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Abstract: The Jinshajiang—Ailaoshan-Song Ma orogenic belt (JASB), as a vital segment of the eastern
Paleo-Tethyan tectonic zone, is one of the most important zones in which to study the Paleo-Tethyan
tectonic evolution. We have undertaken an integrated geochronological, petrological, and geochemi-
cal study of mafic rocks from the JASB to reveal the subduction and closure processes of the eastern
Paleo-Tethyan Ocean during the Permian to Triassic. In conjunction with previous magmatic and
metamorphic records in the JASB, three important tectonic stages are identified: (1) Early Permian to
Early Triassic (ca. 288-248 Ma). Most of the Early Permian to Early Triassic mafic rocks have normal
mid-ocean ridge basalt (N-MORB)- or enriched MORB (E-MORB)-like rare earth elements (REE) and
trace element-normalized patterns with positive eNd(t) and ¢Hf(t) values and negative Nb and Ta
anomalies. Their La/Nb ratios and eNd(t) values show that approximately 3%-15% of slab-derived
fluid accounts for the generation of these rocks. These characteristics suggest that the mafic rocks
formed in an arc/back-arc basin setting at this stage. Additionally, the Early Permian mafic rocks
are mainly exposed in the Jomda-Weixi-Yaxuanqiao-Truong Son magmatic rock belt (JYTB) on the
western side of the JASB, indicating that the westward subduction of the Jinshajiang—Ailaoshan-Song
Ma Paleo-Tethys Ocean (JASO) began in the Early Permian. Middle Permian mafic rocks are exposed
in the Ailaoshan-Day Nui Con Voi metamorphic complex belt and the JYTB on both sides of the
JASB. We propose that the bipolar subduction of the JASO occurred in the Middle Permian and
ended in the Early Triassic. (2) Middle Triassic (ca. 248-237 Ma). The mafic rocks at this stage have
LREE- and LILE-enriched patterns, negative Nb and Ta anomalies and negative eNd(t) values. Their
variable e Hf(t), eNd(t) values and La/Nb ratios show that these mafic rocks were highly affected
by crustal material (ca. 16%). Considering the Middle Triassic high-pressure (HP) metamorphism
and massive Al-enriched felsic magmatism in the JASB, these rocks may have formed in a collisional
setting between the South China Block (SCB) and the North Qiangtang—-Simao-Indochina Block
(QSIB) during the Middle Triassic. (3) Late Triassic (ca. 235-202 Ma). The mafic rocks at this stage
have negative eNd(t) and ¢Hf(t) values and show terrestrial array characteristics. The eNd(t) values
and La/Nb ratios show that approximately 30% of crustal components account for the generation of
these rocks. Combined with the contemporaneous bimodal magma and metamorphism during the
Late Triassic, we suggest that these rocks may have formed in a postcollisional extensional setting
associated with magma diapir.
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1. Introduction

The Jinshajiang—Ailaoshan-Song Ma orogenic belt (JASB) is located in southwestern
China and constitutes an essential part of the expansive Tethyan—-Himalayan domain as
a consecutive Paleo-Tethyan orogenic belt [1-4]. However, the JASB has a complicated
history of tectonic evolution prior to the final collision between the South China Block (SCB)
and the North Qiangtang-Simao-Indochina Block (QSIB; e.g., [5-10]). How and when
the Jinshajiang—Ailaoshan-Song Ma Paleo-Tethyan Ocean (JASO) opened, subducted, and
closed has confused researchers due to a lack of comprehensive studies of the geochronol-
ogy and petrogenesis of magmatism in the JASB [11-14].

The different stages of the tectonic cycle, or the Wilson cycle [15], are always accom-
panied by various mafic rock types [16]. These mafic rocks with distinctive geochemical
fingerprints can reveal their specific tectonic settings [17,18]. Based on the studies of
Ordovician to Silurian WPB-like mafic rocks in the JASB, Liu et al. [11] and Jian et al. [19]
proposed that the SCB may have begun to separate from Gondwana in response to the
Late Ordovician-Silurian Proto-Tethyan subduction. Geochronological and geochemical
studies of Paleo-Tethys related ophiolites in the JASB suggested that the JASO was a
small and slow-spreading oceanic basin during the Late Devonian to Late Carboniferous
(e.g., [5,19-23]). In addition, the abundance of Permian to Triassic mafic-felsic rocks
(e.g., [24-32]) and metamorphic rocks (e.g., [33-36]) in the JASB is considered to be
compelling evidence for the reconstruction of the subduction and closure processes of
the JASO.

In this study, we report on Permian to Triassic mafic rocks, and present a synthesis of
the magmatic and metamorphic records associated with the Permian to Triassic evolution
of the JASB. This research provides robust constraints on the ages, nature, and genesis of
these rocks, which enable us to better understand their geodynamic setting and tectonic
implications in the context of Paleo-Tethyan subduction and collisional history.

2. Regional Geology

The JASB is located in the southeastern Tibetan Plateau, extending WNW-ESE across
the northern Tibetan Plateau to NNW-SSE across the southeastern Tibetan Plateau over
more than 2000 km (Figure 1a). The eastern and western sides of the JASB comprise the SCB
and the QSIB, respectively (Figure 1b). The JASB consists of the Jinshajiang—Ailaoshan-Song
Ma suture (JASS), Jomda—-Weixi—Yaxuangiao—Truong Son volcanic arc (JYTA) and a number
of metamorphic complex belts, including the Xuelongshan, Diancangshan, Ailaoshan, Day
Nui Con Voi, and Song Ma belts [10,33,37—-44].

2.1. The Jinshajiang—Ailaoshan-Song Ma Suture Belt

The Jinshajiang suture and the Ailaoshan suture to the southeast are thought to be con-
tiguous and are also believed to align with the Song Ma suture farther south in Vietnam and
the Bangxi—-Chenxing orogenic belt on Hainan Island [2,45-47]. The suture zones are defined
by a discontinuous belt of ophiolite fragments and mélange, and are inferred to represent rem-
nants of a back-arc basin or a branch of the Paleo-Tethyan Ocean [5,19,22,48-51]. The ophiolite
mélanges consist of dismembered serpentinized peridotites and are layered mafic-ultramafic
rocks, sheeted dikes, MORB-like lavas and radiolarian-bearing cherts, and are intercalated with
exotic limestone fragments [52]. The gabbros, dolerites, plagiogranites, and anorthosites from
these ophiolite mélanges yield zircon U-Pb ages of 383-304 Ma [5,7,19,22,49,53-55]. Among
these three suture belts, the location of the Ailaoshan suture belt has long been the most debated.
Xia et al. [56] and Xu et al. [13] proposed that the Ailaoshan suture may lie along or in close
proximity to the Ailaoshan-Tengtiaohe fault. However, some researchers support that the
Jiujia—Anding fault [57] or the Amojiang-Lixianjiang fault [37] may be the boundaries of the
Simao-Indochina Bock and SCB. Additionally, the detrital zircon U-Pb ages and Hf isotope data
of the Cambrian-Devonian sedimentary units in the Ailaoshan belt and its adjacent western
margin of the SCB indicate distinctive detrital zircon provenance variations on the different sides
of the Ailaoshan suture [56,58]. Subsequently, a distinct change in the detrital provenance and
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depositional setting is present across the Middle-Late Triassic boundary [13], and the Late Trias-
sic molasses sequences overlap units of the Jiapila and Yiwanshui formations, unconformably
overlying the metamorphic rocks in the Jinshajiang—Ailaoshan suture belt, which indicates
closure of the Jinshajiang-Ailaoshan ocean [22].
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Figure 1. (a) Tectonic framework of the southwestern Tibet region; (b) Simplified geological map
showing the major continental Blocks, suture belts, and the distribution of Ordovician-Triassic
magmatic and metamorphic rocks, as well as the location of crystallization and metamorphic ages in
the JASB. Revised from Deng et al. [38].
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2.2. The Jomda—Weixi-Yaxuangiao-Truong Son Volcanic Arc

The Jomda-Weixi volcanic arc on the eastern margin of the Qiangtang—-Simao Block
(Figure 1b) consists of Permian to Early Triassic tholeiitic, calc-alkaline, and shoshonitic
volcanic rocks and Late Triassic intracontinental volcanic rocks, including rhyolite,
dacite, andesite, and calc-alkaline basalt, in the inner part of the Block [43,44,59]. This
arc belt is diachronous, with younger igneous rocks along its southern part than along its
northwestern part [43]. The occurrence of the arc setting was argued to have been gener-
ated by westward subduction of the Jinshajiang oceanic crust along with determining
ages [59,60]. The extensional rift was superposed on the Jomda-Weixi volcanic arc and
filled by Late-Triassic bimodal volcanic rocks and microclastic and turbidite sequences
from north to south [59].

The Yaxuangiao volcanic arc lies on the eastern margin of the Simao terrane and
parallel to the Ailaoshan ophiolite belt (Figure 1b). This arc consists of a suite of calc-
alkaline lavas (basalt, andesite and dacite), intrusions (gabbro, dolerite and plagioclase
pyroxenite) and sandy to shaly sediments [51]. The intrusive rocks are intruded or covered
by basalt. Fan et al. [48], Jian et al. [19], Lai et al. [24], and Liu et al. [61] obtained Early
Permian to Middle Triassic ages (288-245 Ma) of these intrusions, which were probably
related to intracontinental subduction on the eastern margin of the Simao terrane.

The Truong Song volcanic arc is a NW-SE oriented volcanic belt lying on the eastern
margin of the Indochina terrane and west of the Song Ma suture belt (Figure 1b). There
are three plutonic complexes along the Truong Son volcanic arc, including the Chieng
Khuong, Dien Bien and Song Ma complexes. Within the belt, Early Permian to Late
Triassic (ca. 281-201 Ma) plutonic intrusions are widespread along the Truong Son
volcanic arc. Early Permian to Early Triassic (288-245 Ma) arc magmatism presents
reliable information on the subduction of the Song Ma oceanic plate [39,62-65], whereas
Late Triassic magmatism (229-202 Ma) was formed during postcollisional extension
along the Song Ma orogenic belt [39,66].

2.3. The Jinshajiang—Ailaoshan—Song Ma Metamorphic Complex Belt

The metamorphic rocks that crop out discontinuously along the Xuelongshan,
Diancangshan and Ailaoshan ranges represent a Precambrian crystalline basement
(Figure 1b; [51,67]) and contain migmatites that yield zircon U-Pb ages of
ca. 843-833 Ma [68]. These ages are similar to those from the Yangtze Block base-
ment [51]. The Jinshajiang metamorphic complex belt (JMB) lies on the northeastern
Xuelongshan metamorphic complex belt (XMB; Figure 1b). The JMB, passing through
Baiyu, Batang, Derong, Benzilan, and Zhongdian to Yunnan Province (ca. 300 km),
is bounded by the Yushu-Yangla Bending fault and Oubana-Dingquhe-Zhongdian
fault on the eastern and western sides (ca. 40 km), respectively [69]. The metamorphic
rocks exposed along the JMB exhibit a gradient from chlorite grade to biotite, garnet,
staurolite-kyanite, and sillimanite grades from east to west [22,70]. These rocks are
mainly metapelites, amphibolites, and marbles, ranging in grade from greenschist to
high amphibolite facies [22]. In the northern part of the JMB, Tang et al. [36] recently
found ultrahigh-pressure (UHP) retrograde eclogite in the Luomai and Gonjo areas
and garnet-bearing blueschist and eclogite in the Qiangtang area, central Tibet [71].
The metamorphic ages are limited to between 244 and 224 Ma by zircon U-Pb dating of
eclogite and white mica 4 Ar /3% Ar dating of garnet schist, and represent the westward
subduction—collision epoch of the Paleo-Tethyan Ocean located between the Yangtze
Block and Qiangtang-Simao Block [36,70].

The Diancangshan—Ailaoshan metamorphic complex belt (DAMB) presents as a
NW-SE oriented unit that extends over 1000 km on the western margin of the SCB
(Figure 1b; [72,73]). There are two principal ridges, e.g., a ca. 60 km-long ridge to the
northwest of Dali (Diancangshan) and a 500 km-long ridge to the southeast (Ailaoshan).
Both of these areas can be subdivided into high-grade and low-grade metamorphic belts.
This complex belt contains paragneisses and orthogneisses with lenses and Blocks of
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amphibolites and garnet pyroxenites, thin layers of kyanite- and mica-bearing schists,
and younger leucogranite layers, migmatites, and dikes [33,74]. HP metamorphic zircons
from paragneisses, amphibolite, and garnet pyroxenites yield weighted 2°°Pb /233U ages
of 249-230 Ma, which reveal an HP metamorphic event in the Diancangshan-Ailaoshan
complex during the Early-Middle Triassic [33]. However, metamorphic zircons from the
garnet-bearing plagioclase two-mica schist in the Ailaoshan complex yield a weighted
206pp /238y age of 222.3 + 1.2 Ma, which is also regarded as evidence of the Paleo-Tethyan
closure during the Middle-Late Triassic [34,75].

Permian-Triassic metamorphism is widely found along the Song Ma belt, Truong Son
belt, and Kontum Massif of Vietnam [76,77]. The Song Ma belt in northern Vietnam consists
of ophiolite, metamafic-ultramafic rocks, metasedimentary rocks, and eclogite. Triassic
HP eclogites (ca. 230 Ma) are found in the northwestern Nam Co complex, northeast of
Dian Bien Phu [6,78]. On the other hand, the monazite and zircon U-Pb tests of the politic
gneiss and garnet hornblende rock give weighted ages of 243 Ma to 228 Ma [6,55]. This
medium-pressure (MP) ~-HP metamorphism is thought to have occurred during the closure
stage of the Paleo-Tethyan Ocean.

3. Petrography and P-T Estimates

Mafic and metamafic samples were collected from the Batang area in the Jinsha-
jiang orogenic belt and the Lvchun, Yaxuangiao, Yuanjiang, and Maandi areas in the
Ailaoshan orogenic belt to investigate the tectonic evolution of the JASB (Figure 1b).
Mafic rock samples (e.g., basalt and gabbro samples: 17HA21-1, 18J18-1, 18]J24-1,
18]28-1, and 18]33-1) collected from the Yaxuangiao and Lvchun areas crop out in pillow
(Figure 2f), massive or layered shapes (Figure 2g,h). Metamafic rocks are amphibolites
or Grt-amphibolites from the Batang, Yuanjiang, and Maandi areas. Most amphibolites
are sporadically distributed as thick layers or irregular blocks in gneisses or schists
throughout the JMB and DAMB (Figure 2a—e). The majority of these layers or blocks are
in sharp contact with gneisses and schists by faulting (Figure 2e). Some amphibolites
(e.g., 19572-1,19573-1, 19573-2, and 19S74-1) are accompanied by serpentinite and are in
fault contact with the Bt-Ms schist (Figure 2d). A felsic rock sample (19564-2) collected
from the Batang area intruded into massive amphibolite (19564-1; Figure 2c). Detailed
sample localities are shown in Figure 1b. The abbreviations of the mineral are the same
as those of Whitney and Evans [79].

Figure 2. Cont.
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Pillow basalt

Figure 2. (a-h) Field photographs and (i-q) photomicrographs of mafic and metamafic rocks in
the JASB. (a) Amphibolite in the Batang area; (b) Bedded Grt-bearing amphibolite in the Batang
area; (c) Amphibolite intruded by felsic vein in the Batang area; (d) Amphibolite is accompanied by
serpentinite and in contact with Bt-Ms schist by the fault in the Batang area; (e) Amphibolite is in
sharp contact with Bt-Ms schist by the fault in the Batang area; (f) Pillow basalt in the Yaxuangiao
area; (g) Massive gabbro in the Yaxuangiao area; (h) Gabbro in the Lvchun area; (i) Garnet in Grt-Bt
amphibolite alternating with amphibole, plagioclase, and biotite; (j) Multiple atoll microstructures
of garnet in Grt-Bt amphibolite with BSE image; (k1) Euhedral and subhedral garnet in Grt-Bt
amphibolite with inclusions of plagioclase, biotite, and amphibole in core and rim, respectively;
(m) Euhedral atoll garnet in Grt-Bt amphibolite; (n) Dark green amphibolite with oriented amphibole
and plagioclase; (0) Basalt with altered clinopyroxene phenocryst in the Yaxuangiao area; (p) Fresh
gabbro in the Yaxuanqiao area; (q) Porphyritic gabbro in the Lvchun area.

The basalt shows a porphyritic texture (Figure 20). Most phenocrysts are coarse
chlorogenic clinopyroxenes, and the matrix is mainly plagioclase and fine chlorogenic
clinopyroxenes. The gabbro from the Yaxuanqiao area is largely composed of euhedral to
subhedral coarse clinopyroxene (40%—45%) and plagioclase (50%-55%). Clinopyroxene
is partly altered to chlorite along fractures and plagioclase to microcrystalline epidote
(Figure 2p). The gabbro from the Lvchun area shows porphyroid texture, and it consists
of clinopyroxene phenocrysts (50%-60%), fine plagioclase matrix (35%—40%), and minor
magnetite (<5%) (Figure 2q).
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The (Grt-) amphibolites generally contain Grt (0%-5%), Amp (45%-80%), P1
(20%—45%), and Bt (5%-10%; Figure 2i-n). Some metamorphic garnets display mi-
crostructures such as corona texture, atoll structure, and embayment texture
(Figure 2i,j,m). The porphyroblastic garnet crystal (1-3 mm) rims preserve abun-
dant inclusions, such as biotite, plagioclase, amphibole, ilmenite, apatite, and rutile
(Figure 2k). Garnet from Grt-amphibolite (19560-7) consists predominantly of alman-
dine (Xajm = 0.61-0.66), grossular (Xgys = 0.15-0.21), and pyrope (Xprp = 0.13-0.18),
with minor spessartine (Xsps = 0.03-0.04). Garnet grains show near-constant contents
from core to rim (Figure 3a). Brown amphibole in the matrix from Grt-amphibolite
is tschermakite and sadanagaite (BCa = 1.81-1.91; A[Na+K] = 0.40-0.51; Si = 6.22-6.32 pfu.;
Xmg = 0.47-0.54; Figure 3b; [80]). In most cases, amphiboles occurring as inclusion
in garnet have composition similar to those of matrix amphibole. The end-members
of plagioclase were normalized based on Xan, Xap, and Xor. Matrix plagioclase has
Xan 0f 0.37-0.83, Xap, of 0.17-0.62 and Xo, of 0.00-0.03 (Figure 3c). Plagioclase grains
exhibit compositional zoning with an increase in Xap and a decrease X, from core
to rim. Plagioclase inclusions in garnet show similar composition to those of matrix
plagioclase. Biotites are dominated by ferribiotite and magnesian biotite, with FeOT
and MgO contents ranging from 21.63-30.97 wt.% and 7.34-10.58 wt.%, respectively.
The TiO; contents vary from 0.09-3.30 wt.%. The MgO contents exhibit an opposite
trend to FeO' (Figure 3d).
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Figure 3. Compositional variation of Principal minerals from Grt-amphibolite from the JASB. (a) Alm
vs. Prp vs. Grs + Sps ternary diagrams of garnet from Grt-amphibolite. (b) Si vs. #[Na+K] classi-
fication diagram for amphibole [80]. (¢) Xap, vs. Xan Vs. Xor classification diagram for plagioclase.
(d) FeOT vs. MgO diagram for biotite.
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On the basis of the mineral paragenesis of the Grt-amphibolite, conventional garnet-
hornblende-plagioclase-quartz (GHPQ) geothermobarometers (with an uncertainty of
£45 °C/=+1 kbar; [81,82]), Ti-in-biotite thermometer (with an uncertainty of +25 °C; [83])
and Al-in-amphibolite barometer (with an uncertainty of £2 kbar; [84]) were employed
to evaluate their peak metamorphic conditions. To determine meaningful peak P-T
conditions (M2), rim compositions were selected for homogeneous garnet. For am-
phibole and plagioclase, core compositions were used to minimize the effect of dif-
fusion during cooling and retrograde metamorphism. As a result, temperatures and
pressures obtained from the Grt-amphibolite (19560-7) are 591-730 °C/5.1-7.0 kbar
(Supplementary Table S1).

4. Materials and Methods
4.1. SHRIMP Zircon U-Pb Dating

The U-Pb analyses of 19561-3, 19564-1, and 18J33-1 were performed using a sensitive
high-resolution ion microprobe (SHRIMP) II at the Beijing SHRIMP Center, Institute of
Geology, CAGS, China. After these fresh samples were crushed, the zircon was separated
using heavy liquid and magnetic separation methods. Then, the zircons were extracted
from each crushed-rock sample by hand-picking under a binocular microscope. The
zircon grains were mounted in epoxy resin discs and then sectioned and polished to
reveal their cross-sections. Zircons from each sample were mounted separately with
a fragment of the standard zircon PLE (337 Ma; [85]). The analytical procedures were
similar to those described by Williams [86]. The SHRIMP runs used a primary ion beam
of ca. 4.5-6.5 nA, with 10 kV of O?>~ focused to a ca. 25-um-diameter spot. Each spot
was rastered for 120-180 s prior to analyses. Common Pb corrections were based on the
measured 2%4Pb/2%Pb ratios, as described in Compston et al. [87]. Weighted mean ages
of individual samples are quoted at the 95% confidence level, whereas the uncertainties
for individual analyses are quoted at the 1o level.

4.2. LA-ICP-MS Zircon U-Pb Dating

Several samples (19561-4, 19564-1, 19564-2, and 19571-1) from the Batang area were
selected for LA-ICP-MS zircon U-Pb dating. U-Pb analyses of magmatic zircons from
the samples were conducted by laser ablation LA-ICP-MS at Beijing Geoanalyses Co.,
Ltd. (Beijing, China). An Agilent 7900 ICP-MS instrument (Agilent, Santa Clara, CA,
USA) with a Resolution SE model laser ablation system (Applied Spectra, Fremont,
CA, USA) was used to acquire ion-signal intensities. The laser beam diameter was
24 um and operated at a frequency of 5 Hz. Each analysis consisted of approximately
20 s of background acquisition and 35-40 s of data acquisition. The calibration of
Pb/U ratios is relative to the standard zircon PleSovice [85], which was analyzed once
every 10-15 samples. The Iolite software package was used for the data processing [88].
Concordia diagrams, weighted average age calculations, and probability density plotting
were conducted using Isoplot 4.15 [89].

4.3. Zircon Lu—Hf Isotopes

The zircon in situ Hf isotope compositions were determined by LA-MC-ICP-MS at
the Nanjing Hongchuang Exploration Technology Service Co., Ltd. (Nanjing, China).
Hf isotope measurements were performed on the same spot or the same age domains
for zircon grains with concordant U-Pb ages. A stationary spot was used for analyses
with a beam diameter of 45 um, repetition rate of 6 Hz, energy density of ca. 4 J/cm?,
and an ablation time of 30 s. The measured 7°Hf/7”Hf ratios were normalized to
176Hf/177Hf = 0.7325, using exponential correction for mass bias. Isobaric interfer-
ence of 76Yb and 7°Lu on 7°Hf was corrected by monitoring 73Yb and 7°Lu, respec-
tively. The in situ measured 73Yb /71 Yb ratio was used for the mass bias correction
for both Yb and Lu. The ratios used for the corrections are 0.7963 for 7®Yb/173Yb and
0.02655 for 176Lu/17°Lu [90]. eHf(t) values were calculated with chondritic values of
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176Hf/177Hf = 0.282772 and 76Lu/7Hf = 0.0332 [91] at the zircon ages. The single-stage
Hf model ages (Tpmi) and two-stage model ages (Tpyp) were calculated relative to the
depleted mantle with present-day 76Hf/7”Hf = 0.28325 and 76Lu/"”Hf = 0.0384 [92]
and an average continental crust 176 Lu/Y7Hf value (0.015).

4.4. Whole-Rock Geochemistry and Sm—Nd Isotopes

The fresh samples were crushed to 200-mesh in a steel mortar and ground in a
steel mill for the elemental and isotopic analyses. The major element analyses were
performed by using a PW4400-type XRF spectrometer based on the Chinese national
standard GB/T 14506.30-2010 at the ALS Chemex Company in Guangzhou, China. The
analytical uncertainties of the XRF analyses were estimated to be £3%—-5% for major
oxides with concentrations >0.5%. Trace element abundances were measured by the
Agilent 7500a ICP-MS instrument platform. The detailed sample-digesting procedures
for the ICP-MS analyses and the analytical precision and accuracy for trace elements
are the same as those in Liu et al. [93]. Most of the illustrations in this paper were
produced using GEOKIT software [94].

The Sm and Nd isotopic compositions were determined by using a Finnigan MAT-262
multicollector mass spectrometer (Bremen, Germany) instrument at the Laboratory for
Radiogenic Isotope Geochemistry, University of Science and Technology of China (USTC).
Procedural blanks were <50 pg for Sm and Nd. 43Nd/!#*Nd values were corrected for mass
fractionation by normalization to 146Nd/!#Nd = 0.7219. The precision of the 147Sm /14Nd
ratios was better than 0.5%, and the accuracy of the measured Nd isotopic ratios was better
than 0.003%. Details of the experimental procedures and the analytical precision were
discussed by Liang et al. [95].

5. Results
5.1. SHRIMP Zircon U-Pb Ages

Zircons from sample 19561-3 are euhedral, translucent, and prismatic. Most zircon
grains are 200 to 300 um and have a narrow metamorphic rim (Figure 4a). The zircon cores
show weak oscillatory growth zoning and dark-gray homogenous patterns in cathodolumi-
nescence (CL) images with Th/U ratios ranging from 0.13 to 0.67, suggesting a magmatic
origin. We performed 30 analyses by SHRIMP. A total of 28 analyses yield a weighted mean
206py, /2381y age of 231.7 £ 2.4 Ma (10, MSWD = 1.4, Figure 4a), which is interpreted as the
crystallization age of these rocks. The remaining two analyses (spots 25 and 28) may suffer
Pb loss or inclusion.

For the U-Pb analyses, the thirty zircon grains from sample 19564-1 are mostly
euhedral, transparent to colorless, and stubby to elongate in shape, with lengths of
100 to 250 um and widths of 50 to 150 um (Figure 4b). Most grains have a core-rim
texture, while the CL images show light-gray patterns and patch texture in the rim and
dark-gray patterns and oscillatory zoning in the core. Twenty analyses in the core give
a weighted mean 2%°Pb /23U age of 265.8 + 1.9 Ma (1o, MSWD = 1.4, Figure 4b), and
Th/U ratios range from 0.15 to 0.32 except for 16 and 27 spots. We interpret this age
as the crystallization age of this rock. The zircon rim has low U and high common Pb
contents. Ten analyses of the rim yield 2°°Pb /238U ages between 236.9 Ma and 273 Ma,
with high error values (ranging from 4.2 to 11, Supplementary Table S5), which are
meaningless for the rock.

Thirty zircon grains from gabbro sample 18]33-1 are euhedral, transparent, and pris-
matic or tabular, with lengths of 100 to 150 um and widths of 50 to 80 pm. All zircon
grains show a gray pattern without oscillatory zoning according to CL images (Figure 4c).
Thirty analyses give a weighted mean 2°°Pb /238U age of 236.9 + 3.0 Ma (1o, MSWD = 6.5,
Figure 4c), and Th/U ratios range from 1.63 to 4.93. Therefore, this age is interpreted as the
crystallization age of the gabbro.
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Figure 4. (a—c) Sensitive High-Resolution Ion Microprobe (SHRIMP) and (d-g) laser ablation in-
ductively coupled plasma mass spectrometry (LA-ICP-MS) zircon U-Pb concordia diagrams with
representative zircon images for the amphibolites from the JASB.
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5.2. LA-ICP-MS Zircon U-Pb Ages

Sample 19561-4 was collected for LA-ICP-MS zircon U-Pb dating (Supplementary
Table S6 and Figure 4d). Zircon grains are mainly subhedral, transparent to colorless, and
columnar or tabular, with grain sizes of 100 to 250 um. All the zircons have broadly spaced
oscillatory zoning and moderate Th/U ratios (0.26-0.51). Thirty-seven analyses yielded a
weighted mean 2%°Pb /23U age of 229.9 + 0.6 Ma (1o, MSWD = 1.14, Figure 4d), which is
interpreted as the crystallization age of this rock.

Forty zircon grains from sample 19564-1 were also analyzed by LA-ICP-MS. Thirty
analyses yielded a weighted mean 2%°Pb /23U age of 262.2 & 1.0 Ma (1o, MSWD = 0.9,
Figure 4e), with moderate Th/U ratios (0.15 to 0.70). This age is interpreted as the crystal-
lization age of this rock.

Sample 19564-2 was collected from felsic veins that intruded into the rock of sample
19564-1 (Figure 2c). All zircons are euhedral, transparent, columnar, or tabular, with
grain sizes of 100 to 300 pm. The zircons show weak oscillatory growth zoning and
dark-gray homogenous patterns in CL images with Th/U ratios ranging from 0.25 to 0.56
(Figure 4g). We performed a total of 40 analyses. Thirty-nine analyses yielded a weighted
mean 200Pp /2381 age of 227.1 + 1.1 Ma (10, MSWD = 0.85, Figure 3g), which is interpreted
as the crystallization age of the felsic rock.

Zircons from gabbro sample 19571-1 are mainly euhedral to subhedral, transparent,
columnar or tabular, with grain sizes of 80 to 200 um. Most zircons have broadly spaced
oscillatory zoning and high Th/U ratios (0.82-1.76), except for num. 31 spot. Thirty-five
analyses yielded a weighted mean 2%°Pb /238U age of 246.2 + 0.6 Ma (16, MSWD = 0.63,
Figure 4f). This age represents the crystallization age of the gabbro.

5.3. Zircon in Situ Hf Isotopes

Zircon grains from six samples (e.g., 19561-3, 19561-4, 19564-1, 19564-2, 19571-1, and
18]33-1) were analyzed for Lu-Hf isotopes on the same domains or zircons with structures
similar to those analyzed for U-Pb dating. ¢Hf(t) values, Tpm1, and Tpyp were calculated
for their zircon U-Pb ages. The results are listed in Supplementary Table S4.

For the zircons from samples 19561-3 and 19561-4 of the Batang amphibolite, we
performed 34 and 44 analyses, respectively. Their analytical results show similar Hf isotope
compositions, with eHf(t) values ranging from —7.90 to +1.01 and most eHf(t) values are
less than —3.00, corresponding to single-stage Hf model ages (Tpm1) of 1208-838 Ma.

Thirty-eight zircons from sample 19564-1 of the Batang amphibolite yield narrowly
positive eHf(t) values of +14.54 to +16.80. Their single-stage Hf model ages (Tpp1) range
from 316 to 231 Ma.

Forty-five zircons from sample 19564-2 of the felsic vein show negative ¢Hf(t) values
ranging from —8.73 to —5.32, except one zircon with an ¢Hf(t) value of —28.70. Their
single- and two-stage Hf model ages (Tppyy and Tpyp) range from 1231-1111 Ma and
1814-1594 Ma, respectively.

Forty-two zircons from sample 19571-1 of the Batang gabbro show variable eHf(t)
values ranging from —4.27 to +8.53, corresponding to single-stage Hf model ages (Tpm1) of
1102-645 Ma.

Thirty zircons from sample 18]33-1 of the Lvchun gabbro have broadly positive e Hf(t)
values ranging from +4.64 to +14.15. Their single-stage Hf model ages (Tpp1) range from
691 to 325 Ma.

5.4. Whole-Rock Geochemical and Sm—Nd Isotope Compositions

Samples from the Jinshajiang and Ailaoshan orogenic belts are classified into five
groups and two groups, respectively, by their petrographic and geochemical signatures,
and ages. Major oxide and trace element data for the samples are listed in Supplementary
Table S2. The Sm-Nd isotopic ratios are recalculated to their crystallization ages determined
by zircon U-Pb geochronology and ages determined in previous studies. The analytical
results of Sm-Nd isotopes are listed in Supplementary Table S3.
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5.4.1. Jinshajiang Metamafic Rocks

Group 1 (19564-1, 19573-2) displays a narrow compositional range (SiO, = 48.00-49.55 wt.%,
AL O3 =1556-16.11 wt.%, FeOT =7.48-9.18 wt.%, MgO = 6.93-7.78 wt.%, CaO = 11.25-11.95 wt.%,
NayO = 2.27-2.79 wt.%, TiO; = 0.97-1.29 wt.%), and both samples belong to the calc-
alkaline series (Figure 5b). They have LREE-enriched patterns ((La/Yb)y = 2.31-3.91),
negligible negative Eu anomalies (Eu/Eu* = 0.83 to 0.89), and plot like E-MORB in chondrite-
normalized rare earth element (REE) pattern (Figure 6¢) with slightly enriched large ion
lithophile elements (LILE) and nonsignificant Nb and Ta anomalies (Figure 6d). One sample
from this group (19564-1) gives a positive eNd(t) value (+6.95, Supplementary Table S3).

10 ¢ o
E Jinshajiang Mafic rocks u
F Group 1 {~266Ma) (a ) Shoshonitic ( b )
i : B Group 2 (~285-248Ma) ER,
1 0 F W Group 3(~260Ma)
o E O Group 4 (~246Ma) e Bart
9 [ m Group5(~232—230Ma)RhyO”te Ne)
t 107" E Trachyte ?'-"‘*10 -
i E Q o
N E ) r
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L E ggg:lslle P BaniNph Ailaoshan Mafic rocks
L . Group 6 (288-249Ma)
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Figure 5. (a) Nb/Y vs. Zr/TiO, diagram [96] and (b) Ta/Yb vs. Ce/Yb diagram [97] for mafic and
metamafic rocks from the JASB.

Group 2 (19572-1, 19573-1, 19574-1) has relatively high SiO; (48.52-50.33 wt.%) but low
Al O3 (14.10-16.10 wt.%), FeO' (7.85-12.05 wt.%), MgO (7.24-7.92 wt.%), CaO (7.27-10.35 wt.%),
NayO (2.92-3.11 wt.%), K,O (0.22-0.74 wt.%), and TiO; (1.16-1.97 wt.%) contents. The
Mg* values (100 x MgO/(MgO + FeOT)) range from 54-62. Nb/Y vs. Zr/TiO, and
Ta/Yb vs. Ce/Yb diagrams show that they are similar to tholeiitic basalts (Figure 5a,b).
These samples show N-MORB-like REE normalized patterns, but are enriched in LILE
(e.g., Rb, Ba, U, K), and depleted in HFSE (e.g., Th, Nb, Ta, Zr, Hf) with slightly negative
Eu anomalies (Figure 6¢,d). These rocks have relatively more depleted eNd(t) values (+6.57
to +8.88, Supplementary Table S3) with an assumed age of 265 Ma.

Group 3 (19560-2, 19561-2) exhibits relatively low SiO, (46.45-48.87 wt.%), Al,O3
(13.69-15.90 wt.%), MgO (4.45-4.53 wt.%), CaO (8.58-8.59 wt.%), high TiO; (2.82-3.21 wt.%),
FeOT (13.16-14.38 wt.%), and K,O (1.37-1.38 wt.%); and variable Na,O (0.72-2.76 wt.%) and
P,05 (0.59-1.01 wt.%). These samples define typical alkaline basalts on the Nb/Y vs. Zr/TiO,
diagram (Figure 5a) and shoshonitic compositional trends on the Ta/Yb vs. Ce/Yb diagram
(Figure 5b). These mafic rocks show chondrite-normalized REE and primitive mantle-
normalized trace element patterns similar to those of ocean island basalt (OIB; Figure 6a,b),
and strongly enriched LREE contents and minor Eu anomalies (Eu/Eu* = 0.99-1.21). These
rocks have slightly negative eNd(t) values of —0.54 to —0.70 (Supplementary Table S4).

Group 4 (19571-1) exhibits relatively low SiO; (48.26%), Al,O3 (13.14%), MgO (3.58%),
and CaO (7.77%) contents and Mg” (31) value and high TiO; (3.00%) and FeOT (14.29%)
contents. Nb/Y vs. Zr/TiO, and Ta/Yb vs. Ce/Yb diagrams define a typical calc-alkaline
composition (Figure 5a,b). This sample has enriched LREE and LILE (Rb, Th, and U)
and depleted HFSE (e.g., Nb, Ta, Zr, and Hf) with nonsignificant negligible Eu anomalies
(Eu/Eu* = 0.86; Figure 6¢,d).
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Figure 6. (a,c,e) Chondrite-normalized REE patterns and (b,d,f) primitive mantle-normalized trace
element patterns for mafic and metamafic rocks from the JASB. Normalized values for primitive
mantle and chondrite are from [98]. Data for N-MORB, E-MORB, and OIB are from [98].

Group 5 (19560-5, 19560-7, 19561-3, 19561-4) displays small variations in major oxide
compositions with SiO, = 44.42-46.51 wt.%, FeOT =11.36-12.87 wt.%, NayO = 1.30-2.24 wt.%,
K,0 = 0.80-1.09 wt.%, and TiO, = 0.94-1.60 wt.%, except for variable MgO (4.71-8.35 wt.%)
and Al,O3 (15.20-21.00 wt.%). This group defines a calc-alkaline basalt compositional
trend on the Nb/Y vs. Zr/TiO, and Ta/Yb vs. Ce/Yb diagrams (Figure 5a,b). The Mg
values range from 39-57. The 19560-5 and 19560-7 samples have extremely lower Cr
(1-10 ppm) and Ni (1.0-4.6 ppm) contents and higher Al,O3 than the other two samples.
These rocks show LREE and LILE enrichment and pronounced Nb, Ta, Zr, and Hf depletion
relative to La, Nd, and Sm (Figure 6a,b), with significant Eu anomalies (Eu/Eu* = 0.58-0.77).
Meanwhile, they have negative eNd(t) values (—5.14 to —6.77), which are much lower than
those of the Group 1 in this study (Supplementary Table S3).

5.4.2. Ailaoshan Mafic Rocks

Group 6 (17HA21-1, 18]18-1, 18J24-1, and 18]J28-1) collected from the Yaxuangiao
volcanic arc contains relatively low SiO; (45.64-49.95 wt.%) and TiO; (1.65-1.82 wt.%), and
variable Al,O3 (11.76-16.14 wt.%), MgO (5.34-14.65 wt.%), and Na,O (1.29-4.56 wt.%) con-
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tents. Group 6 exhibits a calc-alkaline series on the Nb/Y vs. Zr/TiO; and Ta/Tb vs. Ce/Yb
diagrams (Figure 5a,b). This group of rocks shows LREE and LILE enrichment and Nb, Ta,
Zr, and Hf depletion on the chondrite-normalized REE and primitive mantle-normalized
trace element patterns, which are similar to those of E-MORB (Figure 6e,f). These E-MORB-
like rocks have positive eNd(t) values of +5.07 to +4.99 with a reference age of 288 Ma
from Fan et al. [48].

Group 7 (18]33-1) collected from the Lvchun area contains relatively high SiO, (50.03 wt.%),
Al O3 (16.50 wt.%), and CaO (10.50 wt.%) contents and low TiO; (1.70 wt.%), MgO
(5.01 wt.%), NayO (2.60 wt.%), and K, O (0.64 wt.%) contents. Nb/Y vs. Zr/TiO, and Ta/Yb
vs. Ce/Yb diagrams show that this group is similar to the calc-alkaline series (Figure 5a,b).
This rock displays LREE- and LILE-enriched chondrite-normalized REE and primitive
mantle-normalized trace element patterns and slightly negative Nb and Ta anomalies
(Figure 6e,f). The rock has a slightly negative eNd(t) value of —1.51 (Supplementary Table S3)
and positive zircon in situ eHf(t) values of +4.64 to +14.15 (Supplementary Table S4).

6. Discussion
6.1. Geochronology Outline of Major Tectonothermal Events

Although abundant mafic-felsic and metamorphic rocks have been reported along the
JASB (Supplementary Tables S7 and S8), and Wang et al. [9] reviewed the tectonic evolution
of eastern Cimmerian and Southeast Asia, the spatial and temporal distributions of these
magmatic and metamorphic events are still debated. In this study, containing our and
reference data, we collated 232 reliable weighted mean U-Pb and Sm—-Nd crystallization
ages of mafic-felsic rocks, and 51 weighted-mean U-Pb and Ar—Ar metamorphic ages from
the Jinshajiang, Ailaoshan, and Song Ma areas to reconstruct the Early Permian to Late
Triassic geochronological history of the JASB (Figure 7). In summary, their geochronological
signature suggests that three periods of Paleo-Tethyan magmatism and one period of
metamorphism occurred in the JASB, as described below.

6.1.1. ~288-248 Ma Arc/Back-Arc Basin Magmatism

The products of Early Permian—Early Triassic magmatism are clearly widespread
in the JASB. Most of these rocks were exposed in the areas of the Jomda—Weixi volcanic
belt to the north and the Yaxuangiao-Truong Son volcanic belt and DAMB to the south
(Figure 1b). They are composed of mafic intrusions (e.g., gabbro and diabase), granitoids
(e.g., granodiorite, tonalite, diorite, monzogranite, and gneissic granite), and volcanic rocks
(e.g., basalt, andesite, dacite, and rhyolite; Supplementary Table S7). In this study, we
collated 73 published U-Pb age samples from previous studies and this study, which yield
weighted mean ages of ca. 285-248 Ma, ca. 288-249 Ma, and ca. 277-265 Ma from the
Jinshajiang, Ailaoshan, and Song Ma orogenic belts, respectively (Figure 7). In summary,
this stage of mafic and felsic magmatism along the JASB formed simultaneously, which
argues for the development of a Permian to Early Triassic arc/back-arc basin setting
(e.g., [5,19,48,50]. However, some studies consider that the ca. 260-250 Ma magmatism
may represent an arc-continent collisional setting, as suggested by the regional sedimentary
unconformity, and I- and S-type granitoids in the western Ailaoshan volcanic belt and
Truong Son belt (e.g., [24]). Therefore, this period of magmatism needs to be discussed in
detail based on geochronological and geochemical data.

6.1.2. ~248-237 Ma Orogenic Magmatism

The rocks from this period of magmatism are mainly distributed in the Jomda—-Weixi
volcanic belt, Ailaoshan metamorphic complex belt, and Truong Son volcanic belt, with
a few samples in the Batang, Xumai, Lvchun, and Yaxuangqiao areas (Figure 1b). In this
study, we collate 32 reliable weighted mean U-Pb ages, in which there are clearly more
felsic rock samples than mafic rock samples (Figure 7). These mafic and felsic rocks
give strong peak ages of ca. 245-240 Ma (Figure 7), suggesting that a notable magmatic
process and tectonic evolution stage occurred during this period. Yang et al. [43] reported



Minerals 2022, 12, 633

15 of 32

Late Paleozoic to Early Mesozoic magmatic activity along the Jomda-Weixi—Yunxian
areas, which have a continental arc-like affinity. However, some other studies suggested
that the products of magmatism during this period probably occurred in a syncollisional
setting (e.g., [24,99,100]). Therefore, such a relationship with Middle Triassic magmatism
in the JASB and their tectonic setting need to be carefully considered.
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Figure 7. Histograms of Late Ordovician-Late Triassic crystallization and metamorphic ages in the
JASB. (a) Crystallization and metamorphic ages in the Jinshajiang orogenic belt; (b) Crystallization
and metamorphic ages in the Ailaoshan orogenic belt; (c) Crystallization and metamorphic ages in
the Song Ma orogenic blet. Detailed data sources are listed in Supplementary Tables S7 and S8.

6.1.3. ~235-202 Ma Intracontinental Rifting Magmatism

Late Triassic rocks are represented by the Jomda-Weixi, Diancangshan, Taizhong,
Mili, Huashiban, Xiaguan, Wana, and Truong Son granites, granodiorites, granitic gneisses,
andesites, dacites, and ignimbrites, with a few mafic plutonic and volcanic rocks in the
Batang, Derong, and Lvchun areas (Supplementary Table S7). In this study, we collate 48
reliable weighted mean ages, which give an age peak of ca. 235-230 Ma (Figure 7). The
peak age of these samples in the Ailaoshan orogenic belt is ca. 5 Ma older than the samples
in the Jinshajiang and Song Ma orogenic belts. Therefore, magmatism during this period is
probably diachronous along the JASB. Notably, the products of magmatism at this stage
have relatively more felsic rocks than those at the early stage, which probably implies a
substantial tectonic setting transformation during this period.

6.1.4. ~248-222 Ma Metamorphism

Five amphibolite- to granulite-facies metamorphic complex belts have been identified
along the JASB, including the Xuelongshan, Diancangshan, and Ailaoshan metamorphic
complex belts in southeastern Yunnan and the Truong Son and Day Nui Con Voi metamor-
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phic complex belts in northern Vietnam (e.g., [33,34,101,102]). Some studies have reported
a few records of Triassic metamorphism in these belts, which is considered to represent the
closure of the JASO (e.g., [35,36,78,103]). In this study, 40 weighted mean U-Pb metamor-
phic ages in the JASB (Supplementary Table S8) give two major age peaks of ca. 245 Ma
and ca. 231 Ma (Figure 7). Two samples (SME-04 and SM-07E) yield weighted mean ages of
ca. 280-283 Ma and are interpreted as greenschist-facies ocean floor metamorphic ages in
the Song Ma orogenic belt [55]. However, the zircon grains from these samples are euhedral
with clear oscillatory zoning, and the Th/U ratios of most zircons are greater than 0.2,
suggesting that the ages from these zircon U-Pb ages are crystallization ages.

~245 Ma Metamorphism (ca. 249-237 Ma)

Recently, eclogite-face metamorphism has been discovered in the Luomai area, north
of Batang County [36]. The zircons from the (retrograde) eclogites yield weighted mean
U-Pb ages of ca. 245-240 Ma, indicating an Early to Middle Triassic metamorphic event. In
contrast, such metamorphic events probably also occurred in the Ailaoshan and Song Ma
orogenic belts (e.g., Yuanjiang, Yaoshan, Menghao in the Ailaoshan and Chieng Khuong,
Song Ca in the Song Ma), which is evidenced by the HP metamorphic zircon U-Pb ages
and muscovite and biotite Ar-Ar ages (ca. 249-239 Ma) from garnet-biotite gneisses, garnet
schists, amphibolites, and metagranites [33,76,78]. This evidence suggests that the JASB
has experienced a HP metamorphic event during the Middle Triassic.

~231 Ma Metamorphism (ca. 236-222 Ma)

The medium-pressure (MP) metamorphism of this period has been reported in the
Dali, Yuanjiang, and Xinping areas from the Ailaoshan orogenic belt; and the Dien Bien Phu
and Nam Co areas from the Song Ma orogenic belt [55,78,104]. Our geothermobarometers
suggests that coexisting meta-mafic rocks (amphibolite) from Jinshajiang orogenic belt
record similar peak P-T conditions of 591-730 °C/5.1-7.0 kbar, and thus experienced the
same transitional MP amphibolite facies metamorphism. In the Dien Bien Phu and Nam
Co areas, the biotite Ar-Ar ages from fine-grained paragneiss and zircon U-Pb ages from
garnet hornblende yield ca. 229-228 Ma (Supplementary Table S8). In contrast, similar
metamorphic records also occurred in the Yuanjiang area with a period of ca. 234-222 Ma
and in the Batang area with a period of ca. 233-225 Ma (Supplementary Table S8). These
ages give a period of ca. 236222 Ma with an age peak of ca. 231 Ma (Figure 7), indicating
that the rocks have experienced a MP metamorphic process during the Late Triassic.

6.2. Petrogenesis and Tectonic Setting
6.2.1. Early Permian to Early Triassic Continuous Subduction (ca. 288-249 Ma)

We found some E-MORB-like mafic rock samples (Group 1) in the Batang area. These
mafic rocks yield weighted mean zircon U-Pb ages of ca. 266-262 Ma and positive eNd(t)
(+6.95) and zircon in situ eHf(t) (+14.54 to +16.80) values (Supplementary Tables S3 and S4).
They plot near the N-MORB site, similar to the Jinshajiang ophiolite (JSO), in the La/Nb
vs. eNd(t) diagram (Figure 8b) with depleted mantle-like ¢Hf(t) values (Figure 8c).
In addition, their single-stage Hf model ages (Tpy1) are similar to their zircon ages.
These characters suggest a depleted mantle source for the Batang mafic rocks (Group 1).
However, in comparison with typical N-MORB-like rocks, these rocks exhibit similar
patterns on the island arc array in the eNd(t) vs. eHf(t) diagram (Figure 8a). Their
Th/Yb and Ta/Yb ratios range from 0.29-0.65 and 0.22-0.28, respectively. they show
a mixing trend of MORB with subduction-related materials (Figure 8b). In contrast,
N-MORB-like mafic rock samples (Group 2) are collected from the northern Batang
area. As previously described, these rocks have both depleted mantle and island arc
basalts (IAB) geochemical characteristics (e.g., positive eNd(t) values (+6.57 to +8.88),
negative Nb and Ta anomalies, and low Nb/U, Nb/Yb, Ta/Yb, and Th/Yb ratios;
Supplementary Tables S2-54). The La/Nb vs. eNd(t) diagram shows that the additional
fluid derived from the alternative ocean crust (AOC) might play a significant role in
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generating parental magma of the N-MORB-like mafic rocks. Approximately 3% to 15%
of AOC-derived fluid could account for the observed ¢Nd(t) values and La/Nb ratios
of these rocks (Figure 8b). Enrichments in LILE (e.g., Rb, Ba, and U) and depletions
in HFSE (e.g., Nb and Ta) relative to N-MORB (Figure 9b) respond to aqueous fluids
and melts indicated by the subducting slab. Therefore, the compositional signatures
described above for Batang mafic rocks most likely indicate a back-arc basin setting,
which is also supported by the ophiolite-associated mafic-ultramafic rocks in the field
(Figure 2d). Additionally, the Yaxuangiao (Group 6) mafic rocks on the western side of
the Ailaoshan orogenic belt show geochemical signatures similar to those of back-arc
basin basalt (BABB; [48,61]; Figure 6e,f). The La/Nb vs. eNd(t) diagram shows that
the Yaxuangiao mafic rocks were mainly derived from the mixing of ca. 3%-7% slab
fluid and depleted mantle source components (Figure 8b). However, the Maandi mafic
rocks in the eastern Ailaoshan orogenic belt have relatively higher Ti contents and lower
eNd(t) values (—1.83 to +1.40; Figure 10b; Supplementary Table S3). These mafic rocks
display IAB-like characteristics in the Ta/Yb vs. Th/Yb diagram (Figure 11b) and are
highly affected by continental materials (Figure 8b). We considered that these rocks may
have formed in an arc/back-arc basin setting and were affected by the Emeishan mantle
plume and mixed with enriched mantle and crustal source components.
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Figure 8. (a) eNd(t) vs. eHf(t) diagram, (b) La/Nb vs. ¢eNd(t) diagram [25], and (c) age vs. eHf(t)
diagram of the Jinshajiang and Ailaoshan mafic and felsic rocks. Data sources: The trace element
contents and the average eNd (—8) value of Global Oceanic Sediments (GLOSS) are from Plank
and Langmuir [105], N-MORB are from Sun and McDonough [98] and Chauvel et al. [106], Back-
arc Basin Basalts (BABB) are from Fan et al. [48], OIB are from Sun and McDonough [98] and La
Fleche et al. [107], Emeishan Flood Basalts (EFB) are from Xiao et al. [108], and Jinshajiang ophiolites
(JSO) are from Xu and Castillo [10]. Island arc array (¢Hf = 1.23 x ¢Nd + 6.45) and mantle array
(eHf =1.59 x eNd + 1.28) are from Su [109] and Chauvel et al. [106], respectively, and Terrestrial
array (eHf = 1.36 x eNd + 2.95) is from Vervoort et al. [110].
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As mentioned in Section 6.1.1, Early Permian to Early Triassic volcanic magmatism
is widespread in the JYTA. Hu et al. [111] reported that the Early Permian mafic rocks in
the Baimaxueshan area consist of gabbros and basaltic-andesitic lavas, which have an arc
affinity with depleted Nb, Ta, Zr, Hf, and Ti contents, and positive eNd(t) values of +5.1
to +6.5 (Figure 10a). In contrast, similar geochemical magmatism in the Early Permian
(ca. 288-272 Ma) has been reported in the Yaxuangiao areas in the Ailaoshan orogenic
belt [48] and the Dien Bien and Chieng Khuong complexes in the Song Ma orogenic
belt [39], suggesting that plate subduction-associated magmatism commenced west of the
JASB in the Early Permian. Subsequently, continuous subduction led to the formation of
Middle Permian BABB-like rocks (e.g., Dalongkai mafic—ultral mafic rocks; [19,61]). Some
studies considered that this stage of rocks with BABB-like geochemical characteristics
was generated by westward subduction of the JASO (e.g., [24,39,50]). However, Middle
Permian-Early Triassic subduction-associated mafic rocks (ca. 272-249 Ma) are also
found in the Taizhong, Yuanjiang, Maandi, and Day Nui Con Voi areas in the eastern
Ailaoshan orogenic belt [112,113], indicating eastward subduction of the Ailaoshan
Paleo-Tethyan Ocean during the Middle Permian and continuing until the Early Triassic.
Therefore, there are still some controversies about the subduction direction of the JASO.
Based on our statistics, arc-affinity mafic rocks exposed in the JASB were formed at
288-249 Ma. Most of these mafic rocks have E-MORB-like geochemical signatures
and are generally characterized by Nb and Ta depletion, LILE and HFSE enrichment
(Figure 9a,b), and positive eNd(t) values (0 to +9; Figure 10). They are typical arc/back-
arc basin magmatic rocks formed in a continental arc/back-arc basin setting [5,19,48].
However, the variable mafic rock types suggest that the magma source was constantly
changing from the Early to Late Permian. (1) During the Early Permian (ca. 288-272 Ma),
geochemical studies of the Early Permian mafic rocks in the JYTB demonstrate that they
are enriched in REE, LREE, and LILE, depleted in HFSE (Nb, Ta, and Ti), which is similar
to island arc magmatic rocks with E-MORB-like REE and trace element normalized
patterns. The higher Ta/Yb, Th/Yb, and Ce/Yb ratios indicate that they belong to the
cale-alkaline series and formed in a continental margin arc [19,48,114]. (2) Subsequently
(ca. 265-260 Ma), the Middle Permian mafic rocks in the Batang area and Yaxuangiao
volcanic arc have relatively lower REE contents, are lightly enriched in LREE and are
depleted in Nb, Ta, and Ti contents. The lower Ta/Yb and Ce/Yb ratios indicate that they
belong to the tholeiitic series (Figure 5b). Some mafic rocks display both depleted mantle
and IAB features with N-MORB-like REE normalized patterns (Figure 9a,b), positive
eNd(t) values and relatively lower Ta/Yb, Th/Yb and La/Nb ratios (Figure 11a,b),
suggesting that they are the product of partial melting of mantle wedge in a subducted
environment. In addition, the basalts at this stage show pillow structures (Figure 2f),
indicating that they were generated in a marine environment. Therefore, the Middle
Permian mafic rocks transition from calc-alkaline series to tholeiitic series and from
E-MORB type to N-MORB type, it seems reasonable to conclude that the tectonic setting
may have gradually changed from the continental margin arc to the back-arc basin setting
in response to the continuous westward subduction of the JASO. (3) During the Middle
Permian-Early Triassic (ca. 272-249 Ma), the Mengqiao-Maandi mafic rocks from western
side of the Ailaoshan orogenic belt have similar zircon U-Pb ages (or inherited zircon
U-Pb ages), trace element ratios (e.g., Ti/Y) and Sm—-Nd isotopes to those of Emeishan
flood basalts (EFB) and show E-MORB-like REE and trace element normalized patterns
and obviously depleted Nb and Ta elements [113]. Additionally, Taizong Nb-enriched
mafic rocks have high Nb and Nb/La, positive Nb and Ta anomalies, and relatively
lower eNd(t) and zircon §'80 values than N-MORB-like mafic rocks [112]. Many of them
display WPB-like geochemical characteristics in the Zr vs. Zr/Y diagram (Figure 11c,d).
These phenomena indicate that these mafic rocks may have been generated by the mixing
of MORB-like components and Emeishan mantle plume material in the subduction
zone [112]. However, it is unlikely that these Nb-enriched or high-Ti mafic rocks were
formed during the westward subduction of the JASO, as the physical barrier of the
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subducted plate made it difficult for mantle plume material on the eastern side of the
plate to mix with mantle wedge magma on the western side of the plate. We thus propose
that the bipolar subduction of the JASO occurred in the Middle Permian and ended in
the Early Triassic.

6.2.2. A Middle Triassic Syn-Collisional Setting (ca. 248-237 Ma)

Two gabbro samples in the Batang (Group 4) and Lvchun (Group 7) areas yield
weighted mean zircon U-Pb ages of 246.2 £+ 0.6 Ma (Figure 4f) and 236.9 & 3.0 Ma
(Figure 4c), respectively. These gabbros must have been generated by a mixture of man-
tle melts and crustal sedimentary material, which is supported by the following evidence:
(1) they have high SiO, contents and low Mg* values; (2) they have depleted Nb, Ta,
Zr, and Ti contents and high Zr/Y and Th/Yb ratios (Figure 11a—d); and (3) the Batang
gabbro has variable ¢Hf(t) values (—4.27 to +8.53; Figure 7c). However, the Lvchun
gabbro has a limited negative eNd(t) value (—1.51) and positive eHf(t) values (+4.64 to
+14.15; Supplementary Tables S3 and 54). The Lvchun gabbro shows island arc volcanic
and continental crust-like characteristics in the eNd(t) vs. eHf(t) diagram (Figure 7a).
Notably, the average Hf isotopic composition of the sediments is high (eHf = +2 & 3) rel-
ative to its Nd isotopic composition (eNd = —8.9), whereas the average basaltic crust has
positive eHf and ¢eNd (+13.9 and +8.8, respectively), identical to MORB [106]. Therefore,
significant Hf-Nd decoupling and variable eHf(t) values occur here, indicating that abun-
dant crustal sediments are associated with the formation of these gabbros. (4) The zircon
in situ single-stage Hf model ages (Tpm1) of the Batang and Lvchun gabbros are clearly
older than their zircon U-Pb ages (Supplementary Table S4). In addition, the La/Nb
vs. eNd(t) diagram demonstrates that the Lvchun gabbro is mixed with approximately
16% of continental gneiss material (Figure 7b). These geochemical characteristics are
similar to those of the Daheishan, Jijiading, and Deqin mafic rocks [4,24,115]. Therefore,
the evidence described above indicates that these mafic rocks possibly formed in an
intracontinental environment during the Middle Triassic.

Wang et al. [30] reported Early Triassic mafic rocks (ca. 249 Ma) in the Jijiading and
Xiaruo areas with negative eNd(t) values and proposed subduction of the Paleo-Tethyan
Ocean along the continental margin for these mafic rocks. However, Wang et al. [115]
and Zi et al. [4] reported Middle Triassic basalts (ca. 246-237 Ma) in the Jijiading and
Deqin areas with negative eNd(t) values, and felsic rocks at this stage with high SiO,,
low MgO, and Al-enriched characteristics. In the Ailaoshan orogenic belt, previous
studies have reported numbers of Middle Triassic mafic rocks in the Yaxuangiao and
Daheishan areas [5,19,24]. These mafic rocks contain geochemical signatures similar to
those of the Jijiading and Deqin mafic rocks during this period (Figure 9d), which were
considered to be a bimodal volcanic suite within a continent-arc collisional setting. In
fact, all these mafic rocks show consistently depleted HFSE (e.g., Nb, Ta, Zr, Hf, and
Ti) contents and enriched LILE (e.g., Rb, Ba, and Th) and LREE (Figure 9¢), indicating
an origin from partial melting of an enriched lithospheric mantle source. Liu et al. [26]
suggested that the Middle Triassic rocks (247-237 Ma) may generate by the syncollisional
continental subduction. According to the results of statistical analyses, the proportion
of felsic rocks is significantly higher in magmatic rocks formed in the JASB during the
Middle Triassic (Figure 7), indicating that terrestrial crustal materials were extensively
involved in partial melting at this stage, resulting in mafic rocks with generally negative
eNd(t) values (Figure 10a,b). In addition, Lepvrier et al. [76] reported HP metamorphic
ages (ca. 246-237 Ma) of muscovite and biotite Ar—-Ar ages from paragneiss, garnet-
bearing schist, and elongated granite in the Truong Son belt (Figure 1b), establishing
an early phase of the Indosinian orogeny. Subsequently, Liu et al. [33] reported ca.
249-230 Ma HP metamorphic zircons in amphibolites and paragneisses, suggesting
an HP metamorphic event in the Diancangshan—Ailaoshan complex during the Early—
Middle Triassic. Recently, Tang et al. [36] found ca. 244-240 Ma eclogites with peak
metamorphism temperature and pressure of 622-688 °C and 2.2-2.34 GPa in the Luomai
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area of the Jinshajiang orogenic belt (Figure 1b) and suggested that they may represent
the closure epoch of the Jinshajiang Paleo-Tethyan Ocean. All these magmatic and
metamorphic records suggest that a substantial collisional event may have occurred
during the Middle Triassic, which gave rise to massive orogenic magmatic rocks in the
JASB (Figure 1b).
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Figure 11. (a,b) Ta/Yb vs. Th/Yb [97] and (c,d) Zr vs. Zr/Y [116] discrimination plots for the
Devonian-Triassic mafic rocks in the Jinshajiang and Ailaoshan orogenic belts. Data sources of mafic
rocks are the same as those in Figure 9.

6.2.3. Late Triassic Postcollisional Extension (ca. 235-202 Ma)

Yang et al. [43] proposed that magmatism in the Jomda—-Weixi—Yunxian volcanic
arc ceased during the Late Triassic (ca. 235-210 Ma), whereas the onset of magmatism
appeared in the Early Permian throughout the arc. Late Triassic (ca. 235 Ma) Taizhong
amphibolite and granodiorite in the northern DAMB are characterized by negative Nb,
Ta, Zr, and Hf anomalies (Figure 9f), and positive eNd(t) and ¢Hf(t) values (+2.90 to
+4.63 and +9.9 to +14.1, respectively) suggested that these rocks were derived from
depleted mantle metasomatized by subducted oceanic sediments [117]. However, four
amphibolite samples (Group 5) in the Batang area yield zircon U-Pb crystallization ages
of 231.7 &+ 2.4 Ma and 229.9 £ 0.6 Ma (Figure 4a,d). These samples display low SiO;
(44.42 wt.% to 46.51 wt.%), medium K,O (0.80 wt.% to 1.09 wt.%), variable Mg# (39 to
57) and calc-alkaline characteristics (Figure 5b). The negative eNd(t) (—5.14 to —6.77)
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and variable eHf(t) values (+1.01 to —7.90) suggest that these calc-alkaline rocks have
been highly contaminated by crustal components (ca. 30%; Figure 7b). However, such a
high extent of assimilation of the crustal components would make it difficult to maintain
their basaltic compositions. Generally, mafic lower crust-derived melts are characterized
by low Mg# (<40) regardless of melting degrees, whereas those with Mg* > 40 and low
5iO, contents can only be obtained with the involvement of a mantle source [118,119],
indicating that the additional crustal components may originate from the mafic lower
crust. In addition, the high-Mg* sample (Mg” > 40) have relatively high Nb, Ta and
Nb/Th ratios (Supplementary Table S2) with no clearly negative Nb and Ta anomalies in
the Primitive mantle-normalized trace element patterns (Figure 9e¢), indicating that the
parental magma to Group 5 mafic rocks was enriched in HFSE and LREE relative to LILE.
The variable eHf(t) values and low eNd(t) values of the Group 5 mafic rocks strongly
suggest the involvement of a crustal component in their petrogenesis. Therefore, the
Group 5 mafic rocks may be the result of upper crustal assimilation and mafic magmas
derived from partial melting of a fertile mantle. Moreover, the felsic vein, which has
a crystallization age of 227.1 &+ 1.1 Ma (Figure 3g) and ¢Hf(t) values (—5.32 to —8.73,
except for one zircon with —28.70; Figure 7c; Supplementary Table S4) similar to those
of the Batang amphibolites (Group 5), intruded into this mafic rock (Figure 2d). This
phenomenon is likely evidence of bimodal magma in the Jinshajiang orogenic belt. These
bimodal magmatic rocks in the Batang area may represent an extensional setting during
the Late Triassic. In fact, there are four postcollisional extensional rift basins along the
Jinshajiang orogenic belt, namely, the Luchun-Hongpo, the Reshuitang—Cuiyibi, the
Xialaxiu-Sinda, and the Zhaokalong—-Jomda basins. The former two basins, where the
Batang area is located, are characterized by bimodal basalt-rhyolite and bathyal turbidite
and arenaceous—politic flysch [59]. Additionally, the Late Triassic Taizhong amphibolites
in the DAMB have trace element patterns similar to those of the Batang amphibolites
(Group 5; Figure 9¢,f). Their single-stage and two-stage Hf model ages (Tpyi and Tpwp)
are clearly older than the zircon U-Pb ages [117], indicating that crustal contamination
was influential in the magmatic evolution [120]. These rocks with MORB-like isotopic
compositions were likely formed by partial melting of the overriding lithosphere under
decompression and thermal erosion of the upwelling asthenospheric mantle in a postcol-
lisional extensional setting [121]. The MP metamorphic condition of this period further
suggest that it was a stage of extensional setting following collisional orogeny. The
crustal extension in the orogenic belt may be due to mountain root delamination [122]
or breaking-off of the subducting slab [121] underneath the orogenic belt. Both pro-
cesses would cause upwelling of the asthenosphere, resulting in lithospheric thinning
and heating of the lower crust and then facilitating crustal uplift and extension. This
tectonothermal event may also have contributed to the Late Triassic magmatism in the
Youjiang Basin, southwestern China [123,124].

6.3. Geodynamic Model for the Evolution History of the JASB

The Paleo-Tethyan geodynamic evolution of the JASB has been debated for
decades [9,38,51,125,126], especially the processes of subduction and closure of the JASO,
which complicate our understanding of the tectonic history of the Eastern Paleo-Tethyan
Ocean (e.g., [10,22,25,44,59]). Some researchers believe that the JASO evolved continu-
ously from the Ordovician to Triassic and underwent the following stages: (1) continental
rift during the Late Ordovician-Early Devonian (e.g., [11,19]); (2) ocean ridge expansion
during the middle Devonian to late Carboniferous (e.g., [19,20,42]); (3) unidirectional
subduction (e.g., [39,61,127]) or bidirectional subduction (e.g., [112,128,129]) during the
Early Permian to Early Triassic; and (4) closure of the JASO and collision between the
SCB and the QSIB during the Early to Middle Triassic (e.g., [4,19,24,78,130]). However,
Xu et al. [131] suggested that there was a long-lived ocean in the northern QSIB during
the Late Neoproterozoic to Late Carboniferous. Subsequently, a short period of collision
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occurred between the NQB and the SCB in the Late Carboniferous, indicating that the
northern segment of JASO closed during this period.

By integrating previously available geological data and the findings of our study,
especially magmatic and metamorphic data from the JASB, the Early Permian to Late
Triassic tectonic evolution of the JASB is reconstructed in Figure 12 and outlined below.
During the Early Permian period (ca. 288-272 Ma), the JASO subducted westward under
the QSIB and formed a continental margin arc along the JYTA (Figure 12a). Subsequently
(ca. 272-265 Ma), continuous subduction and slab rollback resulted in overriding plate
extension to open a back-arc basin in the Batang-Yaxuangiao area and to form Middle
Permian MORB-like magmatic rocks. Meanwhile, subduction-associated magmatism
that resulted from the eastward subduction of the JASO may have occurred on the
southwestern margin of the SCB. Therefore, bipolar subduction of the Ailaoshan-Song
Ma Paleo-Tethys Ocean possibly occurred in the Middle Permian and ended in the Early
Triassic (Figure 12b). In the Middle Triassic (ca. 248-237 Ma), the collision between the
QSIB and SCB closed the JASO and produced an intense orogenic magma and associated
HP metamorphic rocks (e.g., eclogite) in the JASB (Figure 11c). Finally, the postcollisional
extension along the JASB led to the MP metamorphic event and bimodal magmatism
during the Late Triassic (ca. 235-202 Ma; Figure 12d).

(a) Early Permian (ca. 288-272 Ma)

Jomda-Weixi-Yaxuangiao-
Truong Son volcanic belt

-, @)
T Ophiolite

Jinshajiang-Ailaoshan-Song Ma
Paleo-Tethyan Ocean

(b) Middle Permian-Early Triassic (ca. 272-249 Ma)

Jomda-Weixi-Yaxuanqiao- . . o )
Truong Son volganic belt Jinshajiang-Ailaoshan-Song Ma

S Paleo-Tethyan Ocean @\ -
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Figure 12. Cont.
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(c) Middle Triassic (ca. 248-237 Ma)

Collisional orogeny

Ophiolite

(d) Late Triassic(ca. 235-202 Ma)

Bimodal magma

., / Ophiolite

Figure 12. Schematic model illustrating the development of the JASB during the Early Permian to
Late Triassic.(a) During the Early Permian period (ca. 288-272 Ma), the JASO subducted westward
under the QSIB and formed a continental margin arc along the JYTA; (b) During Middle Permian to
Early Triassic (ca. 272-265 Ma), continuous subduction and slab rollback resulted in overriding plate
extension to open a back-arc basin in the Batang-Yaxuangiao area and to form Middle Permian MORB-
like magmatic rocks. Meanwhile, subduction-associated magmatism that resulted from the eastward
subduction of the JASO may have occurred on the southwestern margin of the SCB. (c¢) During the
Middle Triassic (ca. 248-237 Ma), the collision between the QSIB and SCB closed the JASO and
produced an intense orogenic magma in the JASB; (d) During the Late Triassic (ca. 235-202 Ma), the
postcollisional extension along the JASB led to the MP metamorphic event and bi-modal magmatism.

7. Conclusions

Based on an integration of geochronological, geochemical, and isotopic studies of the
JASB, we obtain the following conclusions.

The Batang E-MORB- and N-MORB-like mafic rocks (Group 1 and Group 2) yield
zircon U-Pb ages of 265.8 & 1.9 Ma and 262.2 £ 1.0 Ma. Their eNd(t) and eHf(t) values
show typical island arc arrays. These Early Permian to Early Triassic arc/back-arc basin
rocks (ca. 288-248 Ma), widely exposed on both sides of the JASB, suggest that subduction
of the JASO commenced in the Early Permian and bipolar subduction occurred during the
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Middle Permian to Early Triassic. This study proposes that the westward subduction of the
JASO is about 16 Ma earlier than eastward subduction.

The Batang (Group 4) and Lvchun Gabbros (Group 7) yield zircon U-Pb ages of
246.2 + 0.6 Ma to 236.9 + 3.0 Ma with high SiO; contents and low Mg” values. These
rocks show similar eNd(t) and eHf(t) values to continental crust. Based on these findings
and previous studies, we propose that the closure of the JASO occurred in the Middle
Triassic (ca. 248-237 Ma), involving the collision between the SCB and the QSIB, and
leading to syncollisional continental subduction.

The Late Triassic Batang mafic (Group 5) and felsic rocks are bimodal magmas with
zircon U-Pb ages of 231.7 & 2.4 Ma to 227.1 £ 1.1 Ma. These mafic rocks have negative
eNd(t) and eHf(t) values, and show terrestrial array characteristics. The results of the
eNd(t) values and La/Nb ratios simulations indicate that approximately 30% of crustal
components account for the generation of these rocks. These characteristics suggest that
these rocks were probably the result of magma diapirs in a postcollisional extensional
setting during the Late Triassic. Our data precisely constrain the Paleo-Tethyan orogenic
process on the southwest SCB. This probably represents one of the best examples of ocean-
continent transition following bipolar subduction.
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