductile transitional zone is the ruling mechanism during the
extensional deformation of the gneissic granites.

Strongly sheared granites along the THF share similarities of deformation structure within the gneissic gran-
ites in the WYP. Quartz grains exhibit undulose extinction, and, along the grain boundaries, newly formed
fine grains are created from the host grain by bulging recrystallization (Figure 11f). Strain localization gives
rise to microscopic shear zones, in which grains are crushed and elongated; biotite is also sheared to mica fish
structure. These fabrics are consistent with low-temperature deformation that occurs at 300 to 350 °C (Law,
2014; Passchier & Trouw, 2005).
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Figure 10. Age compilation of the Yuechengling Massif and its adjacent region. Symbols: Purple square: Zircon (Zr) U-Pb
ages. Dating methods are also indicated with the age number (Zr SIMS data from Chu, Faure, Lin, Wang, & Ji, 2012, Chu,
Lin, Faure, Wang, & Ji, 2012; Zr SHRIMP data from Zhao et al., 2013). Blue hexagon: Monazite (Mnz) U-Pb age by electron
microprobe chemical dating (Data from Chu, Faure, Lin, Wang, & Ji, 2012). Orange circle: Ar-Ar age data in this study.
Yellow star: Analyzed sample location for determination of deformation temperature.

To summarize, mylonitic granites experienced high-temperature deformation accommodated by quartz sub-
grain rotation and grain boundary migration transition at 400 to 500 °C; gneissic granites far from the detach-
ment record low-temperature deformation between 300 and 350 °C, under which bulging recrystallization
dominates in quartz deformation whereas feldspar displays brittle structures.

6. Geochronology
6.1. Analytical Method of *’Ar-*’Ar Dating

Rock samples were cleaned and crushed, and biotite grains were then hand-picked under a binocular micro-
scope. Before preparation for dating, we rechecked biotite to select fresh, clear crystals without inclusions,
impurities, or alteration. Detailed analytical procedure was described by Wang et al. (2009). High-resolution
“OAr/**Ar measurements were performed by using mass spectrometer MM5400 at “°Ar/*’Ar and U-Th/He
laboratory in the Institute of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS), Beijing.
Analytical data were processed using the excel-based software-ArArCALC (Koppers, 2002), and external
uncertainties from procedures were also included and propagated into the final results. Errors are reported
at the 2-sigma confidence level.
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Figure 11. Photomicrographs of selected samples for temperature estimation in the Yuechengling Massif. Location is indi-
cated in Figure 10. (a) Polycrystalline quartz ribbons at width of 3-5 mm. Large quartz aggregates with irregular bound-
aries and undulose extinction. Amoeboid grains indicate grain boundary migration that occurred at a deformation
temperature of 450 to 550 °C. (b) Highly elongated quartz grains with oblique shape fabric with respect to the foliation.
Note that some recrystallized grains with length-width ratios larger than 10:1 exhibit undulose extinction zones. These
fabrics with equigranular quartz neoblasts suggest subgrain rotation recrystallization at 450-550 °C. (c) Brittle fracturing
with book-shelf structures in K-feldspar. Shear zones develop around the feldspar because of its high stiffness but localized
bulging recrystallization occurs at the K-feldspar boundary. (d) Gneissic granites that contain large undeformed feldspar
grains with fractures filled with tiny quartz grains. At rims of feldspar, deformation twinning result from stress concen-
tration on bulging points without dynamic recrystallization. (e) Shear zones separating bands of large feldspar/quartz
aggregates. The sharp boundary suggests grain-size reduction rather than recrystallization as a result of low-temperature
deformation. (f) Strongly sheared granite in the Tianhu Fault. Quartz grains exhibit undulose extinction and bulging
recrystallization. Microscopic shear zones have crushed and elongated grains; biotite is sheared to mica fish, which are
consistent with low-temperature deformation at 300 to 350 °C.

6.2. “*Ar-**Ar Dating Results

Detailed biotite “°’Ar/*>’Ar analytical results, sampling coordinates, and mineralogy of seven samples are
listed in Table 1 and Data Sets S1-S3 in the supporting information. Information of locations and ages is also
marked in Figure 10. Four samples from the ZYD were gathered from the WYP. Three samples were col-
lected along the THF. All of the samples present well-resolved plateaus comprising 60-100% of the total
39 Ar(K) released. In order to better understand the obtained ages, inverse isochrons and age plateaus are pre-
sented in Figures 12 and 13.
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Table 1

Detailed Information of Selected Samples for Opr->ar Dating

Sample
No.
XF276
XF277
XF1015
XF1021
XF285

XF1023

XF1039

Latitude
(°N)
26.15923
26.15363
26.38314
26.30051
26.0745

26.2964

26.13393

Longitude
(°E)
110.73142
110.73318
110.88126
110.89328
110.83115

110.93224

110.84855

Rock type Quartz Estimate on deformation temperature Mineral Method Age 20
recrytallization (°O) (Ma) (Ma)
Mylonitic GBM + SGR 450-500 Biotite ~ Plateau 88.2 0.5
granite
Mylonitic GBM + SGR 450-500 Biotite ~ Plateau 86.6 0.5
granite
Mylonitic GBM + SGR 450-500 Biotite ~ Plateau 96 1.1
granite
Gneissic GBM + SGR 450-500 Biotite ~ Plateau 99 1.1
granite
Gneissic BLG + SGR 350-400 Biotite ~ Plateau 121.9 5.7
granite
Gneissic BLG 300-350 Biotite ~ Plateau 139.7 1.6
granite
Gneissic BLG 300-350 Biotite  Plateau 1314 14
granite

Note. GBM: grain boundary migration; SGR: subgrain rotation; BLG: buldging recrystallization.

Samples XF276 and XF277, collected in the detachment, yield flat age spectra at 88.2 + 0.5 and 88.6 + 0.5 Ma,
accounting for 95% and 100% of released ¥Ar, respectively (Figures 12a and 12b). The initial (*°Ar/*%Ar),
ratios of 303.8 and 298.6 show slight excess Ar, but their inverse isochron ages are similar within error, indi-
cating negligible effect on ages.

Samples XF1015 and XF1021 are gneissic granites structurally located beneath the mylonitic granites.
Two plateaus both contain steps with >98% of released *°Ar, yielding ages at 96.0 + 1.1 and
99.0 + 1.1 Ma, respectively. Despite excess Ar in XF1015, the isochron age is consistent with the plateau
age and the total fusion age, so the age at 96 Ma is reliable for further discussion. XF1021 does not exhi-

bit excess Ar component.

Samples XF285, XF1023, and XF1039 from the THF show more complicated age spectra. A weighted pla-
teau age of XF285 is calculated at 121.9 + 5.7 Ma with the highest error in all analyzed samples, partly
because only three stages with 60% of released *’Ar are calculated (Figure 13a). The total fusion age
(122.7 + 2.4 Ma) and the inverse isochron age (120.3 + 10.3 Ma) are similar to the plateau age within
error. The uneven pattern of the age spectra is likely linked to late activity and chloritization of this
fault, which is supported by a younger spectrum ages at ~100 Ma (Figure 13a). In contrast, the other
two samples (XF1023 and XF1039) yield flat age spectra accounting for 70% and 90% of the released
*9Ar, respectively. XF1023 has a plateau age at 139.7 + 1.6 Ma, same as the inverse isochron age and
the total fusion age, which does not show any influence by excess Ar (Figure 13b). Consistent ages
are obtained in XF1039 by weighted plateau, total fusion, and inverse isochron, so the weighted plateau
age with 90% of released *°Ar at 131.4 + 1.4 Ma is preferred here to account for the cooling age of this
sample (Figure 13c).

7. Discussion
7.1. Deformation History of the Yuechengling Massif

Together with microstructural and *°Ar-*°Ar data, our new field observations allow us to draw a Cretaceous
tectonic scenario from the evolution of the YCL Massif. As the major structure in the study region, the
Ziyuan Detachment developed extensive ductile and brittle deformation that affected the adjacent pluton
and the Xinning Basin (Figures 3, 4, and 14). The footwall and the hanging wall of the ZYD show different
deformation features. The structural fabrics in the footwall rocks comprise consistent NNE striking foliation
and west trending stretching and mineral lineation. Furthermore, the THF divides the YCL pluton into the
EYP and the WYP with distinct deformation patterns. The entire WYP is involved into ductile shearing,
resulting in mylonites or gneissic granites that share a similar top-to-the west shear sense. In the EYP, the
deformation is localized in the vicinity of the THF, and most part of the EYP is isotropic. The hanging wall
merely records brittle faults and joints that cut the Triassic compressional structures (Chu, Faure, Lin, Wang,
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Figure 12. Diagrams of 4OAr->Ar dating results in the Western Yuechengling pluton. Age spectra and inverse isochrons
are shown in (a and b) XF276, (c and d) XF277, (e and f) XF1015, and (g and h) XF1021. Sample location is marked in
Figure 10.
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Figure 13. Diagrams of “OAr-¥ar dating results in the Eastern Yuechengling pluton. Age spectra and inverse isochrons
are presented in (a and b) XF285, (c and d) XF1023, and (e and f) XF1039. Sample location is marked in Figure 10.

& Ji, 2012). Extension-related folds are widespread in sedimentary rocks across the whole region. Based
on our geometrical and kinematic analysis, the YCL Massif is therefore a typical extensional dome
controlled by the ZYD.

Our new *’Ar-*’Ar dating results on biotite of mylonitic and gneissic granites provide precise constraints on
the deformation sequence in the YCL Massif. Three samples collected from the Tianhu Fault yield *°Ar-**Ar
ages between 140 and 120 Ma, interpreted to be the timing of the early D, extensional event. D, developed a
narrow shear zone in the middle of the YCL pluton, exhumed the footwall EYP, and produced extensional
structures, such as folds and conjugate joints, in the Paleozoic to Mesozoic strata (Figure 14a). The ductile
deformation is restricted to the THF, triggering low-temperature mylonitization dominated by shear bands
and bulging recrystallization of quartz, and brittle fracturing of feldspar at microscopic scale. Whether syn-
tectonic basins along the THF existed during D; remains ambiguous, because the exposures have been
erased by later uplifting of the WYP. However, despite the lack of evidence of D; deformation, the Early
Cretaceous sedimentary record in the Xinning Basin may indicate that the initiation of the ZYD was coeval
with the activity of the THF (BGMRHN, 1988). According to our Ar-Ar results, the WYP was still buried at
depth >10 km, and the dominant limestone pebbles in basal conglomerate of the Xinning Basin hint that the
Paleozoic cover was overlying the YCL pluton (Figure 14a).
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Figure 14. Schematic evolution models of the Yuechengling Massif. (a) First stage (140-120 Ma): The Tianhu Fault (THF)
was active with a narrow mylonitic zone and exhumed the Eastern Yuchengling pluton (EYP). The Ziyuan Detachment
(ZYD) showed limited exhumation. (b) Second stage (100-85 Ma): The Ziyuan Detachment accommodated most of crustal
stretching. The Western Yuechengling pluton (WYP) was intensively deformed, clockwise rotated, and exhumed. The
Tianhu Fault was partly reactivated with subsurface alteration with a small amount of uplifting.

The activity of the ZYD that occurred at 100-85 Ma, as revealed by four new ages in the WYP, accounts for
the final geometry of this region. The entire WYP underwent extensive ductile deformation with pervasive
mylonitic or gneissic foliation and consistent stretching and mineral lineation, indicating a top-to-the west
shear sense. We ascribe this deformation to the D, event responsible for the major exhumation of the YCL
Massif. Mylonitic fabrics show a different mechanism from that of D;. Microstructure in quartz and feldspar
grains suggests high-temperature deformation at ~500 °C, intimately connected to a high thermal state in
the South China crust during the Late Cretaceous. The gneissic granites exhibit low-temperature fabrics at
300-350 °C as indicated by quartz bulging recrystallization. Since the deformation temperature of the gneis-
sic granite is close to the closure temperature for biotite Ar-Ar dating, the age at 99 Ma of sample XF1021 can
be assumed as the onset of the D, event. Although the D, ductile deformation is not recorded in the EYP and
the THF, fluid activity and resultant chloritization along the fault plane may also trigger the subsurface reac-
tivation, as suggested by steps and striations within the THF zone. This lower-temperature disturbance can-
not be recorded by Ar-Ar dating because of the closure of Ar-diffusion system in biotite (Dodson, 1973).

Given the structural analysis and geochronological results, we argue that two stages of extension controlled the
tectonic evolution of the YCL Massif (Figure 14). The early extension event, Dy, between 140 and 120 Ma,
exhumed the EYP through the THF. A partial initiation of the ZYD Detachment can be traced by the Early
Cretaceous sedimentation in the Xinning Basin, which indicates limited exhumation of the WYP and its
neighboring areas (Figure 14a). The second stage of extension, D,, lasted from 100 to 85 Ma and the major
ductile shearing that deformed the YCL Massif. Due to the regional stretching, the surface increase was mostly
accommodated by fast exhumation of middle crustal material, such as the WYP, which shows extensive
medium- to high-temperature fabrics as evidence for its middle crust level during deformation (Figure 14b).

At these two stages, exhumation was accommodated in different deformation patterns. During the early
phase of extension, the high-angle ductile THF was dominated by vertical exhumation of upper-middle crust
rocks. The shallow structural level and limited exhumation may account for the high angle of this ductile
fault zone. In contrast, in the late phase, the low-angle ZYD caused large-scale exhumation of middle-lower
crustal rocks and the rotation of the WYP, consistent with the pattern of MCCs in western United States
(Davis & Lister, 1988; Wernicke, 1981).

7.2. Cretaceous Episodic Extension in the SCB

The extensional tectonics and the voluminous Late Mesozoic magmatism of eastern Asia have been attribu-
ted to the oceanic subduction of the Paleo-Pacific/Izanagi plate (Ren et al., 1990; Zhou & Li, 2000).
However, the process and temporal-spatial distribution of the extension, and its geodynamic mechanisms,
still require refinement with further structural, geochronological, and petrological work. In comparison
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with the NCB in which most of the extensional domes or MCCs appeared in the Early Cretaceous (Lin et al.,
2008; Wang et al., 2014; Wang, Zheng, et al., 2011), the SCB presents a protracted extensional regime
manifested by extensional domes and basins active from 140 to 80 Ma, but each of these domes seems to have
a distinctive evolution history (Li et al., 2013, 2014; Lin et al., 2000; Shu et al., 2009; Zhou & Li, 2000;
Zhu, Xie, et al., 2010).

Across the SCB, extensional domes or MCCs are only developed in the central region at least 400 km far from
the plate boundary (Figure 15). In the southern part of this huge extensional province, as revealed by our new
structural and geochronological data, the Yuechengling Massif experienced a two-stage extension (140-120
and 100-85 Ma) recorded in ductile deformed rocks. In fact, this episodic extension has also been recognized
in other extensional structures. In the northern part of the SCB, the Tongbai and Dabie Massifs superim-
posed on the Triassic Qinling-Dabie orogenic belt both recorded Cretaceous extension and unroofing that
accommodate the final exhumation of the lower crustal rocks (Cui et al., 2012; Hacker et al., 2000; Ji, Lin,
Faure, Shi, et al., 2017; Ratschbacher et al., 2000; Webb et al., 1999; Xu & Wang, 2010). They share similar
kinematics with top-to-the NW shearing but indicate different exhumation stories. Ar-Ar cooling ages of
Tongbaishan (TBS) yield two stages of deformation at 140-115 and 105-85 Ma, whereas Dabieshan (DBS)
shows a dominant age cluster at 140-115 Ma, suggesting that the Early Cretaceous deformation with contem-
poraneous migmatization and magmatism gave rise to almost all of the exposed rocks (Figure 16a). However,
minor Late Cretaceous cooling ages correspond to later uplifting or thermal perturbation and can thus be
linked with the Late Cretaceous extension (D, event; Webb et al., 1999; Ratschbacher et al., 2000; Ji, Lin,
Faure, Shi, et al., 2017). At the northern margin of the SCB, the early extension seems to have a more wide-
spread impact, because these extensional/magmatic domes, including the Huangling Massif (HL),
Qingyang-Jiuhua plutons (QY-JH), and Hongzheng MCC (HZ), were formed during Early Cretaceous with-
out later cooling ages (Ji et al., 2014; Wei, Martelet et al., 2014; Wei, Chen, et al., 2014; Zhu, Xie, et al., 2010).

In contrast to the northern region, the two-stage evolution model plays a more important role in those more
southerly extensional domes (Figure 15), that is, Dayunshan (DYS), Lushan (LS), Hengshan (HS), and
Yuechengling (YCL), and dictates different rock deformation patterns in response to the two events. The
DYS and HS domes are both characterized by NW-SE stretching with a top-to-the NW shear sense, and
the detachments were active between 140 and ~85 Ma (Ji et al., 2018; Ji, Faure, et al., 2018; Li et al., 2014,
2016). Although the possibility of a long-lived detachment cannot be excluded, the cooling age patterns exhi-
bit a ~20-Myr interval between the two age peaks (Figure 16a), implying intermittent movement of the
detachments. The YCL Massif preserves a consistent deformation pattern with two phases of ductile defor-
mation and exhumation at 140-120 and 100-85 Ma, respectively. Comparably, the Lushan MCC shows
two phases of deformation. The first one (~125 Ma) resulted in syntectonic granitic intrusion and NE-SW
stretching, while the second one (~110-85 Ma) produced normal faults and red bed basins that account
for the regional fast cooling (Lin et al., 2000; Zhu, Yang, et al., 2010).

Previous structural work provides detailed analysis and timing on these structures. All of these results,
including our new data, allow us to illustrate a consistent tectonic scenario with episodic back-arc extension
during the Paleo-Pacific subduction. Two age clusters are clearly displayed at 140-120 and 105-85 Ma, repre-
senting two stages of crustal extension and exhumation-cooling of lower crustal rocks (Figure 16b). The two
magmatic pulses documented during the Cretaceous, at 140-120 and 105-85 Ma, fit well with the two stages
of extension (Figures 16c and 16d). In central and eastern South China, numerous extensional basins also
underpin the Cretaceous stretching of the lithosphere during the Cretaceous (Figure 15). NE trending basins
developed along regional normal faults, and their sedimentary infill includes coeval volcanic or volcaniclas-
tic rocks (BGMRIJX, 1984; BGMRZJ, 1989; Shu et al., 2009). It is noteworthy that a regional unconformity
between the Early and Late Cretaceous strata represents a pause between the two stages of the extensional
tectonics (BGMRIJX, 1984; BGMRZJ, 1989). In contrast to the early stage, large basins were mostly located
in the central part of South China (Figure 15), which was regarded as the more extended region in agreement
with the distribution of the extensional domes and MCCs (Ji, Faure, et al., 2018; Li et al., 2014; Lin & Wei,
2019; Shu et al., 2009).

As a unique place of the Cretaceous Paleo-Pacific subduction system in East Asia, the SCB shows two stages
of back-arc extension in association with coeval magmatic flare-ups. Compared to the short period, that is,
Early Cretaceous, of the extension in the NCB, the tectonic evolution recorded in the SCB reflects a cyclicity
of a subduction system.
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Figure 15. Tectonic map with localized Cretaceous deformation of the South China Block (SCB). Two stages of
compression are recognized in the interior and margin of the SCB, respectively. The western part of the SCB is
characterized by Late Jurassic-Early Cretaceous thrusting, and the eastern margin records Late-Early Cretaceous
deformation. Between them, a large extensional province is expressed by numerous extensional structures active at
140-120 and 105-85 Ma. The intrusive rocks located in the coastal volcanic belts are not marked. References for the timing
of different tectonic units are as follows: 1. Longmenshan (Xue et al., 2017; Yan et al., 2011); 2. Dabashan (Dong et al., 2013;
Li et al., 2015); 3. East Sichuan Thrust Belt (Yan et al., 2003, 2009); 4. Xuefengshan (Li et al., 2012; Yan et al., 2003);

5. Shiwandashan (Liang & Li, 2005); 6. Hainan (Chen, 2013); 7. Changle-Nan'ao (Wei et al., 2015); 8. Huangling-HL
(Jietal., 2014); 9. Tongbaishan-TBS (Cui et al., 2012; Webb et al., 1999; Xu & Wang, 2010); 10. Dabieshan-DBS (Chen et al.,
1992; Eide et al., 1994; Hacker & Wang, 1995; Hou et al., 2007; Ji, Lin, Faure, Shi, et al., 2017; Lin et al., 2007;
Ratschbacher et al., 2000; Wang et al., 2011; Webb et al., 1999; Zhu et al., 2005); 11. Qingyang and Jiuhua-QY-JH (Wei,
Chen, et al., 2014; Wei, Martelet, et al., 2014); 12. Hongzhen-HZ (Zhu, Xie, et al., 2010); 13. Dayunshan-DYS (Ji, Lin,
Faure, Chen, et al., 2017; Ji, Faure, et al., 2018); 14. Lushan-LS (Lin et al., 2000; Liu et al., 2008; Wang et al., 2013;
Yang et al., 2017; Zhu, Yang, et al., 2010); 15. Wugongshan-WGS (Faure et al., 1996; Lou et al., 2005); 16. Hengshan-HS
(Li et al., 2013, 2016; Wang et al., 2015); 17. Yuechengling-YCL (Wu et al., 2012; this study).

7.3. Cretaceous Tectonic Cycles of the South China Continental Margin

The SCB witnessed two Cretaceous extensional events at ~140-120 and ~105-85 Ma, respectively, both of
which were accompanied with voluminous volcanic eruptions and intrusions (Figures 16¢ and 16d).
Before the Cretaceous, an earlier magmatic flare-up between 180 and 155 Ma is manifested by an outburst
of intrusive rocks across the entire SCB (Zhou et al., 2006; Zhou & Li, 2000). Therefore, the three magmatic
flare-ups are divided by two episodes of magmatic quiescence at the Jurassic-Cretaceous boundary and in the
late Early Cretaceous (Li, 2000; Li et al., 2010). Coeval with these magmatic lulls, compressional deformation
influenced both the margin and interior of the SCB around 155-140 and 120-105 Ma. Hence, the Late
Jurassic to Late Cretaceous tectonic evolution of the SCB can be subdivided into two cycles at 155-120
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Figure 16. Age compilation of Cretaceous deformation, volcanism and plutonism. Note that a good correlation between
peaks/trough (cooling ages, volcanic ages, and intrusive ages) and extensional/compressional events is well documen-
ted. (a) Density plot of 4OAr-3Ar cooling ages from extensional structures in the South China Block. (See references of each
curve in the caption of Figure 15.) (b) Density plot of all “OAr-*Ar cooling ages. (c and d) Density plot of volcanic and
intrusive ages, respectively. Data are collected from synthesis of Li et al. (2014) and Jiang et al. (2015).

and 120-85 Ma, respectively. Each cycle is characterized by (i) compressional tectonics with magmatic
quiescence and (ii) extensional tectonics with magmatic flare-up (Figure 16). The temporal-spatial
relationship between magmatism and the subduction system has long been debated. Initially, the
Cretaceous magmatism was considered as a continuous process with an eastward migration of intrusions
correlated with the steepening of the subduction angle (Zhou & Li, 2000). Increasing geochronological
and structural studies help better constrain the episodic magmatic events, including their precise temporal
and spatial distributions. Accordingly, the geodynamics of the magmatic flare-ups and lulls were also
discussed (Li et al., 2010; Li et al., 2014).

Based on these enlightening works, we can propose here a geodynamic scenario in attempt to discuss the tec-
tonomagmatic cyclicity of the Paleo-Pacific subduction (Figure 17).

1. From 155 to 140 Ma, the SCB suffered intensive compression that produced intracontinental thrust belts
from Xuefengshan to the eastern Sichuan Basin (Figures 15 and 17a). Those belts partly reactivated the
faults formed during the Triassic orogeny and progressively migrated eastward (Chu et al., 2015; Chu,
Faure, Lin, & Wang, 2012; Chu, Faure, Lin, Wang, & Ji, 2012; Li et al., 2012; Yan et al., 2003, 2009;
Zhang et al., 2012). The contemporaneous magmatism was rare in the SCB. The first stage of extension
(D,) started at ~140 Ma that also coincided with the Early Cretaceous magmatic flare-up (Li et al.,
2014; Zhou et al., 2006). The interaction between pluton emplacement and regional extension resulted
in widespread domes (Figure 17b), exhuming middle crustal rocks, including high-temperature amphibo-
lites and migmatites (Ji, Faure, et al., 2018; Li et al., 2012; Lin et al., 2000; Ratschbacher et al., 2000; Zhu,
Xie, et al., 2010, and references therein). The extension terminated around 120 Ma that marks the end of
the first compression-extension cycle.
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Figure 17. Three-dimensional views showing the tectonic evolution of the South China Block in the Izanagi/Paleo-Pacific
subduction system. Two tectonomagmatic cycles with the succession of compression and extension regimes are also
schematized. (a) Compressional stage of the first cycle that generated distributed thrust belts. (b) Extensional stage of the
first cycle with a magmatic flare-up and extensional structures. (c) Compressional stage of the second cycle. Crustal
shortening were localized in Xuefengshan and coastal regions. The West Philippine Block is not shown because it is out of
the range of the section. (d) Extensional stage of the second cycle with reactivation of extensional structures of the first
cycle and formation of new detachments. Note that the initiation of the second extension in the Yuechengling Massif is ~5
Myr later than the regional extension.

2. During the second cycle, a similar process from compression to extension is documented (Figures 17c and
17d). Localized ductile-brittle deformation at the eastern margin and center of the SCB induced thrusts
and folds that involved the Early Cretaceous strata (Figure 17c), leading to tectonic inversion of Early
Cretaceous basins (Chen, 2013; Li et al., 2012; Liang & Li, 2005; Wei et al., 2016). A Lower-Upper
Cretaceous unconformity is also widespread in the SCB related to this compression (Li et al., 2014; Shu
et al., 2009). The concurrent magmatism significantly decreased at 120-105 Ma, except in some parts of
the arc volcanic belt (Li, 2000; Li et al., 2010). Subsequently, the entire subduction system reached an
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extensional stage that gave rise to a 1,000-km-wide stretched region with widespread extension-related
basins, domes/MCCs, and magmatism (Figure 17d). Such a tectonic scenario is similar to that described
in the Cenozoic Basin and Range Province in the western United States (Davis & Lister, 1988; Dickinson,
2004; Sonder & Jones, 1999) or the Aegean Sea (Jolivet et al., 2013, 2018; Jolivet & Brun, 2010), where the
lithosphere is highly extended to produce numerous MCCs and domes.

To interpret the tectonic switches in the Cretaceous, several models have been proposed, including changes of
the subduction direction and the angle of the subducted slab (Ji, Chen, et al., 2018; Zhou et al., 2006; Zhou &
Li, 2000). However, three switches of the subduction direction in such a short period (140-105 Ma) appear
unlikely; and the mechanism for subduction angle is still disputed. A new model that requires the presence
of exotic bodies on the subducting slab, such as a ridge, an oceanic plateau, or a continental slice, seems a plau-
sible answer, because the positive topography and buoyancy can effectively shallow or deepen the subduction
angle and thus produce compressional or extensional regimes in the overriding plate (Dickinson, 2004;
Gutscher et al., 1999; Sun et al., 2007, 2010). As a matter of fact, such cyclical activity is a ubiquitous phenom-
enon in subduction zones (Dickinson, 2004; Jolivet & Brun, 2010; Kirsch et al., 2016), where intermittent com-
pression and extension well illustrate the regional geological evolution. In the case of South China, a ridge on
the Izanagi/Paleo-Pacific plate that entered into the Cretaceous subduction zone in East Asia led to a low angle
or flat subduction that reduced the arc magmatism and caused crustal thickening (Li et al., 2014; Sun et al.,
2007). After the consumption of this ridge, the subducting slab with normal buoyancy started to rollback, then
the arc magmatism and a regional extensional stress field resumed. At ~120 Ma, the West Philippine Block
entered into the subduction zone and collided with the SCB, generating compression at the SCB margin
and transferred stress into the continental interior (Faure et al., 1989). Following the amalgamation of the
two blocks, the restarted oceanic subduction generated the second phase of extension and arc magmatism.

There is an alternative way to trigger the episodic tectonic evolution of subduction zones, which does not
necessitate flat subduction. Recent studies in the North American and South American Cordilleras shed
new light on understanding the mechanism of repeated extension and magmatic flare-up (DeCelles et al.,
2009, 2015). This model considers two major stages: (1) Retroarc underthrusting that leads to widespread
intracontinental compression accommodates the convergence at the plate boundary and brings upper
crustal, hydrous rocks into the region below the arc, thickening the crust and lithosphere. (2) Increased
instability of the growing arc lithosphere gives rise to the foundering of the eclogitic root, which causes suc-
cessive high-flux magmatism and isostatic rebound of the upper plate. This model can also better explain the
tectonic evolution at the eastern margin of the SCB that includes episodic switches from compression to
extension and from magmatic lulls to flare-ups. Furthermore, the correlation between convergence rates
and stress regimes on the plate, in which high velocity corresponds to high-flux magmatism and regional
extension (Engebretson et al., 1985), complies with the prediction of DeCelles et al. (2015). Despite the need
for further investigation and tests, it is probable that the buoyant block and the retroarc underthrusting-arc
root foundering may have both played crucial roles in the Cretaceous episodic evolution of the SCB.

8. Conclusions

Our multiscale structural analysis and geochronological data indicate that the YCL Massif experienced two
stages of extension, both of which are characterized by intense ductile deformation with a top-to-the west
shear sense. The first stage (~140-120 Ma) generates a narrow shear zone at the Tianhu Fault in the middle
of the YCL pluton associated with low-temperature deformation microstructures and a limited activity of the
Ziyuan Detachment at the western pluton margin. Along the Tianhu Fault, the Eastern YCL pluton was
exhumed between 140 and 120 Ma. The second stage (100-85 Ma), which was also the main phase of exten-
sion, deformed the western part of the YCL pluton with penetrative low-angle foliation and lineation. The
Tianhu Fault was reactivated at subsurface with brittle overprinting structures.

By integrating available structural data on the extensional structures in the SCB, the two-phase extension is
explicitly recognized in two time spans, at 140-120 and 105-85 Ma. Both extensional events show a clear
temporal relationship with volcanic and intrusive rocks of the arc magmatism, and follow the two compres-
sional events at 155-140 and 120-105 Ma, constituting two compression-extension cycles. Our new data,
together with published work, highlight a periodic change of stress regime that is intimately linked to the
oceanic subduction. During the first cycle, the subduction of the Izanagi/Paleo-Pacific Plate ridge
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decreased the subduction angle and triggered intracontinental contraction at 155-140 Ma. The subsequent
slab rollback after the consumption of the ridge generated the Early Cretaceous extension and large mag-
matic activity at 140-120 Ma. The second cycle initiated the retroarc thrusting when the West Philippine
Block collided with the SCB around 120-105 Ma. At 105-85 Ma, the extension resumed and controlled the
stress field responsible for a climax of the dome/MCC formation and basin sedimentation in the SCB.
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