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Abstract

The Paleo-Tethys and Panthalassa are two major oceans that witnessed the end-Permian mass extinction, and they have
been suggested to have distinct compositions, with the Paleo-Tethys Ocean euxinic, and the much larger Panthalassa Ocean
being largely ventilated. Distinctions of these two once-connected oceans imply that interactions between them must have been
restricted shortly before the end-Permian extinction. However, detailed geological processes for the disconnection between them
along the eastern Paleo-Tethys Ocean due to the collision of North and South China, are still unclear. Previous geochronological
studies on eclogite facies rocks in the Dabie—Sulu orogenic belt, which are the metamorphic products of the collision between
North and South China, have yielded mainly Triassic metamorphic ages. Nonetheless, new Permian metamorphic ages are
identified from southeastern North China, northern Dabie, and the Permo—Triassic intracontinental orogen of South China,
which may collectively closely associate this major tectonic event with the end-Permian extinction. New age dating results,
as well as a synthesis of recent studies on metamorphic rocks, show that the onset of the collisional orogenesis dates back to
the Middle Permian (270-252 Ma). We thereby provide a new tectonic model for the major continents of East Asia, in which
the initial collision between North and South China during the Middle Permian critically isolated the Paleo-Tethys Ocean
from the Panthalassa Ocean, facilitating the oceanographic transition of the once fossiliferous Paleo-Tethys from a life-giving

nutrient-rich ocean into a euxinic death trap, thereby serving as prelude to the end-Permian extinction.
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Key Points:

e Continental collision between the North and South China resulted in pervasive
metamorphism in East Asia.

e New geochronological results reveal the onset of the collisional event during Permian,
rather than Triassic as previously suggested.

e The orogenesis closed the seaway connecting Paleo-Tethys and Panthalassa before the
Permian mass extinction.
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Abstract

The Paleo-Tethys and Panthalassa are two major oceans that witnessed the end-Permian mass
extinction, and they have been suggested to have distinct compositions, with the Paleo-Tethys
Ocean euxinic, and the much larger Panthalassa Ocean being largely ventilated. Distinctions of
these two once-connected oceans imply that interactions between them must have been restricted
shortly before the end-Permian extinction. However, detailed geological processes for the
disconnection between them along the eastern Paleo-Tethys Ocean due to the collision of North
and South China, are still unclear. Previous geochronological studies on eclogite facies rocks in
the Dabie—Sulu orogenic belt, which are the metamorphic products of the collision between
North and South China, have yielded mainly Triassic metamorphic ages. Nonetheless, new
Permian metamorphic ages are identified from southeastern North China, northern Dabie, and
the Permo—Triassic intracontinental orogen of South China, which may collectively closely
associate this major tectonic event with the end-Permian extinction. New age dating results, as
well as a synthesis of recent studies on metamorphic rocks, show that the onset of the collisional
orogenesis dates back to the Middle Permian (270-252 Ma). We thereby provide a new tectonic
model for the major continents of East Asia, in which the initial collision between North and
South China during the Middle Permian critically isolated the Paleo-Tethys Ocean from the
Panthalassa Ocean, facilitating the oceanographic transition of the once fossiliferous Paleo-
Tethys from a life-giving nutrient-rich ocean into a euxinic death trap, thereby serving as prelude
to the end-Permian extinction.

Plain Language Summary

Earth’s surface processes and environmental changes are strongly influenced by its deep
geodynamics and the relations between the Siberian Traps and the end-Permian mass extinction
is a good example. In addition to such a final trigger, the preconditioning of a vulnerable
palaeoenvironment is being increasingly acknowledged as a critical aspect for understanding
mass extinctions. In recent years, studies indicate that unlike the euxinic Paleo-Tethys Ocean, the
much larger Panthalassa (a.k.a., paleo-Pacific) Ocean remained largely ventilated and provided
potential refugia for marine taxa during the mass extinction. However, previous
geochronological studies on eclogite facies rocks in the Dabie—Sulu orogenic belt, which are the
metamorphic products of the collision between North and South China, have yielded mainly
Triassic metamorphic ages postdating the Permian mass extinction. This study targeted the rocks
from North China, northern Dabie orogen, and South China that escaped deep subduction. They
all yield Permian metamorphic ages (270-252 Ma), which collectively indicate Permian
continental collision between North and South China. This fundamental geological boundary
condition would have critically isolated the Paleo-Tethys Ocean from the Panthalassa Ocean, and
therefore, the poorly mixed Paleo-Tethys Ocean gradually became a dead sea, thereby
preconditioning and facilitating the end-Permian biospheric crisis in the region.

1 Introduction

The biosphere experienced a devastating blow during the end-Permian, when more than 81%
of marine species and ~89% of terrestrial species died out (Erwin et al., 2002; Fan et al., 2020;
Viglietti et al., 2021). The Siberian Traps large igneous province has long been suggested to be
the primary cause of the Permian mass extinction and related environmental stress (Burgess and
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Bowring, 2015; Erwin, 1990). Additionally, other sources of volcanic outgassing around the
world at that time, particularly the prolific magmatic arc of the Australian Tasminides, also
contributed to the overall volcanic-input aspect of the variegated kill mechanism (Chapman et
al., 2022). Global oceanic anoxia and ocean acidification have also been proposed to have causal
relations with the Permian extinction (Clarkson et al., 2015; Isozaki, 1997; Shen et al., 2011).
However, global oceanic anoxia was challenged by several studies, which pointed out that the
deep Panthalassa Ocean remained ventilated even during the expansion of the oxygen minimum
zone (Algeo et al., 2011; Winguth and Winguth, 2012). Uncertainties also exist about the ability
of the Siberian Traps and other sources of magmatism to have emitted enough toxic volatiles to
sufficiently trigger the global climate and environmental changes, which in turn, resulted in the
end-Permian mass extinction (Davydov and Karasev, 2021; Zhang et al., 2021b).

a Late Permian 255 Ma
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Fig. 1. Competing paleographic models of North and South China. (a) Early Triassic global
paleogeography (Scotese, 1997). Note large gulf between North and South China. (b)
Alterative interpretation of an earlier amalgamation of North and South China in the latest
Permian (Huang et al., 2018).
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Unlike the Panthalassa Ocean that occupied almost half of Earth’s surface, the Paleo-Tethys
Ocean was relatively small, comprising only 10-15% of the area of the global oceans, and was
largely euxinic (Fig. 1a) (Algeo et al., 2008, 2011; Cao et al., 2009). Furthermore, almost all the
type-localities of the stratigraphic sections preserving the paleontological record of the end-
Permian extinction occur in the Paleo-Tethys tectonic realm (Sengér and Atayman, 2009), a
feature which might be intrinsic to its euxinic condition. Previous studies reveal that the Paleo-
Tethys Ocean was a nutrient trap that also exhibited features of a stagnant ocean while the
Panthalassa Ocean underwent only limited redox changes and provided potential refugia for
marine taxa that survived into the Triassic (Algeo et al., 2010; Algeo and Twitchett, 2010). The
different features of the two late Paleozoic oceanic realms strongly suggest that oceanic
circulation between them might have become severely restricted at some point (Sengdr and
Atayman, 2009). Due to the amalgamation of different continental blocks with Pangea before
end-Permian, the Panthalassa and the Paleo-Tethys oceans were already disconnected along the
northern, southern, and western margins of the Paleo-Tethys Ocean prior to the Middle Permian
(Fig. 1a) (Carter et al., 2001; Metcalfe, 2006; Stampfli et al., 2013; Wu et al., 2020). Meanwhile,
most paleogeographic models depict the eastern margin of the Paleo-Tethys Ocean as still being
connected to the larger Panthalassa Ocean at the time of the extinction, and even well into the
Triassic (Fig. 1a; Scotese, 1997). Therefore, the role that the eastern margin of the Paleo-Tethys
Ocean played in oceanic circulation at this critical time is still unclear, mainly due to the
ambiguous tectonic relationship between the North and South China cratons/blocks (hereafter
referred to simply as North China and South China).

The final collision between these two continental blocks along the Dabie—Sulu orogenic belt
resulted in the complete isolation of the Paleo-Tethys Ocean from the Panthalassa Ocean.
However, constraining the timing of oceanic isolation is difficult because the dating of both
orogenic metamorphism and magmatism tend to postdate the onset of continental collision
(Roberts and Finger, 1997; Schméidicke et al., 2018). Currently, ages of eclogites from the
Dabie—Sulu orogenic belt interpreted to reflect continental collision are Triassic (250200 Ma;
Jian et al., 2012; Liu et al., 2006; Zhou et al., 2011, 2015), which would appear to indicate that
the isolation of the Paleo-Tethys Ocean from the Panthalassa Ocean occurred after the Permian
mass extinction (Fig. la). These ages, however, are inconsistent with a paleogeographic
reconstruction of East Asia derived from paleontological data that argue for the amalgamation of
these two major continental blocks before the end-Permian, providing a united landmass for the
Cathaysian biota and facilitating the formation of a stagnant Paleo-Tethys Ocean (Algeo et al.,
2011; Cao and Zheng, 2009; Metcalfe, 1998, 2006; Yin et al., 2012, 2014). Although
paleomagnetic data can place constraints on such an earlier initiation of this continental collision
(Fig. 1b; Huang et al., 2018), their large uncertainties (~1,000 km) might preclude pinpointing
the exact timing of when the Paleo-Tethys was cut off from the Panthalassa.

A potentially critically important clue for solving the Paleo-Tethys oceanic isolation problem
that has been missing is an understanding of the significance of the initiation of the Permo—
Triassic Sulu orogenic event of East Asia. This orogenic event not only resulted in the world-
famous Dabie—Sulu ultrahigh pressure metamorphism, but also greatly influenced both North
and South China, causing significant crustal thickening in southern North China (Li et al., 2017c;
Liu et al., 2018), and an intracontinental orogenic belt in South China (Zhao et al., 2022). Unlike
the ultrahigh pressure eclogites of the Sulu orogenic belt which are insensitive to initial
continental collision, rocks of this region that did not experience deep subduction might be able
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122 to better constrain the time of the initial collision. This study presents new geochronological
123 results yielded using multiple dating techniques on low-grade metamorphic rocks in the northern
124 Dabie orogenic belt and high-grade rocks from within South China. In addition, we also include
125  a synthesis of recent studies of the Permo—Triassic metamorphism in southeastern North China,
126  the Cathaysia block of southeastern South China, and the Dabie—Sulu orogenic belt.The initiation
127 of the Permo—Triassic intracontinental orogeny as well as the timing of low-grade metamorphism
128  in the northern Dabie orogenic belt consistently support a new Permo-Triassic tectonic
129  paleogeographic reconstruction model for East Asia, with direct implications for more
130 definitively constraining the timing of oceanic isolation with respect to the Permian mass
131 extinction.
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133 Fig. 2. Simplified geological map of East Eurasia. Modified after Zhao et al. (2015b, 2022).
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2 Geological background and samples

East Asia is a composite of continental terranes including cratons/blocks of North China and
South China. The North China craton (including the Korean Peninsula) is a continental block
consisting of early Precambrian basement rocks tracing back to Eoarchean and experienced
pervasive Neoarchean and Paleoproterozoic high-grade metamorphic reworkings (Wang et al.,
2015; Zhai, 2011, 2014; Zhao, 2014). Its amalgamation with the South China and its subsequent
decratonization are the most significant tectonic events witnessed by North China during the
Phanerozoic (Wu et al., 2019; Yang et al., 2008; Zhu et al., 2012). The former tectonic event
mainly affected rocks in southern and southeastern North China (along the Qinling—Dabie—Sulu
orogenic belt; Fig. 2), which display Paleozoic—early Mesozoic high-pressure to ultra-high
pressure metamorphism (An et al., 2018; Li et al., 2017c; Wang et al., 2014; Liu et al., 2021).
Influence of the latter tectonic event is relatively more widespread, manifested by Mesozoic
magmatism and thin-skinned deformation mainly in the central and eastern North China (Lin et
al., 2011; Zhang et al., 2014b; Zhu et al., 2015).

South China was formed through the amalgamation of the Yangtze and the Cathaysia blocks
during the Neoproterozoic, and is thought to have maintained its integrity ever since (Cawood et
al., 2018, 2020; Li et al., 2009; Wang et al., 2013a). “Cathaysia” here has a different meaning
from ‘Cathaysialand’ used in paleontological/ paleogeographic studies which refer to the much
broader regions situated to the east of the Paleo-Tethys Ocean, including North China, South
China, and Indochina (Metcalfe, 1998, 2006). The Yangtze block occupies the northwestern part
of South China (Fig. 2), and has Archean and Paleoproterozoic basement components in its
northern (Kongling) and southwestern (Cuoke near Kunming) marginal regions (Fig. 2) (Cui et
al., 2021; Qiu et al., 2000; Wang et al., 2018; Ye et al., 2017; Zhang et al., 2006). Large areas of
the Yangtze block remained stable during the Phanerozoic and tectonic events during the
Paleozoic (South China Caledonian), and Mesozoic (Indosinian and Yanshanian) orogenic
events affected mainly the marginal regions of this continental block (Faure et al., 2016; Li,
1994; Li and Li, 2007; Shu et al., 2008; Wang and Liou, 1991; Xiao and He, 2005). The famous
Meishan and Penglaitan GSSP sections (Global Boundary Stratotype Section and Point)
recording the end-Permian mass extinction occur in different parts of the Yangtze block (Fig. 2)
(Cao and Zheng, 2009; Jin et al., 2000; Shen et al., 2019). The Cathaysia block is situated in the
southeastern South China and is bounded by the Jiang—Shao fault with the rest of South China
(Fig. 2). Early Precambrian lithologies have been discovered from different localities of this
continental block (Shen et al., 2016; Xia and Xu, 2019; Zhang et al., 2021a; Zhao et al., 2015b).
Metamorphism and related magmatism in the Paleozoic (also known as the South China
Caledonian, 460-410 Ma), the Permo-Triassic (Indosinian), and the Late Mesozoic
(Yanshanian) are each extensively developed in the Cathaysia block, and they exhibit a younging
trend from northwest to southeast (Fig. 2). Both the Paleozoic and the Permo—Triassic tectonic
events affected lower crustal components, as indicated by the occurrences of granulite facies
rocks (Yu et al., 2003, 2005; Zhao et al., 2016, 2017, 2018), and they have both been suggested
to be results of intracontinental orogens (Shu et al., 2014; Zhang et al., 2013a).
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175  Fig. 3. Representative photomicrographs of the studied samples collected from the Beijiaiyang
176 zone of northern Dabie orogen (a-c) and sating results (d-g) of the studied samples from the
177  Beihuaiyang zone. (a) Garnet mica schist from the Foziling Group. (b) Garnet-bearing granitic
178 gneiss. (c¢) Fine-grained biotite gneiss from the Luzhenguan Complex. (d-e) SIMS rutile U-Pb
179  dating results of the two garnet mica schist samples from the Foziling Group. (f) SIMS titanite
180  U-Pb dating results of the garnet-bearing granitic gneiss sample from the Luzhenguan Complex.
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(g) SIMS U-Pb dating results of the unpolished zircon grains from one garnet mica schist sample
(FT4-1) of the Foziling Group and one fine-grained biotite gneiss sample of the Luzhenguan
Complex. Mineral abbreviations: Grt — garnet, Ms — muscovite, Pl — plagioclase, Bt — biotite, Qtz
— quartz, Chl — chlorite, Ep — epidote, Kfs — K-feldspar, Mag — magnetite.

Southeast Asia, which is also in the Paleo-Tethys tectonic realm, consists two major
continental terranes, the Indochina and the Sibumasu terranes. These two terranes have been
suggested to have successively rifted off the northern margin of Gondwana during the Devonian
and late Early Permian, respectively, and finally united during the Permo-Triassic (Metcalfe,
2006). There were several seaways connecting the Paleo-Tethys Ocean and the Panthalassa
Ocean during the Permian, with the southern connection being the branch of the Paleo-Tethys
between Indochina and South China, and the northern connection being the branch between
North and South China (Fig. 1a). Intense controversies exist about both the timing and
mechanism of the amalgamation of South China and Indochina which disconnected the Paleo-
Tethys and the Panthalassa oceans in the south (Cocks and Torsvik, 2013; Faure et al., 2016;
Lepvrier et al., 2004; Metcalfe, 1998, 2006). Different studies suggested subduction polarity
along the Song Ma suture of both northward and southward during the consumption of a
southern branch of the Paleo-Tethys Ocean prior to the amalgamation of these two continental
blocks, with proposed final collisional ages ranging widely from prior to Late Silurian (Carter
and Clift, 2008), Early Carboniferous (Metcalfe, 2006, 2013), and Triassic (Cocks and Torsvik,
2013; Faure et al., 2014, 2016; Zhang et al., 2014a). High-grade metamorphic rocks as well as
strong deformation occurring along the Song Ma suture, and also in Vietnam, have been
suggested to be products of the Indosinian orogeny in the Indochina Peninsula (Cocks and
Torsvik, 2013; Faure et al., 2014, 2016; Nam et al., 2001; Roger et al., 2007; Zhang et al.,
2014a). These metamorphic studies give undeniable evidence for Triassic metamorphic ages and
have been widely employed to argue for Triassic collisional events between South China and
Indochina (Nam et al., 2001; Roger et al., 2007; Zhang et al., 2013b). However, the geological
significance of these high-grade metamorphic rocks is not unequivocal. As pointed out by Carter
and Clift (2008), the Indosinian orogeny in Southeast Asia is not a Triassic mountain building
event, but rather, is a tectonothermal reactivation event related to the accretion of the Sibumasu
block to the Indochina block. Furthermore, palacontological studies indicate that the distinctive
Early Permian “Cathaysian” flora (Gigantopteris) is found in both South China and Indochina
(Metcalfe, 2006), suggesting an early amalgamation of these two continental blocks prior to that
time.

The northern seaway belonging to the Paleo-Tethys Ocean existed between North and South
China during the Paleozoic, connecting the two major oceans (Fig. 1a). Geological processes
within the tectonic realm of this seaway involved subduction, arc formation, back-arc extension,
and the final continental collision that welded North and South China and formed the composite
Paleozoic—Mesozoic Central China Orogenic belt (Liu et al., 2011; Wu and Zheng, 2013; Zhang
et al., 2004; Yin and Nie, 1993). This orogenic belt is further divided into different sections and
each of them exhibits different evolutionary histories (Qinling—Tongbai—Hong’an—Dabie—Sulu;
Fig. 2) (Liu et al., 2011; Wu and Zheng, 2013; Zhang et al., 2004). The western section
(Qinling-Tongbai—Hong’an) of the orogen shows significant Paleozoic arc—continental collisions
and the final continental collisions caused mainly amphibolite facies metamorphism in the
southern Qinling section during the Triassic (Fig. SIA) (Dong et al., 2011; Wu, 2009; Zhou et
al., 2011, 2015). Alternatively, the eastern section (Dabie-Sulu) exhibits more obvious features



226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243

244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261

262
263
264
265
266
267
268
269
270

manuscript submitted to Journal of Geophysical Research: Solid Earth

of continental collision between the two major continental blocks, whose ultrahigh pressure
eclogites give mainly Triassic metamorphic ages and indicate Triassic continental collisional
events (Fig. S1A) (Okay et al., 1989; Wang et al., 1989, 1992; Xu et al., 1992; Ye et al., 2000).
Previous studies generally seem to show that the final collision of North and South China, which
completely disconnected the northern seaway, occurred during the Triassic (An et al., 2018;
Dong et al., 2016; Meng and Lin, 2021; Meng and Zhang, 1999; Wu and Zheng, 2013). If so,
this age would apparently follow the time of the end-Permian extinction. However, the
restriction of circulation of oceanic water masses does not wait until the final continental
collision, and will already initiate with initial collision and the onset of crustal thickening.
Besides, geochronological results from high-grade rocks tend to post-date the onset of orogenic
belts, because most metamorphic zircon grains form during post-peak retrograde metamorphic
stages (Roberts and Finger, 1997; Zhao et al., 2015a). On the other hand, paleontological studies
found similar Late Paleozoic and Mesozoic floras and faunas in both North and South China
(Metcalfe, 1998, 2006; Sengor and Atayman, 2009), requiring land bridges between them and
implying an early amalgamation of these continental blocks. Similar results are also indicated by
paleomagnetic data (Fig. 1b) (Huang et al., 2018). Based on these considerations, it is suggested
that the age of the onset of the continental collision between North and South China needs to be
critically reevaluated.

Samples of this study were collected from the Beihuaiyang zone in the northernmost paft of
the Dabie orogenic belt (Fig. 2 and Fig. S1B), and the Qushan Island located on the continental
shelf region of the northeast Cathaysia, South China (Fig. 2). The metamorphic rocks of the
Beihuaiyang zone did not undergo deep subduction, and compared with the deeply subducted
eclogite facies rocks which were then exhumed to the surface, metamorphism of these
metamorphic rocks is more likely to represent the earlier phases of the continental collisional
events and give more precise constraints on the initial docking of the two continental blocks. The
Foziling Group and the Luzhenguan Complex are the two major constituent lithological units of
the Beihuaiyang zone, with both units having close affinity with the Yangtze block of South
China (Chen et al., 2003; Wu et al., 2007; Zheng et al., 2005). The metamorphism they record
are the direct result of the convergence between these two continental blocks. Two garnet mica
schist samples (FT4-1 and -2) from the Foziling Group, one garnet-bearing granitic gneiss
sample (19HS03), and one fine-grained biotite gneiss sample (FT2, Fig. S1B) from the
Luzhenguan Complex were dated. Sampling locations, detailed descriptions of these samples,
and analytical results are included in the Supplementary material 1. Representative
photomicrographs and dating results are presented in Figure 3. The mineral assemblage of Grt +
Bt + Ms + Pl + Chl + Ep + Qtz in the garnet mica schist samples suggests greenschist to
amphibolite facies metamorphism (Fig. 3).

The high-grade metamorphic rocks of the Qushan Island in South China include garnet
amphibolites, garnet biotite gneiss, garnet sillimanite gneiss, and marble, all of which exhibit
obvious features of anatexis and strong deformation. We identified a high-pressure granulite
facies mineral assemblage of garnet + kyanite + sillimanite + K-feldspar + plagioclase + quartz
from the garnet biotite gneiss occurring on Qushan Island (Fig. 4a), indicating high-grade
metamorphism similar to that of the northern Wuyi terrane during the Permo—Triassic orogeny.
One garnet sillimanite biotite gneiss sample (14CS01) and one leucogranitic vein sample
(14CS02) were collected from this region. Detailed descriptions of the collected Qushan Island
samples and other related rocks of the region are presented in the Supplementary material 2.
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Fig. 4. Representative photomicrographs of high-grade metamorphic rocks from the Wuyi
terrane and Qushan Island of the South China intracontinental orogenic belt. (a) Pelitic high
pressure granulite sample collected from the Qushan Island of northern Wuyi. (b)
Metamorphosed calc-silicate sample collected from the Qushan Island. (c-d) Mafic granulite and
retrograded eclogite samples from the Wuyi terrane, showing symplectitic reactions textures
formed during decompressional retrograde metamorphic stages: Opx + Pl replacing garnet (c)
and Cpx + PI replacing Omph (d) (modified from Zhao et al. (2017). (e-f) Pelitic granulite
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samples from the Wuyi terrane (modified from Zhao et al. (2018). Mineral abbreviations: Opx —
orthopyroxene, Ru — rutile, Tit — titanite, Cpx — clinopyroxene, Sil — sillimanite, Ky — kyanite,
Cord — cordierite, Gra — graphite, Cal - calcite. Others are as in Fig. 3.

3 Analytical methods

The collected samples were crushed and separated by standard density and magnetic
techniques. Rutile, titanite, and zircon were handpicked under a microscope. Rutile samples with
rutile standards DXK (1782.6 + 2.8 Ma, Li et al., 2013a) and JDX (518 £ 4 Ma, Li et al., 2013a),
titanite samples with standards YQS82 (1837.6 £ 1.0 Ma; Huyskens et al., 2016) and Ontario
(1053.5 + 3.1 Ma; Spencer et al., 2013) were put together in epoxy mount, respectively. The
mounts were polished to expose the mid-sections of crystals. Zircon samples were mounted in
the epoxy with zircon standard of PleSovice (337.1 £ 0.4 Ma, Slama et al., 2008) and Qinghu
(159.5 £ 0.2 Ma, Li et al., 2013b). In order to keep the thin overgrowth zircon rim, we did not
polish those zircon crystals but cleaned them carefully. Single-minerals U-Pb age analysis were
carried out using Secondary lon Mass Spectrometry (CAMECA IMS 1280HR) at Institute of
Geology and Geophysics, Chinese Academy of Sciences.

Rutile SIMS U-Pb dating: The O, was selected to be the primary beam, which was
accelerated at a potential of —13 kV. The intensity of primary beam was about 10—15 nA. The
size elliptical analytical spot was 20 x 30 um. Positive secondary ions were extracted with a +10
kV potential. One electron multiplier was used to count secondary ions in peak-jumping mode.
The time of pre-sputtering was set as 120 s to remove the coated gold layer. The time duration
for each spot analysis is about 15 min. The detailed analytical procedures can be found in Li et
al. (2011). Rutile standard DXK was used to calibrate the instrument fractionation between U
and Pb, and standard JDX was used as an unknown sample to assess the quality of calibration.
Data without common lead correction was plot on Tera-Wasserburg concordia diagrams to
obtain the lower intercepted age with the concordia curve. The age of single point was after **’Pb
correction of common lead.

Titanite SIMS U-Pb dating: The primary beam of O, was accelerated at a potential of —13
kV. The intensity of the primary beam was 10—17 nA. The analytical beam was 20 x 30 um in
size. It took 120 s for pre-sputtered and 17 min for each spot analysis. The secondary ions were
counted by an electron multiplier in peak-jumping mode (Li et al., 2011). The counts of *°Fe'®0”
were used to calibrate the matrix effect of titanite SIMS U—Pb dating. The calibration formula is
CPPb /U™ catibrated = CYPH 72U ™) measured /C°Fe'®O7/PB)Y ! in which the PB is the intensity
of primary beam. The instrument fractionation between U and Pb for titanite sample is calibrated
using titanite standard YQS82, and the quality of calibration is reference to the calibration age
results of titanite standard Ontario.

Unpolished zircon SIMS U-Pb dating: The elliptical analytical spot was 10 x 15 pum in size.
Since the analyzed zircon grains were not polished, the time of pre-sputtered was increased to
180 s to remove the contamination of common lead. The total time duration of single point
analysis is ~15 min. Zircon standard PleSovice was used for U/Pb instrument fractionation
calibration, and zircon standard Qinghu was used as an unknown sample to monitor the quality
of data. The common Pb calibration was performed using the value of ***Pb. The detailed
description of SIMS zircon U-Pb dating method is described in Li et al. (2009).
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Uncertainties of all isotopic ratios are reported at 1o level, and the age are quoted with 95%
confidence intervals.

SHRIMP zircon U-Pb age dating: SHRIMP zircon U-Pb age dating were carried out at
Beijing SHRIMP Center, Chinese Academy of Geological Sciences, using the SHRIMP II
instrument. The focused O2- beam is ~4nA and the standard to unknown ratio is 1:4. Five scans
wree used for each analysis. The analytical protocol and procedues have been detailed described
by Williams (1998). Commen Pb corrections were based on the measured 204Pb. Uncertainties
for individual analyses are quoted a lo.

Trace elements of rutile and titanite: Analyses of mineral trance elements were performed
using Agilent 7500a Inductively Coupled Plasma Mass Spectrometer coupled with 193 nm ArF-
excimer laser-ablation system at Institute of Geology and Geophysics, Chinese Academy of
Sciences. The analytical laser beam size was 32 um. The detailed analytical conditions could be
referenced to Wu et al. (2018). NIST SRM 610 was used to calibrate the measured data, and
USGS BCR-2G was as the data calibration quality monitoring sample. The internal standard
elements for trace element content correction are Ti for rutile and Si for titanite.

4 Results
4.1 Analytical results of the northern Dabie samples

Detailed analytical results of the sample from the Beihuaiyang zone of the northern Dabie
orogeny are presented in Supplementary materal 1 and Fig. 3. The rutile grains in the two garnet-
mica schist samples range from 50 to 150 um in length. The high Nb and low Cr contents,
together with low Cr/Nb ratios (0.03—0.36) (Fig. S2 and Table S1) show that these rutile grains
grew during metamorphism in the metapelite rocks (Meinhold, 2010). The Zr contents of rutile
in FT4-1 and FT4-2 are 87-116 ppm (mean = 104 ppm) and 102—-126 ppm (mean = 112 ppm),
respectively, corresponding to metamorphic temperatures of 530-551 °C and 542-557 °C
(Hayden et al., 2008, Table S1). The yielded rutile U-Pb ages for FT4-1 is 268 = 6 Ma (MSWD
=1.6) and for FT-2 is 264 + 6 Ma (MSWD = 0.94) (Figs. 3d and 3e, Table S2).

Most titanite grains in granitic gneiss sample 19HS03 are homogeneous as shown in BSE
images (Fig. S3), with ALL,O3; = 6.48-8.04 wt.%, Fe,O3 = 0.99-1.50 wt.%, Al/Fe = 7.0-12.2, Zr =
14-24 ppm. The Zr-in-titanite temperatures are estimated to be 611-635 °C (Table S3), but
maybe overestimated because of the absence of rutile and ilmenite in rock (Hayden et al., 2007).
The U-Pb age of homogeneous titanite is 266 + 3 Ma (MSWD = 1.5; Fig. 3f, Table S4), with U
contents of 2-36 ppm, and Th/U ratios of 0.01-0.07. A few titanite grains display complex
zoning, but show no systematic compositional variations (Figs. S3 and S4). The Al,0O; and Fe,0;
contents for these grains are 4.96—7.88 wt.% and 0.95-2.10 wt.%, respectively, with Al/Fe =
4.1-12.9. The Zr contents in titanite cores are 2643 ppm, and the calculated Zr-in-titanite
temperatures are 638—659 °C. Both types of titanite grains have high Al/Fe ratios (Fig. S4, Table
S3), which indicate that they were formed during metamorphism (Aleinikoff et al., 2002). The
U-Pb age of titanite core is 376 £ 8§ Ma (MSWD = 1.9; Fig. 3f, Table S4), with U = 2-36 ppm
and Th/U = 0.01-0.07.
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Fig. 5. (a) Metamorphic P-T paths of Permo-Triassic metamorphic rocks in northern Wuyi
terrane and Qushan Island. P-T paths of mafic granulite and retrograded eclogite are from Zhao
et al. (2017) and that of the Qushan Island is from Cao et al. (2022). Zircon U-Pb age dating
results of the high-grade rocks from northern Wuyi (b-d) and Qushan Island (e). Zircon age
dating results of retrograded eclogite and mafic granulite (b-c) are from Zhao et al. (2017) and
those of the politic granulite (d) is from Zhao et al. (2018).
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The metamorphic overgrowth rims of zircon grains are mostly too thin for traditional
analysis (Fig. 3g, S5). In this study, we directly analyzed the zircon surface without polishing
them to measure the U and Pb isotopes. The unpolished zircon grains in two of the paragneiss
samples (FT2 and FT4-1) are analyzed. After excluding data with high common Pb and large
error of isotopic ratios, there are 54 and 45 reliable age results for samples FT2 and FT4-1,
respectively (Table S5). Four unpolished zircon grains in FT2 show Th/U < 0.1, and yielded
apparent 206pp, 238y ages of 266 = 6, 274 + 22,279 + 6, and 255 £+ 12 Ma (1o), with U contents of
623, 959, 425, and 1162 ppm, respectively. The weighted mean average age is 270 = 8§ Ma
(MSWD = 1.4; Fig. S6A). Three unpolished zircon grains in FT4-1 yielded young apparent
2%pp/238U ages of 259 + 6, 266 + 5, and 268 + 7 Ma (1), with U contents of 1759, 2252, and
333 ppm, respectively. The weighted mean average age is 264 = 7 Ma (MSWD = 0.6; Fig. S6B).
All the 7 young age results in the two sample gave a weighted mean average age of 267 = 5 Ma
(MSWD = 1.2; Fig. 3g).

4.2 Analytical results of the South China samples

Analytical results (SHRIMP zircon U-Pb) of the South China samples, including the garnet
sillimanite biotite (14CS01) and the leucogranitic vein (14CS02), are included in Supplementary
materal 2. These zircon grains exhibit typical metamorphic features, like sector zoning or
without any zoning (Figs. S2.4A and B). Some of the zircon grains show core-rim structures,
with both of them exhibiting typical metamorphic features (Fig. 5a). Analyzed results of these
two samples are similar. Apparent ages of zircon cores from both samples are older than those of
zircon rims. Apparent **°Pb/**U ages of the 20 analyzed spots from sample 14CS02 are 246 —
262 Ma while these of sample 14CS01 are mostly 246 — 264 Ma. Age results of both samples
show two clusters, one at ~260 Ma and the other at ~252 Ma, with the former from zircon cores
and the latter from other zircon domains (Figs. S2.4A and B). An older age of ~260 Ma and a
younger age of ~253 Ma are yielded from the garnet sillimanite biotite sample, which were
interpreted to represent the time of two episodes of metamorphism (Fig. 5a).

5 Discussion

5.1 Permo-Triassic metamorphism related with crustal thickening event along the East
Asian continent

Bordered to the southeast by the Sulu orogenic belt, the Jiaobei Terrane is part of the North
China craton with early Precambrian crystalline basement components (Fig. 2) (Jahn et al., 2008;
Liu, P. et al., 2012; Wu, M. et al., 2014; Liu F.L., et al., 2014). These components record
Archean and Paleoproterozoic high-grade metamorphism during the amalgamation and
cratonization of North China (Liu, P. et al., 2012; Wu, M. et al., 2014; Liu F.L., et al., 2014). The
meta-sedimentary rocks of the Jingshan and Fenzishan groups occur in the southern part of the
Jiaobei Terrane, in direct contact with the Sulu ultrahigh pressure orogenic belt. Part of the
Jingshan and Fenzishan Group rocks were subjected to the Permo—Triassic orogenic event due to
the continental collision of the North and South China (Liu et al., 2018; Cao et al., 2016). As
described by Liu et al. (2018), the quartz schist and muscovite schist samples of the Jingshan
Group both show Paleoproterozoic metamorphism, at 1905 Ma and 1862 Ma, respectively (Fig.
6). Besides, the muscovite grains from these samples gave Late Permian “°Ar/*’Ar plateau ages
of 252.1 — 251.1 Ma (Fig. 6). These Late Permian metamorphic ages represent the time of crustal
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Fig. 6. Representative photomicrographs and dating results of the samples from the Jingshan
Group of the Jiaobei Terrane in the southeastern North China craton. The muscovite schist
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(MS4) and quart schist (QS3) samples record both Paleoproterozoic and Late Permian
metamorphism. These images are from Liu et al., 2018.

The South China Permo-Triassic intracontinental orogeny affected most areas of the
Cathaysia block, as indicated by pervasive deformation and magmatism (Huang, 1960; Li et al.,
2006, 2017a, 2017b; Li and Li, 2007; Lin et al., 2018; Wang et al., 2013b; Xiao and He, 2005;
Zhang et al., 2017). These geological records led Hsii et al. (1988) to propose that continental
collisional events occurred within South China, which received extensive criticism (Chen et al.,
1991; Gupta et al.,, 1989; Rowley et al., 1989). Currently, the widespread Permo-Triassic
deformation and magmatism in the Cathaysia block are generally believed to have occurred in an
intracontinental environment that resulted from far-field stress derived from the Central China
Orogenic belt and/or the continental collision between South China and Indochina (Li et al.,
2016; Song et al., 2015; Wang et al., 2012, 2013b, 2021; Zhang et al., 2013a), and/or the
subduction of the Paleo-Pacific plate (Chu et al., 2012; Li et al., 2012a, 2012b; Li and Li, 2007;
Mao et al., 2013). One particular aspect of the Permo—Triassic orogeny in South China that has
been overlooked by many previous studies is the significant crustal thickening in the Wuyi
segment of the northeast regions of the Cathaysia block. This segment of the intracontinental
orogen is parallel with the Sulu orogenic belt (Fig. 2) and the far-field stress derived from the
latter has been suggested to be a major driver of its formation (Zhao et al., 2022). Despite the
strong deformation, Permo—Triassic high-grade metamorphism involving middle- to lower-crust
has been rarely reported from the Cathaysia block, with most deformation involving only upper-
crustal level components, as indicated by thrusting and brittle deformation (Wang et al., 2012;
Zhang et al., 2013a). The identification of Permo—Triassic retrograded eclogites and high-
pressure granulites from the northeastern Cathaysia block imply that this Permo—Triassic
orogeny is strong enough to have also affected lower crustal components (Xia et al., 2021; Zhao
et al., 2017, 2018). Both these mafic rocks and the metasedimentary rocks preserve high-pressure
granulite facies mineral assemblages of garnet + clinopyroxene + orthopyroxene + plagioclase +
quartz, and garnet + kyanite + sillimanite + biotite + K-feldspar + plagioclase + quartz,
respectively (Fig. 4). Decompressional reaction textures around garnet grains in the mafic and
pelitic granulites (Fig. 4; the intergrowths of fine-grained clinopyroxene + plagioclase, and
orthopyroxene + plagioclase in mafic granulites and intergrowth of plagioclase + cordierite +
biotite in pelitic granulites) indicate significant uplift during later retrograde metamorphic stages.
Eclogite facies metamorphic conditions and clockwise P-T paths were extracted from these
rocks, with metamorphic peak pressures of ~23-24 Kbar (Fig. 5e) (Zhao et al., 2017). Zircon U-
Pb dating of these high-grade rocks indicates Triassic metamorphic ages of 251-248 Ma (Figs.
5b, c and d, Zhao et al., 2017).

The South China Permo-Triassic high-grade metamorphism is not just confined to the
northern Wuyi terrane (Fig. 2, Zhao et al., 2022), but also occur in the Yunkai terrane situated in
the southwest Cathaysia block, with Triassic metamorphic ages varying between 251 Ma and
230 Ma (Fig. 2) (Zhao et al.,, 2015b). The Permo—Triassic high-grade metamorphic rocks
identified from the Qushan Island represent the northeast extension of the Permo-Triassic
orogenic event in northeast South China (Fig. 2). SIMS zircon U-Pb age dating results of the
high-grade metamorphic rocks of the Qushan Island show Permian metamorphic ages of ca. 260
Ma (Fig. 5a), consistent with previously published data (Cao et al., 2022; Jiang et al., 2016).
Thus, Permo—Triassic metamorphism of eastmost Cathaysia occurred earlier than the formation
of the high-grade rocks in the inland regions mentioned above and firmly indicates a Permian
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onset of the South China Permo—Triassic intracontinental orogeny. For the metamorphic rocks of
the Beihuaiyang zone in northern Dabie orogenic belt, SIMS rutile U-Pb dating of the two garnet
mica schist samples give consistent Permian metamorphic ages of ca. 265 Ma (Figs. 3d and e).
SIMS titanite U-Pb dating of the garnet-bearing granitic gneiss sample gives a Permian
metamorphic age of 266 Ma (Fig. 3f). SIMS zircon U-Pb dating on the unpolished thin (~2pm)
metamorphic zircon rims of the garnet mica schist and the fine-grained biotite gneiss samples
shows uniform Permian metamorphic ages of ca. 267 Ma (Fig. 3g). Considering that such low-
grade metamorphism is the result of crustal thickening due to continental collision, these
metamorphic ages thus appear to indicate a Middle Permian initiation of the Dabie—Sulu
orogenic belt, or even earlier. To sum up, Permian metamorphic ages, which are all closely
related with crustal thickening because of the continental collision between the South and North
China, have been identified from the southern North China, the northern Dabie orogen and the
South China. These Permian metamorphic ages collectively indicate Permian crustal thickening
events along East Asian continent.

5.2 Permian initiation of the continental collision and restrictions on oceanic circulations

There is currently a paradox between the paleogeographic reconstructions of South China and
neighboring continents as based on evidence from paleontological and geological studies.
Paleontological affinities argue that North and South China amalgamated before the Permian
mass extinction, depicting a united landmass for the “Cathaysian” biota as well as isolating the
Paleo-Tethys from the Panthalassa Ocean with this united land bridge (Algeo et al., 2010; Algeo
and Twitchett, 2010; Metcalfe, 1998, 2006; Sengér and Atayman, 2009). On the other hand,
previous studies of regional tectonics suggest that the final amalgamation occurred during the
Triassic, postdating the end-Permian extinction (An et al., 2018; Dong et al., 2016; Meng and
Lin, 2021; Meng and Zhang, 1999; Wu and Zheng, 2013).

The continental collision between North and South China is the most significant tectonic event
that occurred in East Asia during the Paleozoic—Mesozoic (Yin and Nie, 1993; Liu et al., 2011;
Wu and Zheng, 2013; Zhang et al., 1996, 2004; Meng and Zhang, 1999). This event not only
resulted in the ultrahigh pressure metamorphism in the Central China Orogenic belt, but also
caused crustal thickening events in both North and South China, like the Permo-—Triassic
intracontinental orogeny in South China (Zhao et al., 2022). Crustal thickening of the southern
North China is implied by the Late Permian metamorphic overprinting shown by the early
Precambrian basement components of the Jiaobei Terrane, and the initiation of crustal thickening
should predate their Late Permian Ar-Ar age of ca. 252 Ma (Fig. 6, Liu et al., 2018). The
Beihuaiyang zone in northern Dabie orogen was not subjected to deep subduction and the
geochronological dating of samples from the Beihuaiyang zone gives coherent metamorphic ages
of ca. 267 Ma (Fig. 3). The metamorphism recorded by these lithological units indicates that they
were transported to mid-crustal level during continental collision. Their metamorphic ages
indicate crustal thickening during the Permian, prior to crustal thickening in southeastern North
China.

Permo—Triassic high-grade metamorphism within the Wuyi segment of the South China
intracontinental orogen substantiates the Permian continental collision between North and South
China from another perspective. The northeast—southwest striking Wuyi segment of the
intracontinental orogenic belt is sandwiched by the Dabie—Sulu orogenic belt to the north (and
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northwest) and by the the Paleo-Pacific subduction zone to the southeast (Fig. 2). Both these
plate-boundary interactions contributed to the formation of this intracontinental orogeny, but the
Dabie—Sulu orogenic belt was the major driver (Zhao et al., 2022; Chu et al., 2012; Li et al.,
2012a, 2012b; Li and Li, 2007; Mao et al., 2013). The high-grade metamorphism on Qushan
Island of the northern Wuyi orogenic belt at ca. 260 Ma apparently predates the Triassic UHP
eclogite facies metamorphism along the Dabie—Sulu orogenic belt, but postdates the Permian
metamorphism of northern Dabie orogenic belt as shown by the metamorphic rocks within the
Beihuaiyang zone. From northeast to southwest, high-grade metamorphism of the Wuyi
intracontinental orogen shows a younging trend (Fig. 2). Such a younging trend suggests that the
onset of the intracontinental orogeny started from the northeast of South China and propagated to
the southwest. This inferred geometry of the intracontinental orogenic belt is consistent with the
generally accepted model of the Central China Orogenic belt, where the amalgamation of North
and South China initiated in the east and gradually propagated to the west (Fig. 1b) (Gilder et al.,
1999; Huang et al., 2018; Oh, 2015; Yin and Nie, 1993).

Based on our synthesis and new data, we propose a new tectonic model for the amalgamation
of North and South China during the Permo—Triassic (Fig. 7). The prior South China Paleozoic
Orogeny (ca. 460—410 Ma) stabilized most of South China after the Neoproterozoic Nanhua rift
(Lietal., 2017a; Wang et al., 2013b), which left behind a lithospheric weak zone (Fig. 7b) (Zhao
et al., 2022). Initial continental collision between North and South China occurred along the
Dabie—Sulu orogenic belt (eastern segment of the Central China Orogenic belt), resulting in the
crustal thickening in the Beihuaiyang zone and also in southeastern North China (the low-grade
metamorphism of Beihuaiyang zone at ca. 267 Ma; Fig. 7c). Far-field stress derived from the
Dabie—Sulu orogenic belt in the north, as well as the convergence of the paleo-Pacific plate in
the southeast facilitated the formation of the Wuyi intracontinental orogenic belt along the pre-
existing lithospheric weak zone (Fig. 7d) (Li et al., 2006; Zhao et al., 2022). Metamorphic ages
of the high-grade rocks in different regions of this orogenic belt show that the onset of this
orogeny started in the northeast and then propagated westward (Huang et al., 2018; Yin and Nie,
1993). Continued continental collision between North and South China along the Dabie—Sulu
orogenic belt caused significant tectonic stress, which not only resulted in the deep subduction of
the Yangtze continental crust underneath the southern margin of North China, but also stabilized
the lithospheric weak zone within South China, forming the Permo—Triassic intracontinental
orogenic belt (Fig. 7). Significant crustal thickening occurred in the Wuyi terrane of Cathaysia,
parallel with the Sulu orogenic belt (Fig. 2).

The Permo—Triassic orogenic belts in southeastern North China, within South China, and along
the Dabie-Sulu orogen thus effectively isolated the Paleo-Tethys Ocean from the Panthalassa
Ocean along the whole eastern front of Eurasia. Ocean circulation became severely restricted
between these once contiguous oceans (Fig. 7a). Based on this refined timing of orogenic events,
restricted ocean circulation between the Paleo-Tethys Ocean and the Panthalassa therefore
occurred in Permian time and thus likely played a preconditioning role for the severity of the
Permian mass extinction in the critical region. This restriction might also suggest a role for the
Panthalassa Ocean in providing refugia for Triassic survivors and biospheric recovery. This new
tectonic model of the Paleo-Tethys realm and its role in leadup to the end-Permian extinction in
the region is in good accordance with the distinct features of the two Permian oceans as well as
their paleontological records. From a continental perspective, the collision of North and South
China also represents the final uniting of major continental blocks during the time of



547
548
549
550

551

manuscript submitted to Journal of Geophysical Research: Solid Earth

supercontinent Pangea and the formation of the subduction girdle around the supercontinent (Fig.
7a) (Li et al., 2019). With a deathly combination of both restricted global ocean circulation and a
huge amount of volcanic emissions from the ring of fire (subduction girdle), the occurrence of a
global biospheric crisis at this time is perhaps not surprising.

(a) 260 Ma

Panthalassa

....

Flooded continents

A

(b) >270 Ma

(c) 270-265 Ma

(d) 265-250 Ma



552
553
554
555
556
557

558

559
560
561
562
563
564
565
566
567
568
569
570
571
572

573

574
575

576

577

578

579

580
581
582
583
584
585
586
587
588
589
590
591

manuscript submitted to Journal of Geophysical Research: Solid Earth

Fig. 7. (a) Late Permian reconstruction of Laurasia. Note the proximity of North and South
China shown here, unlike in the reconstruction of Figure 1a, is advocated in this study to have
been already established by ca. 260 Ma, i.e., in the leadup to the Permian mass extinction.
Modified after Wu et al. (2020). (b-d) Tectonic model showing the amalgamation of the North
and South China blocks, and the formation of the South China Permo-Triassic intracontinental
orogen in the Wuyi terrane. NCC — North China craton.

6 Conclusions

Permo—Triassic metamorphism due to crustal thickening in southeastern North China, the
intracontinental orogeny of South China, and low-grade metamorphism in the northern Dabie
orogenic belt were all results of the amalgamation of North and South China in East Asia.
Therefore, while the timing of the low-grade metamorphism in the northern Dabie orogenic belt
provides direct evidence for the amalgamation process, the initiation of the intracontinental
orogeny in South China and crustal thickening in southeastern North China can independently
substantiate the initial timing of Permian amalgamation from other perspectives. Metamorphic
ages of lithologies from these different localities provide coherent clues for Middle Permian
continental collision (ca. 270 Ma), rather than during Triassic as previously suggested based on
exhumed ultrahigh pressure eclogite facies rocks. Thus, continental collisions and the formation
of orogenic belts in East Asia isolated the Paleo-Tethys Ocean from the Panthalassa Ocean
before the end-Permian mass extinction. After this isolation, the poorly mixed Paleo-Tethys
Ocean gradually became a dead sea, thereby preconditioning and facilitating the end-Permian
biospheric crisis in the region.
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