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Editorial on the Research Topic

Permian-Triassic Tethyan orogeny along the southern Eurasian margin

As one of the major Phanerozoic orogenic belts on Earth, the Palaeo–Tethyan

orogenic system along the southern Eurasian margin is characterized by multiple

magmatic, sedimentary, metamorphic and mineralization events, recording the

oceanic basin closure and terrane accretion during the convergence of Cimmerian

microplates. A systematic study of these petrological and metallogenic records is

beneficial to understand the assembling processes of the Cimmerian terranes, and

thus helps to reconstruct the pre–Cenozoic evolution history of the Tethyan orogenic

system. Although important advances have been made over the last decades, many parts

of this orogenic system are poorly studied, and some key scientific problems need to be

further studied by multidisciplinary integrated approaches. Therefore, we launched a

Research Topic in Frontiers in Earth Science to discuss 1) Tethyan tectonic evolution and

dynamic processes; 2) sediment provenance and paleogeographic reconstructions within

the Tethyan realm; 3) geodynamic similarities and differences in other tectonic realms.

This Research Topic collects 10 papers from different disciplines, which helps to

understand the tectonic evolution and geodynamic processes in the Tethyan realm.

Among them, three articles focus on sedimentary provenance, sedimentary structure and

tectonic implications. For example, Han et al. studied the provenance of the Lower

Triassic Qingtianbao Formation in the southwestern margin of the South China Craton.

Their results suggest that the Palaeo–Tethyan Ocean may undergo unidirectional

subduction westward beneath the Indochina Block during the Late Permian–Early

Triassic, providing an important constraint to the subduction polarity of the Eastern

Tethyan ocean. Lv et al. studied the sandstone petrography and detrital U-Pb age of the

Lower Jurassic Baitianba Formation from the Sichuan Basin, which helps to understand

the pre-collisional tectonic evolution of the basin–mountain system at the margin of the
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Tibetan plateau in the Cenozoic. Liang et al. focused on the age

and tectonic nature of the late Paleozoic to early Mesozoic

sedimentary succession in the Sanjiang Tethyan orogenic belt,

SE Tibetan Plateau, and revealed that the studied succession

deposited within a retro-foreland basin along the rear part of the

Permian-Triassic magmatic arc in response to flat subduction of

the Palaeo–Tethyan Ocean.

Three papers within this Research Topic provide insights

into tectono-magmatism and mineralization. Gan et al. studied

one Triassic adakitic pluton in East Kunlun orogen, Northern

Tibetan Plateau, to constrain its petrogenesis and tectonic setting.

Their study results suggest that the Late Triassic adakitic

magmatism in East Kunlun orogen may be the response to

the tectonic transition from oceanic subduction to

post–subduction extension, and the reworking of ancient

continental crust is the major mechanism of continental crust

evolution in the Palaeo–Tethyan orogenic belt. Li et al. studied

the Peridotite xenoliths to constrain the nature and evolution of

the mantle beneath SE China. Their study reveals the precise

timing of the mantle evolution from enriched to depleted,

providing ideas and references for exploring the evolution

process of the Tethyan mantle. Liu et al. studied the

geochronology and geochemistry of high-Mg monzodiorite in

the Lhasa terrane, Southern Tibetan Plateau. Their study results

suggest that the delamination of the thickened crust may have

occurred after the collision between the Lhasa block and the

Qiangtang block.

Two articles published on this Research Topic focus on

metamorphism and Tethyan tectonic evolution. Lu et al.

presented EPMA major and LA-ICP-MS trace element studies

on the garnets in the ultrahigh-pressure eclogites from the

Changning-Menglian Tethyan suture. Their results reveal the

rapid exhumation, cooling and decompression processes

after short-term peak metamorphism during the closure of

the Palaeo-Tethyan ocean. Fu et al. studied petrology,

geochemistry, geochronology and Sr-Nd-Hf isotopes of the

Bangbing eclogites in the SE Tibetan Plateau. Their study

suggests that the Changning-Menglian Tethyan suture zone

is a typical oceanic subduction-accretionary belt, and the

Palaeo-Tethyan oceanic subduction lasted during the Early-

Middle Triassic followed by the rapid exhumation in the Late

Triassic.

Big Data and Machine Learning are becoming more and

more important tools for geoscience research, and their

combination may create unexpected solutions to conventional

geoscience problems. This Research Topic collects two

representative studies to show the powerful role of this new

research tool. Li et al. used big data and geostatistical models of

geochemical elements to study the viscosity variation of basalts,

aiming to discover more potential new hydrothermal or massive

sulfide fields. Their studies provide a possible rule for the

hydrothermal vents’ exploration. Hu et al. used computer

image recognition technology to calculate fault multifractality

and applied this method to fault study of the Permian Maokou

Formation in Sichuan Basin, western Yangtze Block. Their study

results suggest that the Sichuan basin was affected by Tethyan

collisional orogeny in Triassic, which controlled the NW–SE

compressional environment and the NE-trending faults.

In conclusion, the articles collected in this topic are the

results of multidisciplinary research including petrology,

sedimentary geology, structural geology, marine geology and

geochemistry. We hope that the articles within this Research

Topic would provide further insights into the tectonic evolution

and geodynamics of the Tethyan orogenic system.
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Adakites or adakitic rocks usually show special geochemical signatures and are
petrological probes to reveal the tectono–magmatic evolutionary history of
paleo–orogenic belts. Here, we present a comprehensive study on the zircon U–Pb
geochronology, whole-rock geochemistry, and zircon Lu-Hf isotopes of Mogetong
adakitic pluton in East Kunlun orogen, Northern Tibetan Plateau, to constrain its
petrogenesis and tectonic setting, and thus to reveal its implications for the
Paleo–Tethyan orogeny. The studied pluton comprises of quartz monzonite porphyry
with zircon U–Pb crystallization age of ca. 215 Ma, which is coeval to their diorite enclaves
(ca. 212Ma). The quartz monzonite porphyries have intermediate SiO2 (63.31–65.74 wt
%), relatively high Al2O3 (15.52–16.02 wt%), K2O (2.83–3.34 wt%), and Sr (462–729 ppm),
but low Y (9.14–15.7 ppm) and Yb (0.73–1.39 ppm) with high Mg# (47–55), Sr/Y (30–57)
and La/Yb ratios resembling typical high–K calc-alkaline and high Mg# adakitic rocks.
Zircon Lu–Hf isotopes show that the studied samples have weakly juvenile zircon Lu-Hf
isotopes (εHf(t) = 1.80–4.03) with older model age (1.00–1.14 Ga). The relative low content
of Cr (14–59 ppm) and Ni (8–30 ppm), as well as the petrological, geochemical, and Lu-Hf
isotopic data, indicates that theMogetong adakitic rocks were generated by partial melting
of thickened lower crust with a certain contribution of the underplated mantle-derived
magma in slab break-off setting. This study shows that the Late Triassic adakitic
magmatism in East Kunlun orogen may be the response of tectonic transition from
oceanic subduction to post–subduction extension, and the reworking of ancient
continental crust with subsequent variable crust-mantle magma mixing is the major
mechanism of continental crust evolution in the Paleo–Tethyan orogenic belt.
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INTRODUCTION

The East Kunlun orogen, one composite Tethyan tectonic belt in
the Northern Tibet Plateau, contains large–scale
Permian–Triassic granitoid batholiths and coeval volcanic
rocks and thus constitutes a giant magmatic arc (Xiong et al.,
2014; Zhang et al., 2021; Zhong et al., 2021). The East Kunlun
magmatic arc records the subduction of the Paleo–Tethyan

oceanic lithosphere and the subsequent syn–collision and
post–collisional extension, which is the ideal window to
understand the tectonic evolution, magma–related
mineralization, and crustal growth of Paleo–Tethyan orogenic
belt and to understand the crustal growth mechanism and
orogeny of Tibetan Plateau (Xiong et al., 2012, 2014, 2019;
Huang et al., 2014; Li et al., 2015, 2018). However, the
petrogenesis and tectonic settings of these Paleo–Tethyan

FIGURE 1 | (A) Tectonic outline of the Tibetan Plateau showing the location of East Kunlun orogen (after Roger et al., 2004); (B) Simplified geological map of the
eastern section of East Kunlun showing the distribution of Permian-Triassic granites (after Xiong et al., 2014); (C) Simplified geological map of the studied Mogetong
pluton.
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orogeny–related granitoids and volcanic equivalents are still hotly
debated and several controversial models have been proposed For
example, some studies propose that most Permian to Middle
Triassic granitoids are formed in a subduction setting and the
Kunlun Paleo–Tethyan ocean was finally closed in Late Triassic,
while other studies emphasize that the Kunlun Paleo–Tethyan
ocean was closed in Late Permian, and the Late Permian–Triassic
granitoids all are generated in post–collisional setting, while some
scholars even propose that the Paleo–Tethyan oceanic subduction
lasted until the Late Triassic or Jurassic (Huang et al., 2014; Xiong
et al., 2014; Chen et al., 2015, 2017; Ding et al., 2015; Li et al., 2015,
2018; Liu et al., 2017; Dong et al., 2018; Yu et al., 2020).

Recently, some studies reveal that Triassic adakites or adakitic
rocks were developed in East Kunlun orogen (Yuan et al., 2009;
Xiong et al., 2014; Chen et al., 2017; Zhang et al., 2017; Liang et al.,
2021; Zhong et al., 2021), providing a special probe to unravel the
tectonic–magmatic evolution of East Kunlun Paleo–Tethyan
orogeny, since the adakites or adakitic rocks are unique with
distinct geochemical signatures (e.g., high Sr/Y ratios and low Y
and Yb) and can be formed in certain tectonic settings (Defant
and Drummond, 1990; Martin et al., 2005; Castillo, 2012). Early
studies show that adakites can be formed by partial melting of the
subducted oceanic slab (Defant and Drummond, 1990; Castillo,
2012), melting of the thickened lower crust (Petford and
Gallagher, 2001; Chung et al., 2003; Hou et al., 2011; Yu et al.,
2018, 2019), melting of delaminated lower crust with mixing with
mantle material (Xu et al., 2002; Wang et al., 2007a), magma
mixing between mafic and felsic magma and differentiation of
mantle–derived magma by fractional crystallization of
hornblende and/or garnet (Qin et al., 2010; Foley et al., 2013).
Thus, identifying the petrogenetic types of adakitic rocks and
constraining their magmatic ages and tectonic settings is the key
to revealing the tectonic–magmatic evolutionary history and
crustal growth mechanism of Paleo–orogenic belt.

In this study, new petrological, geochronological, and
geochemical data for a Late Triassic adakitic pluton in East
Kunlun orogen are presented. Since previous case studies
focus on the Middle Triassic adakitic rocks in East Kunlun
orogen, the petrogenesis and tectonic setting of Late Triassic
adakitic rocks remain unknown. Thus, the aim of this study is to:
1) comprehensively characterize the geochemical affinities of the
Late Triassic adakitic rocks in East Kunlun orogen, and 2) reveal

their petrogenesis and geodynamic implications for the Triassic
tectonic–magmatic evolution of East Kunlun orogen.
Collectively, this dataset aims to advance the understanding of
the Paleo–Tethyan orogeny, magmatism–related metallization
and crustal growth in Northern Tibet Plateau.

GEOLOGICAL SETTING

The East Kunlun Orogenic Belt (EKOB), located in northwestern
China, extends east–west for up to 1,500 km, is bounded by the
Qaidam Basin to the north, the Bayan Har–Songpan–Ganzi block
to the south, the Qinling–Dabie orogenic belt to the east and the
NE–trending Altyn Tagh fault to the west (Figure 1A; Xiong
et al., 2015; Yu et al., 2018; Liu et al., 2021; Peng et al., 2021).
Based on the central and south Kunlun faults, the EKOB can be
divided into the North East Kunlun terrane and the South East
Kunlun terrane (Figure 1B). The EKOB is part of the
Paleo–Tethyan tectonic domain, and the Kunlun A’nyemaqen
ophiolite belt represents the missing Paleo–Tethys ocean (Yang
et al., 1996; Bian et al., 2004). Previous studies indicate that the
Kunlun A’nyemaqen Paleo–Tethys oceanic slab began to subduct
beneath the Kunlun terrane in the late Permian, but when and
how did the ocean close remains a great debate. Due to the
Paleo–Tethys oceanic subduction and subsequent collision,
large–scale late Permian to Triassic magmatism occurred in
the EKOB (Figure 1B; Xiong et al., 2014; Yu et al., 2017;
Dong et al., 2018). Furthermore, numerous late Triassic
porphyry and skarn–type mineral deposits occurred during the
Paleo–Tethys orogeny (Table 1; Xia et al., 2017; Zhang et al.,
2017; Qu et al., 2019; Zhong et al., 2021), making the EKOB one of
the most important polymetallic belts in China. Thus, studying
the petrogenesis of late Triassic igneous rocks is not only
conducive to revealing the magmatic–tectonic evolution of
EKOB, but also conducive to understanding the metallogeny
background of late Triassic porphyry or skarn–type deposits.

SAMPLING AND PETROGRAPHY

The studied Mogetong pluton is located in the south Kunlun
terrane and exposes it as a small stock of about 8 km southwest to

TABLE 1 | Compilation of geochronological age data for Triassic magmatic rocks associated mineralization in East Kunlun.

Region/Mining area Deposit type Dating sample Dating method Age (Ma) Reference

Tawenchahan Skarn-type Fe-Cu-Zn deposit Muscovite 39Ar-40Ar 229.9 ± 3.5 Tian et al. (2013)
Yazigou Skarn-type Fe-Mo deposit Molybdenite Re-Os isochron 210.1 ± 4.8 Feng et al. (2010)
Hutouya Skarn-type Fe-Cu-Zn deposit Molybdenite Re-Os isochron 225.0 ± 4.0 Feng et al. (2011)
Suolajier Skarn-type Cu-Mo deposit Molybdenite Re-Os isochron 239 ± 1.1 Feng et al. (2009)
Yazigou Porphyry-type Cu-Mo deposit Molybdenite Re-Os isochron 224.7 ± 3.4 He et al. (2009)
Changshan Porphyry-type Mo deposit Molybdenite Re-Os isochron 218 ± 228 Feng et al. (2010)
Yemaquan Skarn-type Fe-Zn deposit Phlogopite 39Ar-40Ar 222.0 ± 1.3 Liu et al. (2017)
Shuangqing Skarn-type Fe deposit Molybdenite Re-Os isochron 226.5 ± 5.1 Xia et al. (2015)
Lalingzaohuo Skarn-type Mo-Fe deposit Molybdenite Re-Os isochron 214.5 ± 4.9 Wang et al. (2013)
Saishentang Skarn-type Cu deposit Molybdenite Re-Os isochron 223.4 ± 1.5 Wang et al. (2015)
Naomuhun Skarn-type Au deposit Sericite 39Ar-40Ar 227.8 ± 1.3 Li et al. (2017)
Shiduolong Skarn-type Mo-Pb-Zn deposit Molybdenite Re-Os isochron 233.4 ± 9.6 Xia et al. (2015)
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the Tuosuo Lake (Figures 1B,C). The studied pluton consists of
quartz monzonite porphyry and it intrudes into the early Triassic
sandstone (Figures 2A,B). Mafic microgranular enclaves
(MMEs) occur sporadically in the Mogetong pluton, and the
MMEs are mainly composed of diorite and usually show sharp
contact with the host quartz monzonite or quartz monzonite
porphyry (Figures 2C,D).

The host quartz monzonite porphyry shows porphyritic
texture with phenocryst minerals of plagioclase (5–7 vol%),

K-feldspar (3–5 vol%), quartz (5–8 vol%), and biotite (2–3 vol.
%). The matrix of the quartz monzonite porphyry comprises fine-
grained plagioclase (40–45 vol. %), K-feldspar (25–30 vol%),
quartz (8–10 vol%) and biotite (2 vol%) as well as minor
accessory minerals of zircon, titanite, apatite, and opaque
minerals (Figure 2E). While the MMEs are texturally and
mineralogically different to their host rocks, showing fine-
grained granitic texture with major minerals of euhedral
plagioclase (45–50 vol%), hornblende (20–25 vol%), biotite (5

FIGURE 2 | Field and microscope graphics of the Mogetong pluton in the East Kunlun. (A–B) Host quartz monzonite porphyry; (C–D) Mafic enclave hosted in
quartz monzonite porphyry; (E–F) Microphotographs of the quartz monzonite porphyry and enclave, respectively. Abbreviations: Amp, amphibole; Bi, biotite; Kfs,
K-feldspar; Pl, plagioclase; Q, quartz.
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vol%) as well as subhedral K-feldspar (10–15 vol%) and anhedral
quartz (5 vol%) (Figure 2F). Nine representative samples were
sampled for the geochemical study, and two samples, i.e., the
quartz monzonite porphyry (sample 17MD22–1) and the MMEs
(sample 18NM42–4) were collected for zircon U–Pb dating at
N35°18.8′, E98°18.9’.

ANALYTICAL METHODS

The studied samples were collected from fresh outcrops and
zircons were separated by heavy liquid and magnetic methods.
Zircon grains were photographed with an optical microscope and
the internal structures were analyzed by cathodoluminescence
(CL). Zircon U–Pb dating was finished by laser
ablation–inductively coupled plasma–mass spectrometry

(LA–ICP–MS) at the Stake Key Laboratory of Geological
Processes and Mineral Resources (GPMR), China University
of Geosciences, Wuhan. Laser sampling was performed using a
GeoLas 2005 system with a spot size of 32 μm. An Agilent 7500a
ICP–MS instrument was used to acquire ion signal intensities.
Helium was applied as a carrier gas, and Ar was used as the
make–up gas and mixed with the carrier gas via a T–connector
before entering the ICP source. Nitrogen was added to the central
gas flow (Ar + He) of the Ar plasma to lower the detection limits
and improve precision. Concordia diagrams and weighted–mean
ages were made by Isoplot/Ex_ver3 (Ludwig, 2003). Data were
processed using ICPMSDataCal (Liu et al., 2010). The detailed
operating conditions for the laser system and ICP–MS
instrument are as described by Liu et al. (2013).

Whole–rock samples were crushed in a corundum jaw crusher
(to 60 mesh). About 60 g of this material was powdered in an

TABLE 2 | LA-ICP-MS zircon U-Pb data for the Mogetong quartz monzonite porphyry and enclave in the East Kunlun orogen, northern Tibetan Plateau.

Analysis Contents Ratios Isotopic ratios Isotopic ages (Ma)

Th U Th/U 207Pb/
206Pb

1σ 207Pb/
235U

1σ 206Pb/
238U

1σ 207Pb/
206Pb

1σ 207Pb/
235U

1σ 206Pb/
238U

1σ

17MD11-2 (quartz monzonite porphyry)
1 537 1,430 0.38 0.0503 0.0022 0.2404 0.0107 0.03448 0.00049 209 102 219 9 219 3
2 436 852 0.51 0.0507 0.0029 0.2382 0.0132 0.03440 0.00056 228 133 217 11 218 3
3 738 1,213 0.61 0.0507 0.0034 0.2391 0.0155 0.03375 0.00049 228 156 218 13 214 3
4 298 576 0.52 0.0549 0.0056 0.2497 0.0235 0.03406 0.00097 409 236 226 19 216 6
5 552 1,133 0.49 0.0528 0.0065 0.2442 0.0279 0.03374 0.00077 320 288 222 23 214 5
6 317 609 0.52 0.0482 0.0056 0.2242 0.0256 0.0335 0.0008 109 252 205 21 212 5
7 395 746 0.53 0.0497 0.0031 0.2335 0.0147 0.0337 0.0005 189 144 213 12 213 3
8 354 709 0.50 0.0609 0.0044 0.2848 0.0195 0.0345 0.0009 639 157 254 15 219 5
9 463 992 0.47 0.0504 0.0035 0.2404 0.0163 0.0342 0.0007 217 156 219 13 217 4
10 403 837 0.48 0.0512 0.0042 0.2382 0.0181 0.0344 0.0007 250 189 217 15 218 4
11 464 896 0.52 0.0517 0.0067 0.2435 0.0283 0.0341 0.0010 272 274 221 23 216 6
12 558 1,057 0.53 0.0499 0.0032 0.2300 0.0146 0.0334 0.0005 187 150 210 12 212 3
13 332 639 0.52 0.0517 0.0056 0.2433 0.0275 0.0342 0.0010 272 51 221 22 217 6
14 423 763 0.55 0.0517 0.0049 0.2387 0.0210 0.0342 0.0007 272 218 217 17 217 4
15 547 733 0.75 0.0505 0.0044 0.2353 0.0206 0.0336 0.0006 217 5 215 17 213 4
16 626 784 0.80 0.0512 0.0030 0.2336 0.0133 0.0338 0.0005 256 140 213 11 214 3
17 444 900 0.49 0.0531 0.0044 0.2404 0.0205 0.0332 0.0010 345 195 219 17 211 6
18 652 1,610 0.40 0.0527 0.0044 0.2509 0.0198 0.0345 0.0006 322 186 227 16 218 4
19 480 1,077 0.45 0.0519 0.0034 0.2402 0.0147 0.0339 0.0006 280 155 219 12 215 4
20 321 710 0.45 0.0534 0.0057 0.2439 0.0206 0.0345 0.0011 346 241 222 17 219 7
21 250 493 0.51 0.0535 0.0095 0.2445 0.0407 0.0337 0.0012 354 357 222 33 214 8
22 648 1,151 0.56 0.0498 0.0026 0.2307 0.0117 0.0336 0.0004 187 120 211 10 213 3
23 314 658 0.48 0.0529 0.0068 0.2404 0.0291 0.0336 0.0012 328 97 219 24 213 8

18NM42-4 (enclave)
1 510 791 1.02 0.0506 0.0027 0.2316 0.0123 0.0330 0.0004 233 121 211 10 209 3
2 315 568 1.11 0.0537 0.0056 0.2472 0.0250 0.0336 0.0007 367 237 224 20 213 4
3 458 876 0.41 0.0512 0.0036 0.2384 0.0167 0.0337 0.0007 250 165 217 14 214 4
4 527 1,016 0.74 0.0510 0.0030 0.2339 0.0137 0.0332 0.0006 243 137 213 11 210 4
5 601 1,032 0.41 0.0494 0.0031 0.2297 0.0136 0.0339 0.0005 169 148 210 11 215 3
6 448 837 0.10 0.0502 0.0032 0.2356 0.0147 0.0335 0.0006 211 146 215 12 213 4
7 603 1,068 0.68 0.0498 0.0035 0.2301 0.0159 0.0329 0.0006 187 165 210 13 208 4
8 608 1,112 0.03 0.0499 0.0030 0.2300 0.0142 0.0329 0.0006 191 134 210 12 208 4
9 425 773 0.54 0.0504 0.0029 0.2264 0.0118 0.0331 0.0005 217 133 207 10 210 3
10 564 931 0.72 0.0504 0.0039 0.2330 0.0171 0.0334 0.0006 213 178 213 14 212 4
11 673 935 0.43 0.0520 0.0022 0.2380 0.0099 0.0332 0.0004 287 98 217 8 211 3
12 491 816 0.63 0.0510 0.0031 0.2448 0.0157 0.0342 0.0006 239 136 222 13 217 3
13 311 580 0.40 0.0541 0.0035 0.2557 0.0147 0.0352 0.0006 372 151 231 12 223 4
14 498 922 1.24 0.0548 0.0039 0.2555 0.0170 0.0341 0.0006 467 159 231 14 216 4
15 622 1,241 1.03 0.0553 0.0040 0.2463 0.0160 0.0329 0.0007 433 168 224 13 209 4
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agate ring mill to<200mesh for whole–rock geochemical analysis.
The major element analysis was conducted by standard X–ray
fluorescence (XRF) methods, using a Shimadzu Sequential 1800
spectrometer at the GPMR. Precision is <4% and accuracy is <3%
for the major element. The detailed techniques for the major
element analysis were described by Ma et al. (2012). Trace
elements were analyzed using an Agilent 7500a ICP–MS at
GPMR. The samples were digested by HF + HNO3 acid in
Teflon bombs. Analyses of USGS standards (AGV–2,
BHVO–2, BCR–2, and RGM2) indicate an accuracy of
<5–10% for most trace elements. The sample digestion
procedures and ICP–MS methods are as described by Liu
et al. (2008).

In situ zircon Hf isotopic analysis was performed on the dated
zircon domains using an excimer (193 nm wavelength) laser
ablation inductively coupled plasma mass spectrometer
(LA–MC–ICP–MS) at the State Key Laboratory of Continental
Dynamics, Northwest University, Xi’an, China. The GeoLas
200 M laser–ablation system (MicroLas, Göttingen, Germany)
was used for the laser ablation experiments. Helium was used as
carrier gas transporting the ablated sample from the ablation cell
to the ICP–MS torch. A 44 μm beam size was adopted in this
study with a laser pulse frequency of 10 Hz. Zircon standards
91,500, GJ–1 andMonastery were used as references. The detailed
analytical technique for this method was described by Yuan et al.
(2008).

RESULTS

Zircon U–Pb Geochronology
All the studied zircons are euhedral, elongate, inclusion–free, and
transparent. LA–ICP–MS zircon U–Pb data are given in Table 2,
and representative zircon CL images and analyzed spots are
shown in Figure 3. The zircons have euhedral crystal shapes
and exhibit oscillatory or broad zoning. The zircons from the
quartz monzonite porphyry (sample 17MD22–1) and MMEs

(18NM42–4) all have high concentrations of Th and U and
high Th/U ratios (0.38–0.80 and 0.49–0.85, respectively;
Table 2), indicating their magmatic origin (Corfu et al., 2003).

Twenty-three analyses from sample 17MD22–1 yield
concordant 206Pb/238U ages of 211–219 Ma (Table 2) and a
weighted mean age of 215 ± 1 Ma (MSWD = 0.34; Figure 3A),
which is identical to their Tera-Wasserburg U–Pb lower intercept
age of 215 ± 1 Ma (MSWD = 0.85), were within the acceptable
error. Thus, the 215 ± 1 Ma is interpreted as the crystallization age
of the Mogetong quartz monzonite porphyry. Fifteen analyses
from sample 18NM42–4 exhibit 206Pb/238U show ages ranging
from 208 Ma to 223 Ma and yield a concordant age of 212 ± 2 Ma
with a weighted mean age of 209 ± 2 Ma (MSWD = 0.67;
Figure 3B and Table 2). These two ages were consistent with
the acceptable error, so the concordant age of 212 ± 2 Ma
represented the crystallization age of MMEs. Thus, the above
results indicate the zircons of MMEs have nearly identical
crystallization age to that of the zircons in host rocks.

Whole–Rock Geochemistry
Geochemical analyses of representative samples are listed in
Table 3. The Mongetong quartz monzonite porphyries have a
narrow range of SiO2 contents (63.31–65.74 wt%), moderate
contents of TiO2 (0.47–0.68 wt%), Al2O3 (15.19–16.02 wt%),
FeOT (2.54–3.83 wt%), MgO (1.33–2.67 wt%), and high
contents of total alkaline (Na2O + K2O = 7.03–8.19 wt%). The
quartz monzonite porphyries define a sub–alkaline trend in the
total alkalis–silica (TAS) diagram (Figure 4A) and a high-K
calc–alkaline trend with high K2O contents (2.83–3.34 wt%;
Table 3 and Figure 4B). These samples are metaluminous
with A/CNK values of 0.94–1.02 (Table 3), and it is worth
noting that the Mongetong quartz monzonite porphyries
exhibit high Mg# values (47–55). The MMEs show mafic-
intermediate composition with SiO2 of 49.73–56.94 wt%, TiO2

of 1.14–1.20 wt%, FeOT of 6.00–7.93 wt%, MgO of 3.88–3.91 wt
%, and exhibit much higher Na2O/K2O values (2.18–3.23) and
similar Mg# (47–54).

FIGURE 3 | Zircon U-Pb concordia diagrams and reprehensive zircon CL images for the Mogetong quartz monzonite porphyry and MMEs.
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The Mongetong quartz monzonite porphyries are characterized
by enrichment in light rare earth elements (LREEs) and depletion in
heavy rare earth elements (HREEs) [(La/Yb)N = 14.73–32.87;

Figure 5A]. The host rocks and MMEs all display high total
REEs (RREE = 148–222 ppm) and slightly negative Eu anomalies
(Eu/Eu* = 0.8–0.9). To sum up, the host rocks and MMEs exhibit

TABLE 3 | Whole-rock major and trace element compositions of the studied pluton in the EKOB, northern Tibetan Plateau.

Samples 17MD18-4 17MD19-1 17MD20-1 18NM42-5 18NM42-6 18NM42-7 18NM42-8 18NM42-4 18NM42-9

Rock
types

quartz monzonite porphyry enclave

Major element (wt%)
SiO2 64.32 65.74 63.55 63.35 63.43 63.69 63.31 56.94 49.73
TiO2 0.53 0.47 0.64 0.67 0.68 0.65 0.64 1.20 1.14
Al2O3 15.19 15.74 15.40 15.88 16.02 15.66 15.52 16.17 19.59
FeOT 3.02 2.54 3.83 3.54 3.63 3.31 3.32 6.00 7.93
MnO 0.05 0.04 0.07 0.05 0.05 0.06 0.05 0.12 0.16
MgO 1.98 1.33 2.67 1.78 1.79 2.15 2.25 3.88 3.91
CaO 2.45 2.57 2.26 2.52 2.60 3.41 3.19 3.67 10.29
Na2O 5.11 5.00 4.52 4.48 4.51 3.89 4.12 4.66 2.23
K2O 3.08 2.83 3.30 3.28 3.34 3.14 3.19 2.14 0.69
P2O5 0.21 0.20 0.25 0.30 0.31 0.25 0.24 0.46 0.25
LOI 3.65 3.10 2.84 2.97 2.95 2.86 3.43 3.07 2.27
Total 98.85 98.88 98.85 98.68 98.78 98.96 98.76 98.98 99.05
K2O/Na2O 0.60 0.57 0.73 0.73 0.74 0.81 0.77 0.46 0.31
Mg# 54 48 55 47 47 54 55 54 47

Trace element (ppm)
Li 36.9 26.1 60.8 42.4 43.6 64.6 72.0 55.5 34.0
Be 2.35 2.08 2.06 2.51 2.70 2.38 2.19 2.25 1.10
Sc 6.92 4.22 8.48 6.03 6.17 7.75 7.67 14.6 20.8
V 46.1 27.3 60.6 32.9 34.0 52.2 49.9 116 200
Cr 47.7 13.6 59.1 14.1 17.0 37.9 37.7 60 14.5
Co 10.0 6.42 12.7 9.38 9.64 11.3 11.0 22.1 19.7
Ni 25.4 8.22 30.1 10.3 10.6 22.5 21.9 38.0 8.06
Cu 6.94 5.74 10.73 5.00 4.83 10.7 9.4 96.5 8.3
Zn 44.4 56.3 51.1 63.5 62.4 52.2 50.9 77.6 97.0
Ga 17.8 18.4 18.2 18.8 18.4 18.7 18.0 19.6 19.4
Rb 104 92.4 118 135 131 100 113 89.7 29.1
Sr 557 524 599 515 462 729 660 770 668
Y 12.9 9.14 15.2 15.4 15.7 14.1 13.8 24.1 21.7
Zr 166 174 173 196 193 172 163 194 105
Nb 19.7 17.9 25.6 26.1 26.4 18.8 18.5 29.7 5.47
Mo 0.33 0.22 0.92 0.18 0.18 0.38 0.25 0.42 0.13
Sn 1.82 1.50 2.49 1.94 2.27 1.65 1.80 2.48 0.92
Cs 4.45 7.07 5.59 5.66 5.21 5.46 7.12 5.46 11.2
Ba 811 881 1,019 800 812 877 752 582 213
La 39.1 35.6 47.0 49.0 39.2 34.0 33.2 44.6 13.1
Ce 70.4 62.4 86.3 91.0 73.3 62.9 61.5 84.5 31.0
Pr 7.64 6.66 8.96 9.35 7.84 6.71 6.46 9.25 4.20
Nd 26.0 22.7 30.9 32.5 28.7 24.5 24.3 35.0 19.0
Sm 4.33 3.63 5.19 5.10 4.94 4.41 4.36 6.36 4.38
Eu 1.06 1.02 1.32 1.29 1.32 1.17 1.14 1.71 1.40
Gd 3.34 2.79 3.99 3.77 3.62 3.37 3.26 5.33 4.34
Tb 0.46 0.35 0.54 0.51 0.50 0.46 0.45 0.77 0.65
Dy 2.37 1.74 2.90 2.78 2.86 2.60 2.58 4.54 3.92
Ho 0.42 0.31 0.56 0.51 0.53 0.50 0.48 0.82 0.76
Er 1.19 0.80 1.52 1.40 1.40 1.36 1.31 2.35 2.17
Tm 0.18 0.12 0.21 0.21 0.20 0.19 0.18 0.32 0.31
Yb 1.13 0.73 1.39 1.24 1.37 1.25 1.18 2.04 1.99
Lu 0.17 0.12 0.22 0.20 0.19 0.18 0.18 0.32 0.31
Hf 4.05 4.06 4.30 4.58 4.49 4.12 3.93 4.51 2.67
Ta 1.43 1.23 1.71 1.80 1.77 1.23 1.16 1.79 0.27
Tl 0.48 0.47 0.66 0.66 0.53 0.48 0.48 0.38 0.17
Pb 21.5 20.6 20.1 22.8 19.4 18.5 16.7 17.0 17.2
Th 12.5 9.82 14.6 14.0 12.1 9.23 8.99 9.76 1.50
∑REE 171 148 206 214 182 158 154 222 109
(La/Yb)N 23.3 32.9 22.9 26.7 19.3 18.4 19.0 14.7 4.5
δEu 0.85 0.98 0.89 0.90 0.95 0.93 0.93 0.90 0.98

Note: Total Fe as FeOT; Mg# = 100*molar MgO/(MgO + FeO); δEu = EuN/(SmN*GdN)
1/2.
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FIGURE 4 | (A) TAS classification and nomenclature diagram (Middlemost, 1994); (B) SiO2 versus K2O diagram for the studied rocks (Peccerillo and Taylor, 1976).

FIGURE 5 | (A) Chondrite-normalized REE patterns [normalization values after Taylor and Mclennan (1985)] and (B) Primitive mantle-normalized trace element
spider diagrams [normalization values after Sun and McDonough (1989)] for the studied Mogetong pluton.

TABLE 4 | Zircon Lu-Hf isotopic compositions for the Mogetong quartz monzonite porphyry in EKOB, northern Tibetan Plateau.

Spots 176Yb/
177Hf

2σ 176Lu/
177Hf

2σ 176Hf/
177Hf

2σ (176Hf/
177Hf)i

εHf(t) 2σ TDM1(Ga) TDM2

(Ga)

17MD22-1 (quartz monzonite porphyry, t = 215 Ma)
1 0.037963 0.000498 0.001003 0.000018 0.282744 0.000027 0.282740 3.57 0.94 0.72 1.03
2 0.039701 0.000682 0.000992 0.000024 0.282694 0.000028 0.282690 1.80 0.97 0.79 1.14
3 0.037362 0.000340 0.001033 0.000015 0.282738 0.000024 0.282734 3.37 0.84 0.73 1.04
4 0.030288 0.000296 0.000760 0.000007 0.282731 0.000031 0.282728 3.16 1.09 0.73 1.05
5 0.031988 0.000344 0.000808 0.000011 0.282725 0.000029 0.282722 2.95 1.00 0.74 1.07
6 0.025587 0.000049 0.000641 0.000002 0.282703 0.000033 0.282700 2.19 1.14 0.77 1.12
7 0.033537 0.000051 0.000839 0.000003 0.282716 0.000027 0.282712 2.61 0.96 0.76 1.09
8 0.046984 0.000145 0.001152 0.000005 0.282734 0.000029 0.282729 3.20 1.00 0.74 1.05
9 0.026424 0.000038 0.000649 0.000001 0.282733 0.000030 0.282730 3.23 1.05 0.73 1.05
10 0.026513 0.000050 0.000646 0.000002 0.282695 0.000030 0.282693 1.92 1.05 0.78 1.13
11 0.039158 0.000119 0.000987 0.000005 0.282740 0.000028 0.282736 3.43 0.99 0.73 1.04
12 0.032284 0.000085 0.000802 0.000003 0.282698 0.000029 0.282695 1.99 1.02 0.78 1.13
13 0.028618 0.000043 0.000704 0.000002 0.282724 0.000029 0.282722 2.94 1.03 0.74 1.07
14 0.042915 0.000034 0.001048 0.000001 0.282715 0.000029 0.282711 2.57 1.01 0.76 1.09
15 0.048916 0.000041 0.001180 0.000002 0.282757 0.000024 0.282753 4.03 0.83 0.71 1.00
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similar trace elements patterns, exhibiting overall enrichment in
large ion lithophile elements (LILE; e.g., Th, U, K) and LREE, and
depleted in high field strength elements (HFSE; e.g., Nb, Ta, Ti and p;
Figure 5B). Importantly, the quartzmonzonite porphyries have high
contents of Sr (462–729 ppm) and Ba (752–1,019 ppm), but low
contents of Y (9.14–15.7 ppm) and Yb (0.73–1.39 ppm) and low
values of Sr/Y (30–57) and La/Yb (27–49), resembling typical
adakites or adakitic rocks.

Zircon Lu–Hf Isotope
Zircon Lu–Hf isotopic data are shown in Table 4. Fifteen spots
were analyzed for the sample 17MD22–1 and all the analyses have
similar initial 176Hf/177Hf values of between 0.282690 and

0.282753. The zircons exhibit weakly juvenile Hf isotopes
(εHf(t) = 1.80–4.03), with Hf isotopic model ages ranging
from 1.00 Ga to 1.14 Ga (Table 4; Figure 6).

DISCUSSION

Magma Source and Petrogenesis
Several Triassic adakitic rocks have been reported in the East
Kunlun orogenic belt, and most of them exhibit crystallization
age of Middle–Late Triassic (Yuan et al., 2009; Xiong et al., 2014;
Chen et al., 2017; Zhang et al., 2017; Liang et al., 2021; Zhong
et al., 2021), thus providing a window to constrain the magma-
tectonic evolution of East Kunlun Paleo-Tethyan orogen. The
studied Mongetong quartz monzonite porphyries have adakitic
affinities, e.g., intermediate SiO2, high Sr, low Y and Yb contents,
and high Sr/Y and La/Yb ratios (Table 3; Figure 7). Their high
SiO2 contents and moderate (CaO + Na2O) values show that the
studied pluton is a high–silicon adakite like the other Triassic
adakitic rocks in East Kunlun (Table 3; Martin et al., 2005;
Castillo, 2012).

Adakites or adakitic rocks were originally recognized in
Cenozoic Aleutian island arcs where their generation is
associated with the subduction of relatively young (≤25 Ma)
oceanic slabs (Defant and Drummond, 1990). Slab melting of
subducted oceanic slabs has been proposed to account for the
genesis of adakitic rocks (Defant and Drummond, 1990;
Drummond et al., 1996; Ma et al., 2014; Zheng et al., 2021).
However, several other mechanisms have also been proposed to
account for the origin of adakitic rocks, such as partial melting of
the thickened basaltic lower crust (Atherton and Petford, 1993;
Chung et al., 2003; Wang et al., 2007a; Yu et al., 2018, Yu et al.,
2019), partial melting of mantle peridotite metasomatized by slab
melt under water–bearing condition (Martin et al., 2005; Castillo,
2008), magma mixing between felsic and basaltic magmas (Qin
et al., 2010; Foley et al., 2013), low–pressure fractional

FIGURE 6 | Zircon εHf(t) versus age diagram. Data sources for the
Triassic felsic igneous rocks in East Kunlun are as follows: Xiong et al. (2012,
2014, 2019), Huang et al. (2014), Li et al. (2015, 2018).

FIGURE 7 | (A) Sr/Y versus Y and (B) (La/Yb)N versus (Yb)N diagrams for the studied adakitic rocks (Defant and Drummond, 1990; Martin et al., 2005). Data
sources for the adakites are from Yuan et al. (2009), Ding et al. (2014), Xia et al. (2014), Xiong et al. (2014), Chen et al. (2017), Shao et al. (2017), Zhang et al. (2017), Yin
et al. (2020), Li et al. (2021), Liang et al. (2021), Zhong et al. (2021) and this study.
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crystallization of parental basaltic magmas (Castillo, 2012; Chen
et al., 2016), and high–pressure fractional crystallization
(involving garnet) of mafic magmas (Martin et al., 2005;
Macpherson et al., 2006; Chiaradia, 2009). Adakitic magmas
derived from melting of subducted oceanic slabs usually
have the following geochemical characteristics: depleted or
relative juvenile radiogenic isotopes with young model ages,
and sodic series with relatively low K2O content and K2O/
Na2O values (Defant and Drummond, 1990; Martin et al.,
2005; Wang et al., 2007b). The Mogetong adakitic quartz
monzonite porphyries have old zircon Hf isotopic model
ages (1.00–1.14 Ga; Figure 6) and they exhibit high K2O/
Na2O values (0.57–0.81) with high-K calc-alkaline affinities
(Figure 4, 8A), which is identical to the felsic rocks derived
from partial melting of the ancient lower continental crust in
East Kunlun (Xiong et al., 2014; Ding et al., 2015; Li et al.,
2021). Moreover, the studied adakitic rocks have weak juvenile
zircon Hf isotopes (εHf(t) = 1.80–4.03), which is much lower
than the East Kunlun Paleo-Tethyan MORB (εHf(t) = 15–20;

Huang et al., 2014; Hu et al., 2016), and it is unlikely that the
Mogetong adakitic quartz monzonite porphyries were derived
from basaltic slab melting. Besides, phase equilibrium
modeling and experimental studies reveal that melting of
either pristine or altered oceanic basaltic slab usually leads
to the generation of high-SiO2 and strongly sodic adakitic
melts (Hernández-Uribe et al., 2019; Li et al., 2022), and the
melts are usually rich in SiO2 (>68 wt%) and Al2O3 (>18 wt%),
but poor in FeO and MgO (<0.2 wt%), which is not the case of
the studied Mogetong adakitic rocks (e.g., potassium, low
contents of Al2O3 (15.19–16.02 wt%) and moderate contents
of SiO2 (63.31–65.74 wt%) and MgO (1.33–2.67 wt%); Figures
4, 8 and Table 3). Besides, the partial melts from fresh or
hydrothermally altered MORB usually have (La/Yb)N >194
and (La/Yb)N >15, respectively, and those from altered MORB
are characterized by strong negative Th anomalies
(Hernández-Uribe et al., 2019), which are not the case of
the studied Mogetong adakitic rocks (e.g., (La/Yb)N =
18–33; enrichment in Th; Figure 5B and Table 3).

FIGURE 8 |Geochemical characteristics of major elements for the studied adakitic rocks and published data for other Triassic adakites in EKOB. Mantle melts, mantle AFC
curves, and crust AFC curves are from Stern and Kilian (1996). Data for metabasaltic and eclogite experimental melts (1–4.0 GPa) are from Rapp et al. (1999) and references
therein. K2O/Na2O versus CaO/Al2O3 andMgO versus SiO2 diagrams are fromWang et al. (2006), Chen et al. (2018) and references therein. Data sources are same to Figure 7.
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FIGURE 9 | (A) La versus La/Yb, (B) Sr/Y versus MgO, (C) Dy/Yb versus SiO2, and (D) δEu versus SiO2 (Drummond et al., 1996) diagrams showing the
compositional evolution of the studied Mogetong adakitic quartz monzonite porphyries and enclaves. Abbreviations: HPFC = high-pressure fractional crystallization;
LPFC = low-pressure fractional crystallization. Data sources are same to Figure 7.

FIGURE 10 | Temporal evolution of zircon εHf(t) and Hf isotopemodel age for the Triassic adakites in East Kunlun orogenic belt. Data sources are same to Figure 7.
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Besides, adakitic magmas derived from partial melting of
thickened basaltic lower crust without crust-mantle interaction
would have relatively low MgO contents and Mg# values, and
these melts are usually characterized by low Mg# values (<40)
regardless of the melting degree (Atherton and Petford, 1993;
Castillo, 2012). The Mogetong adakitic quartz monzonite
porphyries have high Mg# values (Mg# = 47–55; Figures
8B–D), which is distinct from the thickened basaltic lower
crust–derived adakitic rocks. Conversely, adakitic rocks formed

by high-pressure partial melting of continental crust would have
relatively high (Gd/Yb)N ratios (>5.8) (Huang and He, 2010),
however, this is not the case of the Mogetong adakitic rocks ((Gd/
Yb)N = 2.14–3.09). The Mogetong adakitic quartz monzonite
porphyries show partial melting trends rather than fractional
crystallization trends (Figure 9A), indicating fractional
crystallization of parental basaltic magmas may not be the
most critical factor accounting for the genesis of the studied
rocks. Typical adakitic rocks derived by fractional crystallization
of basaltic magmas usually have low SiO2 content (Martin et al.,
2005; Chiaradia, 2009; Castillo, 2012), which is different from the
Mogetong adakitic rocks as well as other Triassic adakitic rocks in
East Kunlun (Figures 8B,D). In addition, given that
high–pressure fractional crystallization involving garnet usually
causes a decrease in HREEs and Y contents, the Sr/Y and Dy/Yb
ratios in the residual magmas should increase with increasing
SiO2 and MgO content (Macpherson et al., 2006; Laurent et al.,
2013). However, the Mogetong adakitic quartz monzonite
porphyries do not show such a trend in the Sr/Y versus MgO
and Dy/Yb versus SiO2 diagrams (Figures 9B,C). During
low–pressure fractional crystallization involving hornblende
and plagioclase, the net effect of hornblende and plagioclase
fractionation is a decrease in δEu with increasing SiO2

content, which is observed in most typical arc adakites
(Martin et al., 2005; Moyen, 2009), but is not present in the
Mogetong adakitic rocks (Figure 9D).

Here, we propose that magma mixing between felsic and
basaltic magmas is the most possible mechanism accounting
for the generation of the studied Mogetong quartz monzonite
porphyries. Their moderate SiO2 contents (63.31–65.74 wt%) but
high Mg# values (47–55), as well as weak juvenile Hf isotopes,
support the model of crust-mantle interaction (Figures 6, 8D).
The studied rocks exhibit much more depleted zircon Hf isotope
than those derived from the ancient continent crust (Figure 6),
indicating the significant contribution of mantle-derived magma.
Furthermore, the high field strength element ratios of these
samples also support the crust–mantle mixing model, such as
their Nb/Ta values (average 14.87) ranging between the average
continental crust (Nb/Ta = 11; Sun and McDonough, 1989) and
the average primary mantle (Nb/Ta = 17.7; Taylor and
McLennan, 1985). The correlation trend between La and La/
Yb also confirms the major role of magma mixing (Figure 9A).
Besides, the presence of the MMEs further indicate the occurring
of magma mixing, although several petrogenetic models have
been proposed for the origin of MMEs (Qin et al., 2010; Xiong
et al., 2012, 2014), including 1) restites, 2) cognate fragments of
cumulates, 3) quenched mafic melts derived from the mantle, and
4) mixing of mafic and felsic magmas. The MMEs in the Late
Triassic Mogetong pluton have granitic textures with euhedral
plagioclase, biotite and amphibole, subhedral K-feldspar, and
anhedral quartz (Figure 2F), which does not support the
cumulates and quenched mafic melts model but indicates
that the MMEs crystallized from a melt. The MMEs have
mafic-intermediate compositions with slightly silica contents
of 49.73–56.94 wt%, which also contradicts the idea of the
MMEs being cognate fragments of mafic cumulates and
quenched mafic melts. Moreover, the euhedral magmatic

FIGURE 11 | Temporal changes of calculated crustal thickness from (La/
Yb)N (A) and Sr/Y (B) for the East Kunlun during the Triassic. Crustal thickness
with uncertainty is calculated by using the correlation equations in Chapman
et al. (2015). Data sources are from Xiong et al. (2012), Huang et al.
(2014), Xiong et al. (2014), Chen et al. (2015), Ding et al. (2015), Li et al. (2015),
Xiong et al. (2016), Chen et al. (2017), Liu et al. (2017), Dong et al. (2018), Li
et al. (2018), Xiong et al. (2019), Yu et al. (2020).
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zircons with clear igneous oscillatory and identical U-Pb ages to
their host rocks also preclude the restite model, but support the
magma mixing model (Figure 3). These features, as well as the
fact of different trace elemental patterns between the MMEs and
their host rocks, support the magmamixing model for the origin
of the studied Mogetong pluton and MMEs, and the
contemporary most mafic enclave (sample 18NM42–9) could
represent the basaltic end-member. The Mogetong adakitic
rocks have variable and positive values of εHf(t) (1.80–4.03)
with moderate Mg# (47–54), which also indicate a mantle
component in their source. However, petrological and
geochemical evidence indicates that the contribution of
mantle material is not significant. For example, the MMEs
are sporadically developed in the Mogetong adakitic pluton
and the host rocks have low contents of Cr (14–59 ppm) and Ni
(8–30 ppm). More importantly, the Hf isotopes of the studied
rocks are much lower than those of the underplating primitive
basaltic magma (εHf(t) = 8–15; Hu et al., 2018) or the Paleo-
Tethyan MORB in the East Kunlun (εHf(t) = 15–20; Huang
et al., 2014; Hu et al., 2016). The continental crust-like Nb/Ta
values of the Mogetong adakitic rocks (14–16) are much lower
than the MORB-like Nb/Ta values of the MMEs (17–20), which
also support this suggestion (Taylor and McLennan, 1985; Sun
and McDonough, 1989).

Implications for Tectonic Setting and
Continent Crustal Evolution
The tectonic evolution of East Kunlun Paleo-Tethyan orogen
during the late Paleozoic to early Mesozoic is still controversial
and the key problem is the timing of the tectonic transition from
oceanic slab subduction to continental collision (Li et al., 2013a,
Li et al., 2018; Liu et al., 2017; Dong et al., 2018; Xiong et al., 2019;
Yu et al., 2020; Zhang et al., 2021). Since there is an obvious
genetic link between the magma source and tectonic setting of
adakitic rocks, the detailed petrogenesis study could contribute to
our understanding of the evolution of Triassic East Kunlun
Paleo–Tethyan orogen. The above discussion on the

petrogenesis shows that the Mogetong adakitic magma was
originated from crust-mantle mixing, indicating that there was
a significant contribution of mantle material in the Late Triassic.
This is further supported by the zircon Hf isotopes of Triassic
adakites (Figure 10). A comprehensive comparison of the Hf
isotopic composition of Triassic adakites in East Kunlun orogen
shows that there is a significant juvenile trend in the Late Triassic
(Figure 10). Besides, the published data shows that there were
two episodic adakitic magmatisms in the East Kunlun orogen, i.e.
the Middle Triassic and Late Triassic, however, the latter is the
main metallogeny stage for the porphyry–and/or skarn–type
deposits (Yuan et al., 2009; Xiong et al., 2014; Chen et al.,
2017; Zhang et al., 2017; Liang et al., 2021; Zhong et al.,
2021). The above characteristics all indicate that the East
Kunlun was in a special tectonic setting during the Late Triassic.

Through an integrated geochemical comparison among the
Triassic adakites in East Kunlun orogen, we propose a revised
tectonic evolution model for the East Kunlun Paleo-Tethyan
orogen. As mentioned above, the crust-mantle magma mixing
is the main genetic mechanism for the Late Triassic adakites in
the East Kunlun, thus, revealing the properties of the late Triassic
mantle-derived magma is the key to understanding the tectonic
setting of Late Triassic adakitic magmatism. Previous studies have
shown that mid-ocean ridge subduction, slab break–off, and slab
roll–back and lithospheric delamination could trigger the
underplating of mantle-derived magma and subsequent crustal
melting and magma mixing (Martin et al., 2005; Wang et al.,
2007b; Tang et al., 2010; Keller and Schoene, 2018). At present,
however, Triassic mafic magmatic rocks with N–MORB affinities,
back-arc basalts, back-arc basin, and the temporal–spatial
migration trend of Triassic magmatism have not been found
or reported in the East Kunlun orogen, precluding the model of
mid-ocean ridge subduction and slab rollback (Hu et al., 2016;
Xiong et al., 2019). Besides, lithospheric delamination-related
magma will interact with mantle peridotite, forming adakitic
magmas with high contents of Ni and Cr (Huang et al., 2008; Qin
et al., 2010), but the Mogetong adakitic quartz monzonite
porphyries do not exhibit high Cr and Ni contents.

FIGURE 12 | Schematic cartoon showing the possible Paleo-Tethyan tectono-magma dynamicmodel for the generation of the studied Late Triassic adakitic pluton
in the East Kunlun.
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Meanwhile, recent studies have shown that whole-rock Sr/Y and
La/Yb ratios of felsic rocks can effectively reveal continent crustal
thickness (Chapman et al., 2015). To eliminate mafic rocks
generated in the mantle and to avoid the influence of magma
mixing and/or highly fractional crystallization on the calculation
results, the data set was filtered to include rocks with moderate SiO2

content (55–68 wt%) and MgO content (one to four wt%). Data
with Rb/Sr > 0.2 or Rb/Sr < 0.05were further discarded, providing a
trace elemental filter for mantle-derived rocks or rocks formed by
melting of pre-existing metasedimentary framework rocks
(Chapman et al., 2015). Using these empirical correlations, we
investigate temporal variations of crustal thickness in the East
Kunlun orogen, and our results suggest that crustal thickness
increased during the Early-Middle Triassic and remained
constant during the Late Triassic (Figure 11). The calculated
results also indicate that the continent crustal thinning of East
Kunlun did not occur during the Late Triassic, precluding the
model of lithospheric delamination in the Late Triassic. Here, we
propose that slab break-off may occur in the Late Triassic, which
induced the underplating of mantle-derive mafic magma and
promoted the melting of thickened crust and subsequent magma
mixing (Figure 12). The Late Triassic OIB-like mafic igneous rocks
and mafic dyke swarms in East Kunlun may be the response of slab
break-off (Hu et al., 2016; Xiong et al., 2019). The slab break–off
model also matches the linear distribution of Late Triassic adakites
along the Eastern Kunlun Paleo-Tethyan suture zone (Dong et al.,
2018). Besides, mantle-derived mafic magma underplating in the
break–off model not only provides heat, but also provides ore-
forming metals, which may be the key to the Late Triassic
mineralization flare-up in the Eastern Kunlun orogen (Zhang
et al., 2017; Zhong et al., 2021). Several pieces of evidence
support the idea that late Triassic Mogetong adakites were
formed in a post–subduction extensional setting, such as
mantle–derived high Nb–Ta rhyolite (213Ma; Ding et al., 2011),
crustal–derived shoshonitic volcanic rocks (228–215Ma; Hu et al.,
2016), and coeval mafic dyke (226–210Ma; Xiong et al., 2011, 2019;
Hu et al., 2016; Liu et al., 2017). The angular unconformity between
Late Triassic land facies volcanic-sedimentary rocks, e.g.,
Babaoshan Formation red clastic sedimentary rocks and E’lashan
Formation volcanic rocks, and underlying sea-land facies strata is
the records of tectonic transition from oceanic subduction to post-
subduction collision or extension (Li et al., 2013a).

This study also suggests that the reworking of the ancient
lithosphere and subsequent magma mixing are the important
mechanisms for the generation of granitoids and continental
crust growth. It is previously well accepted that the growth and
evolution of the continental crust in orogen is mostly dominated
by felsic magmatism, such as the Central Asian Orogenic Belt (Li
et al., 2013b; Kröner et al., 2014), and the late Paleozoic to early
Mesozoic felsic igneous rocks in the Central Asian Orogenic Belt
are characterized by much depleted Sr–Nd–Hf isotopic
compositions, indicating juvenile materials played a key role in
crustal growth in Central Asia (Jahn et al., 2000; Li et al., 2013b;
Xiao and Santosh, 2014). However, our study shows that the
isotopic compositions of the Triassic adakites in East Kunlun are
different from those of the Central Asian Orogenic Belt but
identical to those derived from the melting of Precambrian

continental crust with a contribution of mantle-derived
magma, implying a different crustal evolution mechanism in
East Kunlun (Xiong et al., 2012, 2014; Yu et al., 2017; Li et al.,
2018). We propose that the reworking of a dominantly ancient
continental crust with certain addition of lithospheric mantle
materials is another major mechanism for the generation of felsic
igneous rocks and the evolution of the continental crust.

CONCLUSION

(1) LA–ICP–MS zircon U–Pb geochronology studies show that
the Mogetong quartz monzonite porphyries and enclaves in
East Kunlun have identical crystallization ages of ca.
215–212 Ma. The Mogetong quartz monzonite porphyries
are characterized by high SiO2, K2O and Sr, but low Y and Yb
with high Mg# values, Sr/Y and La/Yb ratios, resembling
typical high–K calc–alkaline and high Mg# adakitic rocks.

(2) Petrology, geochemistry and zircon Lu–Hf isotope reveals that
the Mogetong adakitic quartz monzonite porphyries were
generated by partial melting of thickened lower crust with a
certain contribution ofmagmamixing in slab break-off setting.

(3) This study shows that the Late Triassic adakitic magmatism
in East Kunlun orogen may be the response of tectonic
transition from oceanic subduction to post–subduction
extension and the reworking of ancient continental crust
with subsequent crust-mantle magma mixing is the major
mechanism of continental crust evolution in Paleo–Tethyan
orogenic belt.
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Image Recognition–Based
Identification of Multifractal Features
of Faults
Xiuquan Hu1,2, Hong Liu1*, Xiucheng Tan1, Chi Yi2, Zhipeng Niu2, Jianghan Li2 and Jieyi Li 2

1School of Earth Science and Techology, Southwest Petroleum University, Chengdu, China, 2College of Energy, Chengdu
University of Technology, Chengdu, China

Geologists have made several advances in applying multifractal theory in geology;
however, some questions such as a large statistical workload and low efficiency
remain unanswered. Thus, this study proposes an image recognition–based method
for calculating fault multifractality. First, grayscale processing and binarization of the fault
distribution map were performed. The image was then gridded, and the grids were
numbered. Subsequently, computer image recognition technology was used to count the
number of faults in each grid as a replacement for manual counting. Finally, the fractal
dimensions of the faults were calculated using a multifractal box-counting algorithm. This
method was successfully applied to fracture studies of the Maokou Formation in southeast
Sichuan. Compared to the conventional approach, the proposed method demonstrated
considerably improved work efficiency and accuracy. The results showed that the faults in
the study area exhibited good statistical self-similarity in the scale range, indicating fractal
characteristics. The fractal dimensions of faults with different orientations and the planar
distribution of the fractal dimension contours indicate tectonic stages and stress
magnitude in the study area. The results indicate that the tectonic setting of southeast
Sichuan was formed primarily during the Indosinian, Yanshanian, and Himalayan periods.
From the Indosinian to the early Yanshanian periods, NE-trending faults with relatively large
fractal dimensions developed under NW–SE compressional tectonic stress. From the Late
Yanshanian to Early Himalayan, EW-trending faults were formed by relatively weak N–S
compressional stress and had the lowest fractal dimensions. The NW-trending faults
formed by intense NE–SW compressional tectonic stress in the Late Himalayan region had
the highest fractal dimensions. To promote oil and gas migration and ensure that faults do
not destroy the caprock, oil and gas reservoirs must be in a relatively mild tectonic
environment. Thus, the fractal dimensions of faults in favorable areas should be neither too
high nor too low. The relationship between the fractal dimensions of faults and well test
results in southeast Sichuan indicates that the region along the wells “ls1–xia14–guan3”
(with fractal dimensions of 1.49–1.57) in the study area is a relatively favorable region for oil
and gas preservation.
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INTRODUCTION

Faults play a vital role in the formation of hydrocarbon reservoirs by
providing pathways for oil and gas migration (Woods, 1992; Nagy
et al., 2012; Kasyanova, 2018; Gong et al., 2019; Gong et al., 2021;
Zeng et al., 2022a). Multiple studies on geological structures
(particularly fault systems) have revealed that the distribution and
geometry of geological structures exhibit fractal characteristics.
Fractal theory is a highly effective tool for quantitatively
describing irregular and complex natural structures (Mandelbrot,
1983). It has been widely and successfully employed to describe
geological features and reveal inherent formation patterns. For
example, Boulassel et al. proposed a multifractal analysis–based
method for identifying reservoir fluids that can be used to
delineate oil and gas layers and detect fluid properties (Boulassel
et al., 2021). Flores-Márquez et al. applied multifractal theory to
study the earthquake magnitude series of the Mexican South Pacific
region, and Agterberg constructed multifractal and geostatistical
models of geochemical element concentrations in rocks and deposits
(Agterberg, 2012; Flores-Márquez et al., 2015). Tan et al. analyzed
the multifractality of ore-controlling faults in Altay, Xinjiang, China
(Tan et al., 2010). Xu et al. performed a multifractal analysis of the
fault system in the Nanpu Sag, Jidong Oilfield, China, and identified
hydrocarbon accumulation areas (Xu et al., 2019). However, in
conventional multifractal studies, the faults in each grid are typically
counted manually, and a constantly changing grid length results in a
very large workload and low efficiency. If the faults in a certain grid
are incorrectly counted, the final calculation result is inaccurate.
Thus, this approach has become infeasible with the rapid
development of the information era, as it cannot be used to
process the vast amount of data required for multiple fault analyses.

In recent years, with the rapid development of image
recognition methods, computer image processing and analysis
have been extensively applied in oil exploration, and a
comprehensive system of methods that yields good results has
been achieved (Thompson et al., 2001; Izadi et al., 2015; Ashok
et al., 2016; Patel et al., 2016; Yathunanthan et al., 2017; Ma et al.,
2018; Kuang et al., 2021). For instance, Budennyy et al. proposed
an intelligent lithological method for the description of thin-
section images of rocks under polarized light (Budennyy et al.,
2017). For oil reservoir descriptions, Tyurin et al. applied Ridge
filtering to preprocess borehole image logs for more accurate
identification of the bedding interface (Tyurin et al., 2016).
Additionally, Semukhin et al. used the SUSAN edge detector
to binarize images and introduced an algorithm to calculate the
geometric parameters of the fractures and thus describe their
features (Semukhin et al., 2019). Shape features, which are among
the critical features of images, are stable and do not vary with
image color. Fault distribution maps are often used in structural
geological research as they consist of a collection of lines, image
recognition tools can be applied to them. Therefore, fault
counting in multifractal analyses of fault structures can be
transformed into pattern recognition tasks. The cross-platform
computer vision library OpenCV is one of the most widely used
image recognition tools (Bradski, 2008; Hongbo et al., 2020). It
has overcome the shortcomings of conventional software,
namely, large size and slow running speed, and provides high-

efficiency, lightweight graphics, and image processing. The
OpenCV recognition process primarily consists of image
preprocessing, color extraction, filtering, segmentation,
grayscaling, binarization, and fitting and can recognize the
contours and colors of images that include different shapes
(Zhou et al., 2016a; Wei, 2019). In multifractal analysis of
fault structures using computer image recognition, the faults
in each grid can be counted automatically, replacing manual
counting. The fractal dimensions of all faults in the region and
faults with different orientations were then calculated by solving
the equations of the multifractal box-counting algorithm. Finally,
contour maps of the fractal dimensions were plotted. This
method improves the efficiency and reliability of research and
reduces production and labor costs. In this study, the fractal
dimensions of faults in the entire region of the Maokou
Formation in southeast Sichuan and the differences in fractal
dimensions between faults with different orientations were
analyzed. The results were used to explore the relationship
between the fractal dimensions and tectonic stages,
geodynamics, and hydrocarbon accumulation. We also
searched for favorable oil and gas development areas related to
faults and associated fractures. This study introduces a concept
and method with broad application prospects for oil and gas
exploration.

GEOLOGICAL BACKGROUND

Southeast Sichuan is in the southeastern part of the Sichuan
Basin, spanning Guizhou Province, ChongqingMunicipality, and
parts of Sichuan Province, including the cities and counties of
Shuijiang, Qijiang, Fengdu, Xingwen, Gulin, Tongzi, Chishui, and
Renhuai. The main tectonic structure in the Sichuan Basin is part
of the East Sichuan arc-shaped high-steep fold belt and the
southern low-steep fold belt of the South Sichuan broom-
shaped fold belt. These regions have the strongest tectonic
movements in the basin (Figure 1). This area is a tertiary
geotectonic unit of the Yangtze quasi-platform with widely
distributed mountains, hills, and complex geological structures.
The terrain is high in the south and low in the north, and karst
landforms are common (Xu et al., 2019; Wang et al., 2021; Zhong
et al., 2021). TheMaokou Formation in southeastern Sichuan is in
the interior of the craton basin, where marine carbonate rocks
have been deposited. The tectonic uplift of the Dongwu
Movement resulted in the exposure of the Maokou Formation
limestone to the surface for a long time (8–7 Ma). The Maokou
Formation experienced an epigenetic weathering stage that was
affected by atmospheric water, and its top surface was exposed to
corrosion and weak erosion.

CONCEPTS AND PROCESSES

OpenCV image recognition technology is used in the image
recognition–based multifractal analysis of fault structures to
automatically count the number of faults in each grid.
Multifractal algorithms include box-counting, fixed-radius, and
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fixed-mass methods (Gao, 2004; Sun et al., 2003; Xie et al., 2002;
Xiong et al., 2016; Salat et al., 2017). Because the box-counting
method can be applied to images of arbitrary shapes in practical
applications with outstanding results, most scholars have used
this algorithm to study the fracture fractal dimension value.
Therefore, we employed this algorithm in this study. The main
steps in the image recognition–based multifractal analysis of fault
structures are as follows:

Step 1: The fault distribution map was obtained by a detailed
interpretation of seismic cross-sections and seismic attributes.

Step 2: The color fault distribution map is converted into a
grayscale image using a color transfer function. The
grayscale image was then binarized using the image
thresholding function to distinguish the colors
representing faults from the background color.

Step 3: The height and width of the fault distribution map were
determined, and the initial grid-side length r was set to
cover as much of the study area as possible by a mesh
using the fewest grids possible. The entire image was
divided into N grids numbered 1, 2, 3, . . . i.

Step 4: The outlines of faults in the grids of the binarized image
are detected using the cv2.findContours function in
OpenCV, and the number of faults in each grid ni is
counted, thus completing the fault detection.

Step 5: The number of faults in all grids is summed to obtain the
number of faults in the entire regionM, and the frequency of
fault occurrence in each grid Pi(r) is calculated. The value of
parameter q in the multifractal analysis formula was set, and
Iq(r) was calculated using this formula (Hu et al., 2014).

M is calculated as follows:

M � ∑
N

i�1
ni

where ni is the number of faults in the i-th grid, when the scale is
set to r.Pi(r) is calculated as follows:

Pi(r) � ni
M

Iq(r) is calculated as follows:

Iq(r) �
⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1
1 − q

ln∑Pi(r)q q ≠ 1

∑Pi(r)ln( 1
Pi(r)) q � 1

where q is the order, which can be any real number in the interval
(−∞, +∞).

FIGURE 1 | Schematic map of geology of southeast Sichuan (modified from Liu et al., 2019)
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Step 6: The grid-side length r is gradually reduced to redivide the
fault distribution map with continuously finer grids. Steps
2–4 are repeated k times (k ≥ 2) to obtain Iq(r) for
different values of r.

Step 7: The Iq(r) values obtained in Steps 1–5 were linearly
fitted with different ln(r) values (data for linear fitting
should be no less than three groups, five groups, and
above best), and the slope of the obtained function was

the fractal dimension Dq of the faults in the entire
region (Cheng et al., 2020). The regression equation is
as follows:

Iq(r) � −Dq ln(r) + I0

When the correlation coefficient is greater than 0.9, the obtained
slope is the fractal dimension Dq of all faults in the region. When q =
0, 1, and 2, Dq corresponds to D0 (the capacity dimension), D1 (the

FIGURE 2 | Flow chart of image recognition–based multifractal calculation method for fault structures.
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information dimension), and D2 (the correlation dimension),
respectively.

Step 8: The values of the fractal dimensions of the faults, Dq, were
assigned to the grid center point, and contour maps of Dq

were obtained by interpolation.
Step 9: Distribution maps of faults with different orientations are

generated, and Steps 2–8 are repeated to obtain the fractal
dimensions Dq of faults with different orientations.

Step 10: The differences between the fractal dimensions of all
faults in the region and faults with different orientations
were obtained from the fractal dimensions of faults with
different orientations and a map of fractal dimensions.
The relationships between the fractal dimensions of the
faults and their distribution density, uniformity, length,
bending pattern, tectonic stage, and hydrocarbon
accumulation conditions were analyzed.

Specific method flow chart as shown in Figure 2:

FIGURE 3 | Fault distribution map of Maokou Formation in southeast Sichuan (modified from Hu et al., 2014).
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PRACTICAL APPLICATION

Data Processing
Through the collection of two-dimensional seismic line data, we
performed detailed horizon tracing and fault interpretation using
seismic cross-sections based on synthetic record calibration and
then analyzed the planar fault combination patterns and seismic
coherence attributes. Next, a fault distribution map of the
Maokou Formation in southeast Sichuan was plotted at a scale
of 1:250,000 to serve as the base map (Figure 3). This map was
converted into a grayscale image using the color transfer function
cv2.cvtColor and the grayscale image was binarized using the
image thresholding function cv2.threshold. The comparison
threshold X was set to 127, that is, pixel points with a
grayscale value greater than or equal to 127 were set to 255
(white), and the other pixel points were set to 0 (black). The
height and width of the fault distribution map of the Maokou
Formation in southeastern Sichuan were determined. To ensure
that the initial mesh covered the entire study area with as few
grids as possible, we first divided the fault distribution map into
42 square grids with a side length r of 40 km, and the grids were
numbered accordingly. The cv2. findContours function in
OpenCV was applied to search for fault outlines in the
binarized image grids and return the number of faults within
each grid, ni, thus completing the fault detection. The number of
faults in the entire region M was obtained by summing the
number of faults in all grids, and the frequency of fault
occurrence in each grid Pi(r) was calculated using ni and M.
Parameter q in the multifractal analysis formula was set to −2, −1,
0, 1, and 2, and the corresponding Iq(r) values were calculated by
substituting the data into the multifractal analysis formula. The
regression curves of ln(r) and Iq(r) were drawn by the linear

fitting of five different groups of ln(r) and Iq(r) (Figure 4), and the
slope of the regression line was the fractal dimension of the faults,
Dq, for each q value. We divided the faults in the study area into
three sets according to their orientation: NW-trending-, NE-
trending-, and near-EW-trending. When distinguishing NE and
NW, we grouped the NNE-trending and ENE-trending faults into
NE-trending faults and the NNW-trending and WNW-trending
faults into NW-trending faults. In addition, because there were
only a few near-NS-trending faults, they were also grouped with
NW-trending faults for convenience of analysis. Distribution
maps of faults with different orientations were then generated,
and the above steps were repeated to obtain the fractal
dimensions Dq of these sets of faults.

Characteristics and Distribution of Fractal
Dimensions
The ln(r)–Iq(r) regression curves (Figure 4) display linearity
between the Iq(r) and ln(r) values of the faults with different
orientations in the Maokou Formation. The absolute values
of the regression slopes are the fractal dimensions Dq of the
fault structures. The correlation coefficient R2 is > 0.9,
indicating that, at a scale of 40–2.5 km, the spatial pattern
of fault distribution shows a good statistical match and
apparent fractal features. The fractal dimensions of all
faults in the region and faults with different orientations
both increase as q increases. The fractal dimension of all
faults in the Maokou Formation ranges between 0.9964 and
1.7317, with the NW-trending faults ranging between 0.8848
and 1.4196, the NE-trending faults ranging between 0.9804
and 1.3497, and the EW-trending faults ranging between
0.7074 and 0.9121.

FIGURE 4 | ln(r)-Iq(r) curves of fault distribution in Maokou Formation in southeast Sichuan (A) all faults in study area; (B)NW-trending faults; (C)NE-trending faults;
(D) EW-trending faults.
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The calculated fractal dimensions corresponding to different q
values were assigned to the center point of each grid, and contour
maps of the fractal dimensions of faults in the Maokou Formation in
southeast Sichuan were obtained by planar interpolation (Figures
5–7). Contourmaps have the following characteristics. 1) The contour
lines of the fractal dimensions generally trend NE–SW. 2) The planar
distribution of the fractal dimensions of the faults in the study area
shows zonal characteristics, and three regions can be identified. The
high-value region lies along with wells, “ls1–xia14–guan3,” whereas
the low-value regions are distributed to the northwest and southeast of
the high-value region. 3) Overall, the fractal dimension increased
gradually with increasing q; however, the distribution range of the
high- and low-value regions varied slightly.

DISCUSSION

Comparison With a Conventional Method
In conventional multifractal studies of fault structures, faults
are typically counted manually, which is time-consuming,

labor-intensive, and inefficient. As the grid-side length
decreases, the number of grids increases, and the counting
workload increases exponentially. If the faults in a grid are
incorrectly counted, the final calculation result will be
inaccurate, thereby reducing the reliability of the research.
For oil and gas exploration in the big data era, manual
counting is not suitable for processing the vast amounts of
data used in the multifractal analysis of faults. In this study, we
applied image recognition–based multifractal analysis to
identify fault structures. We divided the grayscale and
binarized fault distribution maps into numbered grids.
Next, the faults in each grid were automatically counted
using computer image recognition. A comparison of the
conventional and image recognition–based methods showed
that for a single researcher working 10 h per day, counting
would take five days, whereas the proposed method shortened
the entire counting time to 5 h and increased the efficiency by a
factor of 10, thus solving the problems of low efficiency of
manual counting. Moreover, automatic counting increases the
accuracy of fault identification; therefore, the results are more

FIGURE 5 | Contour map of fractal dimensions of faults in Maokou Formation in southeast Sichuan (q = 0)
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reliable. In some cases, the two faults were completely adjacent
to each other on the plane map. This method, based on image
recognition, cannot effectively distinguish between these two
faults, and it is judged as the same fault. To reduce the
influence of this situation on the recognition accuracy, the
relative positions of the two faults can be manually adjusted to
separate them when drawing the fault distribution map in the
early stage, which lays a solid foundation for subsequent image
recognition. Although it takes a certain amount of time to
manually adjust the relative positions of the two faults, the
number of faults adjacent to the plane is generally not too
large. Therefore, compared with that of the traditional manual
counting method, the efficiency of multifractal research based
on image recognition faults was significantly improved.

Diversity of Fractal Dimensions of Faults
With Different Orientations
We analyzed the relationship between q and the fractal
dimensions Dq of all faults in the Maokou Formation in

southeast Sichuan and faults with different orientations
(Figure 8). Overall, the fractal dimension increased
gradually with increasing q. The variation trend of the
fractal dimension of the NW-trending faults was almost
the same as that of all faults in the region. The fractal
dimension of all faults in the region ranged between
0.9964 and 1.7317, with an extreme difference of 0.7353
and a mean value of 1.3612. The NW-trending faults range
between 0.8848 and 1.4196, with an extreme difference of
0.869 and a mean value of 1.28974. The NE-trending faults
range between 0.9804 and 1.3497, with an extreme difference
of 0.3693 and a mean value of 1.16418. The EW-trending
faults range between 0.7074 and 0.9121, with an extreme
difference of 0.2047 and a mean value of 0.82624. The NW-
trending faults have the highest fractal dimensions, and the
extreme difference and mean values are closest to those of the
fractal dimension of all faults in the region. These results
indicate that the NW-trending faults are more complex and
active than the NE- and EW-trending faults, with the NW-
trending faults being the dominant faults in southeast

FIGURE 6 | Contour map of fractal dimensions of faults in Maokou Formation in southeast Sichuan (q = 1)
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Sichuan. The differences in the variation trends of the fractal
dimensions of faults with different orientations reflect the
different mechanisms of fault genesis in the study area.

Relationships Between Fractal Dimensions
and Tectonic Stages and Geodynamics
Southeast Sichuan is in the Tethys-Himalayan and marginal-Pacific
tectonic domains. Its tectonic framework is controlled by both the
Xuefeng intracontinental tectonic system to the east and the Tibetan
Plateau to the southwest and exhibits the characteristics of multistage
tectonic superposition (Lv, 2005; Zhao, 2005; Deng et al., 2013; Tang
et al., 2021). The geodynamics of the tectonic stages in southeast
Sichuan have been extensively analyzed, and the accepted view has
shifted from one-stage tomultistage tectonic superposition. However,
there is still disagreement regarding whether the tectonic setting was
shaped in two, three, or four stages (Guo et al., 2016; Jia, 2016; Zeng
et al., 2022b; Wang et al., 2022). In addition, there are three main
types of in-situ stresses in southeast Sichuan, each with different
magnitudes in different geological periods. Based on previous studies
of tectonic stages in southeast Sichuan, we investigated the
relationship between the fractal dimensions of faults and tectonic
stages. We suggest that the magnitude of the fractal dimensions of
faults with different orientations and the planar distribution of fractal

FIGURE 7 | Contour map of fractal dimensions of faults in Maokou Formation in southeast Sichuan (q = 2)

FIGURE 8 | Relationship between Dq and q.
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dimension contours reflect the tectonic stages and in-situ stress
magnitudes in the study area. We believe that the tectonic setting
of southeast Sichuan formed primarily during the Indosinian,
Yanshanian, and Himalayan periods.

Tectonic movements in southeast Sichuan were not complex
during the Caledonian-Hercynian primarily tensile environment,
which is characterized by lifting movement. Since the Indosinian
period, the extensional regime of the Caledonian-Hercynian has
gradually transitioned to a NW–SE compressional environment.
This regime affected the formation of the tectonic setting of
southeast Sichuan (Tan et al., 2013; Tang et al., 2021; Zeng et al.,
2022a) and caused NE-trending faults to appear. Since the Early
Yanshanian, compressional stress from SE to NW within the
Xuefeng tectonic system has been transmitted to southeast
Sichuan. However, the thrust faulting effect gradually weakened
with increasing distance, and the SE–NW compression was blocked
and deflected to some extent (Tang et al., 2021), resulting in a
compression–torsion effect in the study area. NE-trending faults
continued to develop, and their fractal dimensions are generally
large. In addition, the tectonic settings of the central and southern
parts of southeast Sichuan differ because the kinematic mechanisms
differ. The central part of southeast Sichuan experienced primarily
progressive compressional stress, and the high-steep structural belt
showed a NW-trending en-echelon pattern. The southern part was
dominated by compressional–torsional stress, which resulted in a
broom-shaped rotational structure. Therefore, the fault system in the
southern Sichuan region became highly developed under
compressional–torsional stress. There were more faults, and the
southern part of the contour map showed a wider region with high
fractal dimensions (Figure 5).

From the Late Yanshanian to the Early Himalayan, the
southward thrust of the Qinling orogenic belt was transmitted

to southeast Sichuan and blocked by the inherited Luzhou paleo-
uplift. In addition, the EW-trending Lushan fault zone was
compressed northward, forming near-EW-trending structures
in southeast Sichuan (Zhou et al., 2016b; Hu, 2018). During
this period, the impact of the tectonic activity was relatively weak.
The scale of the EW-trending structural faults is small; thus, their
fractal dimensions are low.

From the Late Himalayan period to the present, the East
Sichuan arc- and broom-shaped structural belts acquired their
current shapes. Under the continuous effect of the collision
between the Indian and Eurasian plates, the deformation of
the Daliangshan structural belt gradually became more intense
and expanded into the basin, forming a NE–SW compressional
regime that resulted in the development of NW-trending faults in
the study area. This stress regime has persisted to date (Li et al.,
2014; Tang et al., 2018). During this period, intense NE–SW-
trending forces were superimposed on pre-existing tectonic
features, forming NW-trending faults. This set of faults has
the highest fractal dimensions, indicating that they were under
the greatest tectonic stress. This indicates that the Himalayan
period had the strongest influence on the current tectonic setting
of southeast Sichuan. After the tectonic stresses in the Indosinian,
Yanshanian, and Himalayan periods, a composite pattern
consisting of NE-trending, NW-trending, and near-EW-
trending structures was formed.

Relationship Between Fractal Dimensions
and Hydrocarbon Accumulation
Fractal dimensions of the faults indicate the strength of tectonic
movements and the patterns of superposition and neogenesis
during fault development in the hydrocarbon basin during

TABLE 1 | Fractal dimensions of faults and well test results.

Well Fractal
dimension of faults

Test production (gas
104 m3/d)

Test
production (water m3/d)

xia14 1.606 Micro-gas layer
guan3 1.5657 0.176
dx22 1.5258 16.4
ls1 1.5061 20.6
wunan1 1.4993 0.03
wang14 1.4949 100
wang13 1.4943 0.005
wangqian2 1.4941 1
wang7 1.4863 Water layer 133
xue1 1.4854 Water layer No data were collected
s05 1.4791 Gas layer (log interpretation)
wang12 1.466 0.05
tai19 1.4358 0.005
fu1 1.4233 Dry layer
tai15 1.4129 Water layer 2.66
tai13 1.4078 0.008
tai25 1.4046 0.1
bao4 1.3882 0.015
bao3 1.3789 0.1
bao7 1.3687 Trace amount of gas
gaomu1 1.3416 2.95
xia19 1.1734 Dry layer

Frontiers in Earth Science | www.frontiersin.org May 2022 | Volume 10 | Article 90916610

Hu et al. Image-Recognition of Faults Multifractal

33

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


different periods. In addition, faults significantly affect
hydrocarbon accumulation. Therefore, the fractal dimensions
of faults may be related to oil and gas distributions, and thus
can serve as an essential parameter for predicting and evaluating
hydrocarbon distribution and accumulation patterns. The lateral
variation in the fractal dimensions of faults in the study area
reflects the spatiotemporal heterogeneity of fault development
processes, as well as differences in the geometry of the fault
systems. These differences in tectonic evolution directly affect the
area of the hydrocarbon-bearing zones and the production of
fluid (Zhou et al., 1997). It is generally believed that the fractal
dimension comprehensively reflects the scale, distribution
density, spatial pattern, and formation mechanism of faults.
We defined the wells with test gas production of more than
1 × 104 m3/d in the Maokou Formation in southeast Sichuan as
high-producing wells, those with test gas production of (0.1–1) ×
104 m3/d as medium-producing wells, and those with production
less than or equal to 0.1 × 104 m3/d as low-producing wells. The
relationship between the fractal dimensions and oil and gas
production during well testing in southeast Sichuan was

explored using the capacity dimension (q = 0) as an example
(Table 1). Generally, faults are densely distributed in areas
containing faults with high fractal dimensions, and their
tectonic structures are complex. These faults serve as favorable
channels for upward fluid migration. Most of the wells in the
relatively high-value region (with fractal dimensions of
1.49–1.57) were medium- to high-producing wells. For
example, the test gas production of wells “ls1” and “dx22” are
20.6 × 104 and 16.4 × 104 m3/d, respectively; the test production
of well “wang14” is as high as 100 × 104 m3/d, with a good
showing of oil and gas. However, faults generated by excessively
intense tectonic movements can destroy the hydrocarbon
preservation environment and cause the escape or migration
of oil and gas. For instance, the fractal dimension of well
“xia14” in the core of the high-value area is 1.606, but the
presence of oil and gas is poor, appearing as a micro-gas layer
in gas testing. The level of fault development is generally low in
fault regions with low fractal dimensions. There are too few
channels for fluid movement, which is not conducive to the
migration and accumulation of oil and gas. For example, the well

FIGURE 9 | Relatively favorable areas for oil and gas preservation in southeast Sichuan (labeled with fractal dimensions of faults).
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test results of wells “bao3” and “tai15” in the low-value area reveal
gas production of 0.1 × 104 m3/d and a water layer, respectively.
In summary, oil and gas reservoirs are expected to appear in
relatively mild tectonic environments with low structural relief,
facilitating oil and gas migration and ensuring that the faults do
not destroy the caprock. Thus, the fractal dimensions of faults in a
favorable area should be neither too high nor too low.
Considering these factors, we selected two contours with
fractal dimensions of 1.49 and 1.57 as boundary lines to divide
the study area into three zones. The zone lying roughly along the
wells “ls1–xia14–guan3” (with fractal dimensions of 1.49–1.57) is
considered relatively favorable for oil and gas perservation in the
Maokou Formation in southeast Sichuan (Figure 9).

CONCLUSION

We analyzed the multifractal characteristics of faults in the
Maokou Formation in southeast Sichuan by applying an image
recognition–based multifractal calculation method to identify
fault structures. The conclusions and insights obtained are as
follows:

1. In contrast to the conventional approach, the proposed
method uses automatic fault counting with image
recognition technology. Consequently, the data processing
time and research and labor costs are greatly reduced, and
the efficiency is as much as 10 times higher. Moreover, the
accuracy of fault counting can be significantly improved,
making the results more reliable.

2. The fractal dimensions of faults with different orientations and
the planar distribution pattern of fractal dimension contours
indicate tectonic stages and stress magnitudes in the study
area. The tectonic setting of southeast Sichuan was formed
primarily during the Indosinian, Yanshanian, and Himalayan
periods. From the Indosinian to the early Yanshanian, NE-
trending faults with relatively large fractal dimensions
developed under NW–SE compressional tectonic stress.
From the Late Yanshanian to the Early Himalayan, EW-
trending faults with low fractal dimensions were formed by
relatively weak N–S compressional stress. The NW-trending
faults formed by intense NE–SW compressional tectonic stress

in the Late Himalayan are the dominant faults of the Maokou
Formation in southeast Sichuan and have the largest fractal
dimensions.

3. Oil and gas reservoirs are expected to appear in relatively mild
tectonic environments with low structural relief, which
facilitates oil and gas migration and ensures that the faults
do not destroy the caprock. Thus, the fractal dimensions of
faults in favorable areas should be neither too high nor too low.
According to the relationship between the fractal dimensions
of faults and the well test results in southeast Sichuan, the
region along the wells “ls1–xia14–guan3” (with fractal
dimensions of 1.49–1.57) in the study area is recognized as
relatively favorable for oil and gas preservation in the Maokou
Formation.
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The Discovery and Geochemical
Characteristics of an Eocene
Peridotite Xenolith-Bearing Mafic
Volcanic Neck in Coastal Southeast
China
Chuanshun Li1, Xilin Zhao2,3,4*, Yang Jiang2, Guangfu Xing2, Minggang Yu2 and Zheng Duan2

1First Institute of Oceanography, Ministry of Natural and Resources, Qingdao, China, 2Nanjing Center, China Geological Survey,
Nanjing, China, 3Research Center for Petrogenesis and Mineralization of Granitoid Rocks, China Geological Survey, Wuhan,
China, 4School of Resources and Environmental Engineering, Hefei University of Technology, Hefei, China

The mantle beneath coastal SE China evolved from enriched to depleted between the
Cretaceous and the Neogene, although the precise timing of this change remains unclear.
Here, we focus on a newly discovered Eocene mafic volcanic neck that contains peridotite
xenoliths in the Fuding area of Fujian Province, and present new whole-rock Ar–Ar data which
indicate that flood basalts formed during the Eocene (ages of 38.5 ± 1.2 and 42.3 ± 2Ma). The
basalt, gabbro, and diabase in the Fuding area are geochemically similar to ocean island basalt
(OIB) and have SrI values that range from 0.703794 to 0.703911 (average of 0.703865) and
εNd(t) values from 3.05 to 4.56 (average of 3.90). These samples yield two-stage Nd model
(TDM2) ages of 0.61–0.73Ga (average of 0.67Ga). These data indicate that all of these units
formed from magmas derived from an OIB-type mantle source, with both the gabbro and
diabase units recording minor amounts of crustal contamination. Its OIB type geochemical
characteristics may be inherited from crustal materials with similar characteristics. Peridotite
xenoliths within the Fuding basalts provide evidence of the nature of the Eocene mantle in this
area, especially the post late-Mesozoic evolution of the mantle beneath coastal SE China. The
mantle beneath coastal SE China evolved from enriched in the Cretaceous to depleted in the
Neogene, with this change occurring during the Eocene.

Keywords: coastal SE China, eocene, mafic volcanic neck, peridotite xenolith, whole-rock Ar-Ar

1 INTRODUCTION

Continental lithosphere is an important component of the Earth, and peridotite xenoliths captured by
rapidly ascending basaltic magmas produced in some tectonic environments can provide direct samples
of the upper mantle or lower crust of continental lithosphere. Such xenoliths also provide evidence of the
nature and evolution of the mantle, the composition of the mantle, and the tectonic setting of the basaltic
magmatism that captured the xenoliths. There are two main models for the petrogenesis of peridotite
xenoliths: 1) they represent the refractory residue of the upper mantle after partial melting that generated
basaltic magmas (Wang and Yang, 1987a; Wang and Yang., 1987b; Deng et al., 1988; Cong et al., 1996;
Yan et al., 2007), or 2) they represent rock fragments of the uppermantle that were captured by ascending
basaltic magma as accidental enclaves, meaning they played no direct role in the formation of the basaltic
magmas (Tatsumoto et al., 1992; C. ; Liu et al., 1995; T. ; Li and Ma, 2002).
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Southeastern China has a complex geological history that includes
lateMesozoic to Cenozoic lithospheric thinning and extensive basaltic
magmatism. Thismagmatismpeaked in coastal SEChina after the late
Mesozoic and has been the focus of many studies (Cui et al., 2011; C. ;
Liu et al., 1995; Tang et al., 2010; G. ; Xie et al., 2005; Xing et al., 1999;
J. ; Yan et al., 2005a; Zhou et al., 2006), including a large body of
research devoted to the nature of the mantle during this magmatism
(D.Chen et al., 1997; C. Chen et al., 2008; C.DongC.W. et al., 2006; C.
DongY.X. et al., 2006;He andXu, 2011; Li, 2000; Z. Li andLi, 2007; X.
Li et al., 2007; J. Liu and Yan, 2007; Shen et al., 1999; D. Y.Wang et al.,
2002; D.Z. Wang and Shen, 2003; Xiao et al., 2006; X. Xu et al., 2008;
W. Zhang and Fang, 2014; Zhi and Qin, 2004; Zhi et al., 1994). This
previous research focused on the Late Cretaceous andMiocenemantle
in this area and was based on mantle xenoliths obtained mainly from
late Neogene basaltic rocks. Peridotite xenoliths also occur within
post-Neogene alkaline basalts that have been used to characterize the
Cenozoic evolution of the mantle beneath SE China (Bodinier and
Garrido, 2008; C. ; Dong et al., 1997; Z. ; Dong et al., 1999; X. ; Wang
et al., 2012).

However, the Paleogene (and especially the Eocene) evolution of
the mantle in this area is poorly known, primarily due to the rarity of
basic rocks hostingmantle xenoliths that formed at this time,meaning
that the characteristics and the evolution of the Cretaceous toNeogene
mantle beneath coastal SE China are uncertain.

Rare peridotite xenoliths are present within Mesozoic and
Paleogene basalts in coastal SE in China (Figure 1), including
peridotite xenoliths within Mesozoic basalts of the Fuxin area of
Liaoning Province, the Daoxian area in Hunan Province, and the
Daxizhuang area of eastern Shandong Province (Guo et al., 2013a;
Guo et al., 2013b; Pei et al., 2004; D. Y. ; Wang et al., 2002; Xia

et al., 2010; W. ; Xu et al., 2013; J. ; Yan et al., 2005a; G. ; Yang
et al., 2012; J. ; Ying et al., 2010; J. ; Ying et al., 2013; X. ; Yang et al.,
2008; Zheng et al., 1999; Q.J. ; Zhou et al., 2013). Previous
research on this Mesozoic mantle has been based on inference,
meaning the characteristics of this mantle source region are
poorly constrained.

A mafic volcanic neck located in the Fuding area of coastal SE
China, within the southern section of the Cretaceous Fuding
volcanic basin, is associated with a Mesozoic tectono-magmatic
belt that is controlled by the NE–SW striking Fuding–Fuqing

FIGURE 1 | Temporal and spatial distribution of late Mesozoic–Cenozoic basalts in SE China (revised after Xu and Xie, 2005). (A) Temporal and spatial distribution
of late Mesozoic basalts in SE China; (B) Temporal and spatial distribution of Cenozoic basalts in SE China.

FIGURE 2 | Tectonic and geological maps of the Fuding area, Fujian
province (adapted from Dai and Chen, 2008).
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Fault. The Fuding basalts were erupted onto volcanic rocks of the
lower Shimaoshan Formation (Figure 2), contain peridotite
xenoliths, and were assigned by L. Li et al. (2011) to the late
Oligocene to middle Pleistocene Fotan Group.

Here, we present new whole-rock Ar–Ar ages and geochemical
data for mafic rocks from the Fuding mafic volcanic neck. These
data constrain the formation age and tectonic setting of the
Fuding mafic rocks, which contain peridotite xenoliths that
provide clues to the characteristics of the Eocene mantle and
to the post late-Mesozoic evolution of the mantle in coastal SE
China.

2 GEOLOGICAL BACKGROUND AND
PETROLOGICAL CHARACTERISTICS

The Fuding mafic volcanic neck is oval shaped and has a long axis
that trends NW–SW, with a length of 790 m, a width of 420 m
(Figure 2), and with clearly developed columnar joints. The neck
is divided into three facies: an outermost eruption facies basaltic
breccia volcano, an intermediate effusive facies basalt, and an
innermost central neck facies volcano containing olivine-bearing
gabbro–diabase rocks (Figure 3A). The neck contains basaltic
volcanic breccias, basalts, gabbros, and diabasic rocks. The
lithofacies within the neck are heterogeneously distributed,
with a columnar jointed cumulate gabbro section located

above the diabase (Figures 3B,C). The geological
characteristics of the neck are as follows.

2.1 Volcanic Breccia
The volcanic breccias are gray–black, are brecciated and massive,
and are dominated by breccias and crystals in a basaltic matrix.
The rocks comprise angular–subangular breccia (60%–70% of the
rock mass), and crystals (10%) of olivine, clinopyroxene, spinel,
and others (Figure 4A) in a basaltic matrix (20%) containing
skeletal crystals.

2.2 Basalt
The basalt is gray–black, porphyritic, and has an almond-shaped
structure. These rocks contain olivine (0.3–3 mm in size),
clinopyroxene, and plagioclase phenocrysts that form
10%–20% of the rock. The amygdales in the basalt are filled
with zeolite (Figures 4B,C), and both amygdales and phenocrysts
are hosted by an intergranular matrix that contains clinopyroxene
(50%–55%), olivine (5%), feldspar (12%–15%), basaltic glass
(15%), and minor ilmenite. The presence of basaltic glass
indicates that the basaltic magma underwent rapid cooling to
form a rock with minor amounts of iddingsite and chlorite
alteration.

These basalts contain many rounded peridotite xenoliths
(Figure 3D) that are generally 3–15 cm across (largest, 20 cm).
The xenoliths are spinel lherzolites with a subhedral granular

FIGURE 3 | Photographs showing typical characteristics of the Fuding mafic volcanic neck. (A) Contact between basalts and units of the Shimaoshan Group,
showing a maroon baked margin, (B) columnar-jointed gabbro and diabase, (C) general characteristics of the cumulate-textured Fuding gabbro, (D) rounded peridotite
xenoliths within the layered basalt.
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texture (Figures 4J–L) and they contain olivine (95%) with minor
amounts of spinel, clinopyroxene, and orthopyroxene (<5%).

2.3 Gabbro
The gabbro is dark–gray, medium-grained, and has a cumulate
gabbroic texture. The largest phenocrysts are ~15 mm in
diameter and the rock contains 60%–80% phenocrysts,
mainly plagioclase, clinopyroxene, and olivine with minor
and localized alkali feldspar. The clinopyroxenes are
subhedral, columnar (Figures 4D,E), zoned, and make up
15%–20% of the rock, whereas the plagioclase (25%–30%) is
euhedral–subhedral and columnar, 0.2–6 mm in size, has clear

polysynthetic twinning. The olivine gabbro is
subhedral–subhedral, granular, and overprinted by the
development of clinopyroxene megacrysts, with some of the
olivine being visibly corroded. The olivines have diameters of
0.2–2 mm and make up 10%–20% of the rock. The alkali
feldspars are platy and make up 5%–10% of the rock. These
minerals occur in a fine-grained matrix of clinopyroxene,
olivine, and plagioclase that forms 20%–35% of the rock.
The gabbros also contain minor amounts of magnetite,
ilmenite, zircon, apatite, and other accessory minerals, and
the overall phenocryst abundance within the gabbro unit
decreases from top to bottom.

FIGURE 4 | Representative photomicrographs showing typical petrographic features of the Fuding mafic volcanic neck. (A) Typical basaltic breccia, (B) olivine and
clinopyroxene phenocrysts within basalt, (C) olivine phenocrysts within vesicular basalt, (D) clinopyroxene phenocrysts overprinting olivine within cumulate-textured
gabbro, (E) zoned clinopyroxene phenocrysts within cumulate-textured gabbro, (F) diabasic textured diabase, (G) diabasic and intersertal textured diabase, (H) diabasic
textured diabase, (I) diabasic textured diabase containing twinned clinopyroxene, (J) granular mosaic textured and zoned clinopyroxene phenocrysts, (K)
peridotite xenoliths with small olivines enclosed by clinopyroxene, (L): peridotite xenoliths and olivines containing visible kink banding.
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2.4 Diabase
Diabase occurs beneath the gabbro and has a diabasic texture and
a partly visible intersertal texture (Figures 4F,G). Some of the
clinopyroxenes within the diabase are twinned (Figures 4H,I),
and this unit has a similar mineralogy to the gabbros
described above.

3 ANALYTICAL METHODS

3.1 Whole-Rock Ar–Ar Analytical
Procedures
The basalts dated during this study contain peridotite xenoliths
and phenocrysts that were removed before analysis. Two basalt
samples were dated by whole-rock Ar–Ar methods. The samples
were crushed into small chips (≤5 mm) that were hand-picked
under a binocular microscope to remove phenocrysts. The 40Ar/
39Ar dating was carried out using a GV5400 mass spectrometer at
the State Key Laboratory of Lithospheric Evolution, Institute of
Geology and Geophysics, Chinese Academy of Sciences, Beijing,
China, using the analytical procedures described by H. Qiu and
Jiang (2007). All errors are reported at 2σ values and argon gas
was extracted from the sample by step-heating using a MIR10
CO2 laser. The released gases were purified using two Zr/Al getter
pumps operated for 5–8 min at room temperature and ~450°C,
respectively. The background signal prior to analysis was <2 mV
and the signal derived from the sample generally fluctuated
between 40 and 200 mV. The dating results were calculated
and plotted using ArArCALC software (Koppers, 2002), with a

J-value of 0.00955 as determined using ZBH-2506 biotite
(132 Ma) flux monitors. The results of these Ar–Ar analyses
are given in Tables 1 and 2.

3.2 Whole-Rock Geochemical Analyses
Bulk-rock major, trace, and rare earth element (REE)
concentrations were determined using X-ray fluorescence
(XRF) and inductively coupled plasma–mass spectrometry
(IC–MS) at the National Research Center for Geoanalysis,
Chinese Academy of Geological Sciences (CAGS), Beijing,
China. Major element concentrations were determined by XRF
and yielded analytical uncertainties better than 5%. Trace and
REE concentrations were determined by ICP–MS, with the REE
separated using cation exchange techniques. Analytical
uncertainties during ICP–MS analysis were 10% for elements
with concentrations of <10 ppm and ~5% for those with
concentrations of >10 ppm (Zeng et al., 2012). The results of
these analyses are listed in Table 3.

3.3 Whole-Rock Sr–Nd Isotopic Analyses
Whole-rock Sr and Nd isotope ratios were determined by thermal
ionization mass spectrometry (TIMS) using a FinniganMAT-262
instrument at the CAS Key Laboratory of Crust–Mantle Materials
and Environments, University of Science and Technology of
China (USTC), Hefei, China. Analytical precision for these
isotope ratio measurements is given as ± 2σ (standard error).
Sr isotopic ratios were corrected for mass fractionation relative to
a 86Sr/88Sr value of 0.1194, and analysis of the NBS987 standard
yielded a measured 87Sr/86Sr ratio of 0.710298 ± 20 with a

TABLE 1 | Results of 40Ar/39Ar dating of Fuding basalt sample TMS2-2.

Power
(%)

40Ar/39Ar 37Ar/39Ar 36Ar/
39Ar

40Ar*/
39Ark

40Ar*(%) 39Ark(%) Age
(Ma)

±
2s

Sample
name

TMS2-2 groundmass J = 0.004 650 0 ± 0.000 011 6

1.5 112.501 99 4.746 41 0.364 51 5.186 578 4.59 3.96 43.09 ±23.90
2.0 28.230 86 2.355 78 0.081 00 4.490 241 15.87 21.39 37.37 ± 5.00
2.3 11.321 80 1.778 28 0.023 78 4.443 908 39.19 30.21 36.99 ± 1.62
2.5 9.599 40 2.068 70 0.017 75 4.527 275 47.08 19.13 37.67 ± 1.96
2.8 11.670 14 3.489 24 0.024 22 4.804 107 41.04 7.71 39.95 ± 2.54
3.0 11.031 14 2.787 49 0.021 91 4.789 155 43.31 9.74 39.83 ± 1.48
3.3 10.380 98 4.863 20 0.019 16 5.127 514 49.19 3.34 42.61 ± 2.17
3.8 9.747 77 7.679 70 0.020 28 4.392 694 44.77 1.59 36.56 ± 1.75
6.0 11.558 83 28.221 70 0.028 52 5.508 695 46.51 2.20 45.74 ± 2.96
9.0 11.050 45 51.606 10 0.027 33 7.402 019 64.04 0.73 61.19 ± 4.41

TABLE 2 | Results of 40Ar/39Ar dating of Fuding basalt sample TMS2-1.

Power
(%)

40Ar/39Ar 37Ar/39Ar 36Ar/
39Ar

40Ar*/
39Ark

40Ar*(%) 39Ark(%) Age
(Ma)

±
2s

Sample
name

TMS2-1 groundmass J = 0.004 650 0 ± 0.000 011 6 (%)

12 9.918 20 15.160 35 0.023 59 4.205 163 41.85 11.14 35.02 ± 8.41
18 10.320 55 24.103 48 0.024 70 5.041 588 47.85 23.27 41.90 ± 4.80
23 8.210 10 26.809 99 0.017 64 5.249 289 62.48 65.59 43.61 ± 2.13
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TABLE 3 | Major (wt.%) and trace (ppm) compositions of mafic volcanic samples from the northeast of Fujian Province.

Sample TMS-1-1 TMS-1-2 TMS-1-3 TMS-1-4 TMS-1-5 TMS-2-5 TMS-2-6 TMS-3-1 TMS-3-2 TMS-3-3 TMS-2-1 TMS-2-2

Gabbro/Diabase Basalt

SiO2 46.54 47.03 46.63 46.73 46.78 46.63 46.60 46.91 46.95 46.86 43.36 44.20
Al2O3 12.12 14.23 12.29 13.13 12.86 12.69 12.33 13.01 12.50 13.15 12.01 12.19
Fe2O3 2.10 1.75 2.66 2.01 1.77 2.13 1.94 1.70 1.85 2.21 3.26 3.72
FeO 9.01 8.62 8.12 8.85 9.05 9.13 9.33 9.07 9.26 8.65 8.69 7.70
CaO 10.07 8.92 9.95 9.41 9.66 9.28 9.73 9.57 9.60 9.50 8.91 8.51
MgO 10.16 8.64 10.00 9.51 9.60 9.65 10.17 9.36 9.87 9.16 11.12 10.75
Na2O 2.67 3.30 2.68 2.85 3.01 3.27 2.86 3.17 3.13 3.25 4.46 4.16
K2O 2.18 2.35 1.99 2.29 2.24 2.26 2.16 2.33 2.04 2.24 2.32 1.90
TiO2 2.00 1.95 1.97 1.99 1.99 2.05 2.01 2.01 2.00 2.13 2.21 2.09
MnO 0.15 0.14 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.17 0.16
P2O5 0.65 0.70 0.63 0.67 0.66 0.72 0.66 0.69 0.69 0.73 1.13 1.08
L.O.I 1.78 1.83 2.34 1.84 1.69 1.59 1.62 1.50 1.48 1.52 1.70 2.85
SO3 0.20 0.22 0.23 0.22 0.20 0.14 0.16 0.17 0.17 0.17 0.23 0.28
Fe2O3T 12.13 11.34 11.70 11.86 11.84 12.29 12.32 11.79 12.16 11.84 12.93 12.29
Na2O+K2O 4.85 5.65 4.67 5.14 5.25 5.53 5.02 5.50 5.17 5.49 6.78 6.06
FeOT 10.90 10.19 10.51 10.66 10.64 11.05 11.08 10.60 10.92 10.64 11.62 11.05
Mg# 66.13 63.96 66.58 65.14 65.39 64.66 65.79 64.90 65.42 64.33 66.71 67.09
K 18097 19509 16520 19010 18595 18761 17931 19342 16935 18595 19259 15773
Ti 11988 11688 11808 11928 11928 12288 12048 12048 11988 12767 13247 12527
P 2836 3055 2749 2924 2880 3142 2880 3011 3011 3186 4931 4713
AR 1.56 1.65 1.53 1.59 1.61 1.67 1.59 1.64 1.61 1.64 1.96 1.83
Li 5.92 5.55 6.01 5.91 5.51 5.49 5.43 5.75 5.68 6.48 8.60 9.01
Be 1.36 1.53 1.37 1.47 1.44 1.47 1.36 1.48 1.50 1.49 2.24 2.36
Sc 28.30 21.20 27.00 24.00 25.30 22.90 25.60 24.70 26.40 23.20 16.30 17.20
V 217 168 198 184 183 178 193 190 198 183 167 167
Cr 358 206 364 252 292 242 299 282 308 247 526 525

Sample TMS-1-1 TMS-1-2 TMS-1-3 TMS-1-4 TMS-1-5 TMS-2-5 TMS-2-6 TMS-3-1 TMS-3-2 TMS-3-3 TMS-2-1 TMS-2-2

Gabbro/Diabase Basalt

Co 55 50 52 54 54 51 54 52 54 49 52 53
Ni 164 141 159 154 158 144 158 149 155 136 275 291
Cu 73 75 72 76 75 73 72 76 78 78 63 66
Zn 167 162 160 168 170 161 164 167 171 168 191 192
Ga 20 21 19 20 19 18 18 20 19 20 20 21
Rb 59 60 55 62 65 58 56 66 60 59 68 107
Sr 691 833 627 790 735 652 672 739 692 694 978 991
Y 21.90 21.70 21.30 21.80 21.90 21.50 21.30 22.40 22.90 22.40 23.20 25.10
Nb 55.20 61.20 53.40 58.80 56.00 57.60 54.60 59.10 59.50 60.90 88.90 89.20
Mo 2.02 2.73 2.48 1.96 2.05 2.52 2.02 2.88 2.40 2.93 2.73 2.17
Cd 0.07 0.06 0.07 0.06 0.07 0.06 0.06 0.07 0.08 0.06 0.15 0.18
In 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.08 0.10
Sb 0.07 0.07 0.06 0.07 0.07 0.06 0.06 0.07 0.07 0.07 0.07 0.11
Cs 0.70 1.21 1.37 0.95 1.15 1.21 1.02 1.06 1.24 1.26 1.37 1.94
Ba 587 680 586 650 624 615 593 659 633 639 758 857
La 47.6 51.9 46.3 50.5 48.8 49.2 46.8 50.9 51.1 50.6 75.9 79.9
Ce 83.5 89.2 80.1 87.2 83.8 84.9 81.0 87.8 88.8 87.6 129.0 136.0
Pr 10.0 10.4 9.4 10.2 9.8 10.0 9.6 10.3 10.5 10.3 15.1 16.0
Nd 40.4 40.9 38.0 40.8 38.8 39.5 38.5 41.1 41.6 40.8 59.3 62.9
Sm 7.83 7.65 7.34 7.72 7.21 7.53 7.37 7.79 7.86 7.72 10.70 11.40
Eu 2.44 2.43 2.28 2.39 2.20 2.29 2.25 2.43 2.44 2.38 3.17 3.30
Gd 6.82 6.55 6.50 6.75 5.96 6.45 6.31 6.75 6.89 6.73 8.60 9.06
Tb 1.16 1.11 1.09 1.14 1.02 1.11 1.08 1.15 1.18 1.14 1.41 1.48
Dy 5.41 5.17 5.07 5.26 4.82 5.11 5.08 5.34 5.48 5.28 5.85 6.35
Ho 0.86 0.82 0.81 0.83 0.79 0.81 0.80 0.85 0.86 0.83 0.85 0.94

Sample TMS-1-1 TMS-1-2 TMS-1-3 TMS-1-4 TMS-1-5 TMS-2-5 TMS-2-6 TMS-3-1 TMS-3-2 TMS-3-3 TMS-2-1 TMS-2-2

Gabbro/Diabase Basalt

Er 2.24 2.15 2.10 2.19 2.07 2.12 2.08 2.21 2.24 2.16 2.21 2.44
Tm 0.30 0.29 0.28 0.29 0.28 0.28 0.28 0.30 0.30 0.29 0.26 0.30
Yb 1.76 1.71 1.67 1.74 1.67 1.69 1.65 1.75 1.79 1.72 1.54 1.77

(Continued on following page)
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precision of ~0.002%. Measured 143Nd/144Nd ratios were
normalized to a 146Nd/144Nd value of 0.7219, and analysis of
the La Jolla Nd standard yielded a measured 143Nd/144Nd ratio of
0.511851 ± 45. Single-stage Nd model ages (TDM1) are calculated
relative to the depleted mantle reservoir (Depaolo, 1988), and
two-stage Nd model ages (TDM2) are calculated for different ages
of magmatism relative to average continental crustal values with a
147Sm/144Nd ratio of 0.118 (Jahn and Condie, 1995).

4 ANALYTICAL RESULTS

4.1 Ar–Ar Geochronology
The Funding basalt samples (TMS2-2 and TMS2-1) from the
Fotan volcanic succession dated by the 40Ar/39Ar method yielded
apparent ages that were determined using age spectra and isotope

correlation (36Ar/40Ar vs. 39Ar/40Ar) diagrams (Figures 5, 6;
Tables 1,2). The latter provides a quantitative measure of the
initial argon composition and allows the identification of excess
argon that has 40Ar/36Ar ratios greater than the present day
atmospheric value of 295.5. The data in Table 1 and Figure 2
indicate that little excess argon was present in the basalt samples.

The plateau age for sample TMS2-2 is 38.5 ± 1.2 Ma
(Figure 5A), a date that is within error of the isochron age for
this sample (38.5 ± 2.3 Ma; Figure 5B). The second sample
(TMS2-1) was collected from the basal section of the Fuding
area and yielded an older plateau age (42.3 ± 2 Ma; Figure 6). As
such, we interpret the plateau ages for these samples to represent
the volcanism that formed the Fuding basalts, indicating that the
final eruption of the Fotan Formation occurred at 42.3–38.5 Ma.
Hence, the eruption of the Fuding basalt occurred at
42.3–38.5 Ma, during the Eocene.

TABLE 3 | (Continued) Major (wt.%) and trace (ppm) compositions of mafic volcanic samples from the northeast of Fujian Province.

Sample TMS-1-1 TMS-1-2 TMS-1-3 TMS-1-4 TMS-1-5 TMS-2-5 TMS-2-6 TMS-3-1 TMS-3-2 TMS-3-3 TMS-2-1 TMS-2-2

Gabbro/Diabase Basalt

Lu 0.24 0.24 0.23 0.24 0.23 0.23 0.23 0.24 0.25 0.24 0.21 0.24
Ta 2.64 2.85 2.49 2.74 2.49 2.65 2.52 2.75 2.78 2.76 4.07 4.13
W 0.70 1.38 0.64 0.76 0.85 1.05 0.90 1.42 1.06 1.04 0.49 0.71
Re 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Tl 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.07 0.09
Pb 3.08 3.12 2.69 2.98 2.83 2.88 2.74 3.07 3.70 2.98 5.45 5.70
Bi 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01
Th 7.02 7.42 6.54 7.14 6.75 6.98 6.56 7.18 7.22 7.24 10.90 12.50
U 1.33 1.40 1.23 1.35 1.26 1.32 1.22 1.35 1.38 1.36 2.10 2.56
Zr 296 315 288 308 301 304 290 312 317 317 406 422
Hf 6.32 6.27 5.94 6.29 5.84 6.08 5.94 6.31 6.51 6.26 7.76 8.25
Eu* 1.02 1.05 1.01 1.01 1.03 1.00 1.01 1.02 1.01 1.01 1.01 0.99
(La/Yb)N 18.23 20.46 18.69 19.57 19.70 19.63 19.12 19.61 19.25 19.83 33.23 30.43
∑REE 210.56 220.51 201.20 217.26 207.41 211.20 203.02 218.91 221.29 217.79 314.10 332.08
∑HREE 18.79 18.03 17.75 18.45 16.83 17.80 17.51 18.59 18.99 18.39 20.93 22.58
∑LREE 191.77 202.48 183.45 198.81 190.58 193.40 185.51 200.32 202.30 199.40 293.17 309.50
∑LREE/∑HREE 10.21 11.23 10.34 10.78 11.32 10.87 10.60 10.78 10.65 10.85 14.01 13.71
(La/Sm)N 3.82 4.27 3.97 4.11 4.26 4.11 3.99 4.11 4.09 4.12 4.46 4.41
(Gd/Yb)N 3.13 3.09 3.14 3.13 2.88 3.08 3.09 3.11 3.11 3.16 4.51 4.13

Fe2O3T = FeO*1.1113 + Fe2O3T in wt.%; ∑REE = total REE concentration; ∑LREE = total LREE concentration;∑HREE = total HREE concentration; subscript N denotes normalization to
the chondrite value of Sun and McDonough (1989); Eu* = EuN/(SmN + GdN)

1/2.

FIGURE 5 | Plateau and isochron Ar–Ar ages for sample TMS2-2. (A) and isochron Ar-Ar age (B) for sample TMS2-2.
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4.2 Whole-Rock Geochemical
Characteristics
4.2.1 Gabbro and Diabase
The gabbro and diabase samples from the Fuding area have
restricted ranges of SiO2 (46.54–47.03 wt.%), total Fe expressed as
FeO (FeOT; 11.34–12.32 wt.%), CaO (8.92–10.07 wt.%), and

Al2O3 (12.12–14.23 wt.%) concentrations, but a wide range of
MgO concentrations (8.64–10.17 wt.%). Plotting these samples
on a total alkali versus silica (TAS; SiO2 versus Na2O + K2O)
classification diagram indicates the majority are trachybasalts
with a few basalts, although all of the samples plot above the
alkaline curve in this diagram (Figure 7A). These samples have
K2O and K2O + Na2O concentrations of 1.99–2.35 and
4.67–5.65 wt.%, respectively, yielding high K2O/Na2O ratios
(0.65–0.82) that indicate these samples are alkaline basaltic
rocks (Figures 7B,C,D).

Plotting data of the gabbro and diabase samples on Harker
diagrams yields negative correlations between SiO2 and CaO,
FeOT, and MgO concentrations, and positive correlations
between SiO2 and Na2O, K2O, and Al2O3 concentrations
(Figure 8).

All of the gabbro and diabase samples have high total REE
(ΣREE) values (201.2–221.29 ppm; average of 212.91 ppm) and
they are light REE (LREE) enriched, with total LREE to total
heavy REE (HREE; ΣLREE/ΣHREE) ratios of 10.21–11.32
(average of 10.76). These samples have (La/Yb)N (where N

denotes normalization to the chondrite ratio of Sun and
McDonough, 1989) ratios of 18.26–20.46 (average of 19.41),
reflecting the degree of fractionation of the LREE from the

FIGURE 7 | Geochemical classification diagrams showing variations in the compositions of samples from the Fuding mafic volcanic neck. (A) Total alkali versus
silica (TAS) diagram (after Middlemost, 1994); (B) SiO2 vs. K2O +Na2O diagram (after LeMaitre et al., 1989); (C) AFM diagram; and (D) Zr/TiO2 versus Nb/Y diagram (after
Pearce, 1996).

FIGURE 6 | Plateau Ar–Ar age for sample TMS2-1.
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HREE. These samples show (La/Sm)N values from 3.82 to 4.27
(average of 4.09) and (Gd/Yb)N values from 2.88 to 3.16 (average
of 3.09). They are free of significant Eu anomalies (Eu/Eu* =
1.00–1.05, average of 1.02) and have smooth chondrite-
normalized REE patterns (Figure 9A). All of the samples are
enriched in the large ion lithophile elements (LILE), have
differentiated high field strength element (HFSE)
concentrations, and are slightly depleted in Ti and Y
(Figure 9C). They have chondrite-normalized REE and
primitive-mantle-normalized multi-element variation patterns
that are similar to those of typical OIB compositions but differ
from typical N- or E-type mid-ocean-ridge basalt (MORB)
compositions.

4.2.2 Basalts
The basalts analyzed during this study contain higher concentrations
of MgO (10.75–11.12 wt.%) than the gabbro and diabase samples,
with both basalt samples classified as tephrites or basanites and both
plotting above the alkaline curve (Figure 7A), indicating that both of
these basalts are alkaline basaltic rocks (Figures 7B,D).

Both of the basalt samples contain higher ΣREE
concentrations (314.10–332.08 ppm; average of 323.09 ppm)

than the gabbro and diabase samples, although the basalts are
similar to these other samples in that they have OIB-type REE and
multi-element variation diagram characteristics that contrast
with typical N- or E-type MORB compositions (Figures 9B,D).

4.3 Whole-Rock Sr–Nd Characteristics
The isotopic Rb–Sr and Sm–Nd ratios of the whole-rock samples
are given inTable 4. The gabbro, diabase, and basalt samples have
uniform initial εNd(t) (3.05–4.56, average of 3.90) and initial 87Sr/
86Sr (0.703794–0.703911, average of 0.703865) values. They have
two-stage Nd model (TDM2) ages than range from 0.61 to 0.73 Ga
(average of 0.67 Ga).

5 DISCUSSION

5.1 Petrogenetic Evolution
5.1.1 Basalts
The basalts from the Fuding mafic volcanic neck are enriched in
the REE and have highly differentiated HFSE compositions that
are apparent in their OIB-type primitive-mantle-normalized
multi-element diagrams (Figures 9B,D; Edwards et al., 1994;

FIGURE 8 | Harker-type diagrams showing variations in the geochemical compositions of mafic rocks from the Fuding volcanic neck.
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Sun and McDonough, 1989; Zhao and Zhou, 2007). Both of these
samples are classified as within-plate alkali basalts in the
Nb–Zr–Y diagram of Meschede ,1986; Figure 10A). These
basalts have Ti/V ratios between 75 and 80 that are much
higher than those of arc basalts, and they plot in the OIB field

on a modified Ti versus V diagram (Figure 10B; Shervais, 1982).
Both samples plot in the OIB field on a Nb/Yb versus Th/Yb
diagram (Figure 10C; J. Pearce and Peate, 1995). They yield high
Mg# values (= 100*MgO/(MgO + 0.85*Fe2O3T) and contain low
concentrations of SiO2, suggesting that they originated from a

FIGURE 9 |Chondrite-normalizedREE and primitive-mantle-normalizedmulti-element diagrams for samples from the Fudingmafic volcanic neck. Diagrams are normalized
to the chondrite and primitive mantle compositions of Sun and McDonough (1989). (A) and (C) for gabbro and diabase samples; (B) and (D) for basalt samples.

TABLE 4 | Rb–Sr and Sm–Nd isotopic compositions of mafic volcanics from the northeast of Northeast Fujian Province.

Sample Rock
types

Age
(Ma)

Rb
( ppm )

Sr
( ppm )

87Rb/
86Sr

87Sr/86Sr ⅠSr Sm
( ppm )

Nd
( ppm )

147Sm/
144Nd

143Nd/144Nd εNd tNd
(Ga)

TMS-
1-1

Gabbro/
Diabase

38.5 59.0 691 0.247 0.704 016 ± 7 0.703 881 7.83 40.4 0.117 2 0.512 808 ± 11 3.71 0.68

TMS-
1-2

38.5 60.0 833 0.208 0.704 025 ± 6 0.703 911 7.65 40.9 0.113 1 0.512 817 ± 12 3.90 0.67

TMS-
1-4

38.5 55.0 627 0.254 0.704 016 ± 5 0.703 878 7.34 38 0.116 8 0.512 774 ± 9 3.05 0.73

TMS-
2-5

38.5 66.0 739 0.258 0.704 018 ± 5 0.703 877 7.79 41.1 0.114 6 0.512 783 ± 9 3.23 0.72

TMS-
2-6

38.5 60.0 692 0.251 0.704 006 ± 6 0.703 868 7.86 41.6 0.114 2 0.512 851 ± 8 4.56 0.61

TMS-
3-1

38.5 59.0 694 0.246 0.703 997 ± 6 0.703 862 7.72 40.8 0.114 4 0.512 849 ± 9 4.52 0.62

TMS-
2-1

Basalt 42.3 107 991 0.312 0.703 982 ± 5 0.703,794 11.4 62.9 0.109 6 0.512 843 ± 8 4.47 0.62

TMS-
2-2

42.3 58.0 652 0.257 0.704 006 ± 7 0.703 851 7.53 39.5 0.115 3 0.512 808 ± 10 3.76 0.68
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parental magma that was derived from an OIB-like mantle source
in a continental rift environment, without any crustal input.

5.1.2 Gabbro and Diabase
The gabbro and diabase samples from the Fuding area have
similar REE and HFSE characteristics as the basalt samples, again

indicating that these units have an OIB-type affinity (Figures
9A,C, Figures 10A–C; Edwards et al., 1994; Sun and
McDonough, 1989; Zhao and Zhou, 2007). However, the
gabbro and diabase units have Mg# values of 63.96–66.58,
suggesting that they record the minor differentiation of olivine
and pyroxene. This fractionation is also evidenced by a negative

FIGURE 10 | (A) Nb-Zr-Y, (B) Ti versus V (after Shervais, 1982) and (C) Th/Yb–Nb/Yb (after Pearce & Peate, 1995) diagrams for samples from the study area.
Average N-MORB, E-MORB, and OIB compositions are from Sun and McDonough (1989), and SSZ-, N-MORB-, E-MORB-, and OIB-type fields are from Mahe et al.,
2004, Saccani and Photiades (2005), and Aldanmaz et al., 2008.

FIGURE 11 | Harker-type diagrams showing variations in the Fe2O3T, CaO, Cr, and Ni concentrations of samples from the Fuding area relative to MgO. (A), CaO
(B), Cr (C), and Ni (D) concentrations of samples from the Fuding area relative to MgO.

Frontiers in Earth Science | www.frontiersin.org June 2022 | Volume 10 | Article 95062611

Li et al. Eocene Peridotite Xenolith-Bearing Mafic Volcanic Neck, SE China

47

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


correlation between SiO2 and MgO concentrations (Figure 8). In
addition, the positive correlation between Fe2O3T and MgO
concentrations shown by the gabbro samples is indicative of
the fractionation of olivine (Figure 11A), whereas the positive
correlation between CaO and MgO concentrations in these
samples is evidence of the fractionation of clinopyroxene
(Figure 11B). This conclusion is also supported by the
presence of positive correlations between Cr, Ni, and MgO
concentrations (Figures 11C,D).

The lack of any significant Eu anomalies (Eu/Eu* = 1.00–1.05;
Figure 9A) indicates that the gabbro and diabase units do not
record any plagioclase fractionation. However, crustal
contamination can modify the composition of mantle-derived
magmatic rocks. Crustal materials are enriched in the LILE, K2O,
and Na2O, and are depleted in P2O5 and TiO2. The gabbro and
diabase units within the Fuding area contain low and invariant
concentrations of K2O and Na2O, suggesting that they record
minimal amounts of crustal contamination. Crustal
contamination can also produce negative Nb and Ta, and
positive Zr and Hf anomalies relative to the LILE and LREE
(Sun and McDonough, 1989; Zhao and Zhou, 2007); however,
these anomalies are absent in the primitive-mantle-normalized
multi-element diagrams for the gabbro and diabase samples from
the study area (Figure 9C), again suggesting that these units
record minimal crustal contamination. All of the samples show
low initial 87Sr/86Sr values (average of 0.703865) and high εNd(t)
values (3.05–4.56, average of 3.90). These data indicate that the
basalt, gabbro, and diabase units in the Fuding area were derived
from an OIB-type mantle source, with the gabbro and diabase
units recording minor amounts of crustal contamination.

5.2 Implications of Ar–Ar Dating
The basalts from the Fuding mafic volcanic neck in coastal SE
China are generally alkaline (average Na2O + K2O = 5.77 wt.%)
and are enriched in TiO2 (average TiO2 = 2.15 wt.%), whereas
Neogene basalts in this area are largely subalkaline (average Na2O
+ K2O = 2.79 wt.%) and contain lower concentrations of TiO2

(average TiO2=<1.5 wt.%; Lu et al., 2000), indicating significant
geochemical differences between these basalts.

The trace and REE compositions of the Fuding mafic volcanic
neck are different from those of the Neogene basalts of coastal SE
China. The basalts from the former contain higher Rb (average of
87 ppm), Sr (average of 984 ppm), Ba (average of 807 ppm), and
total REE (average of 243 ppm) concentrations and have higher
light REE/heavy REE (LREE/HREE) ratios (average of 11.93)
than the Neogene basalts of coastal SE China (average Rb, Sr, Ba,
and total REE concentrations of 17.5, 339, 201, and 112 ppm,
respectively, with an average LREE/HREE ratio of 4.22; Lu et al.,
2000; J. Qiu et al., 1999; S. Wang, 1998; X. Wang et al., 2012;
J. Zhang and Lu, 1997; Zouet al, 2000).

L. Li et al. (2011) reported that the Taimushan granite
formed at 96.16 ± 1.6 Ma and suggested that the Fuding basalts
formed part of the late Oligocene to middle Pleistocene Fotan
Group. Our unpublished zircon U–Pb laser ablation
(LA)–ICP–MS analyses yielded a Late Cretaceous age of
88.2 ± 1.0 Ma for these basalts, although these ages may be
unreliable. The two basalt samples from the Fuding mafic

volcanic neck yield similar Ar–Ar ages of 38.5 ± 1.2 and
42.3 ± 2 Ma, indicating that the basalts within both the
neck and within the Fotan Group were emplaced during the
Eocene.

5.3 Implications of the Presence of
Peridotite Xenoliths
Cretaceous basalts in coastal SE China are usually associated with
other contemporaneous bimodal volcanic rocks. The basalts in
this area crop out over a much smaller area than associated acidic
volcanic rocks and are thought to have been derived from either
an enriched region of mantle, from a depleted region of the
mantle and then either assimilated crustal material or underwent
magma mixing, or were derived from the crust–mantle transition
zone (C. Chen et al., 2008; Cui et al., 2011; He and Xu, 2011; Z. Li
and Li, 2007; X. Li et al., 2007; H. Li et al., 1995; Tang et al., 2010;
Xing et al., 1999; G. Xie et al., 2005; X. Xu et al., 2008; J. Yan et al.,
2005b; Yu et al., 1993).

As mentioned above, both the petrogenesis of the basalts in
coastal SE China and the nature of the mantle beneath this region
remain uncertain. Themain cause of this uncertainty is the lack of
mantle rocks in this area; however, peridotite xenoliths within the
Fuding basalts can be used to determine the characteristics of the
Eocene mantle in this area, including the post late-Mesozoic
evolution of the mantle beneath coastal SE China.

The nature of the late Mesozoic mantle in coastal SE China
remains debated. Several different models have been proposed,
including 1) enriched lithospheric mantle beneath Fujian and
Zhenjiang provinces (Cui et al., 2011; Tang et al., 2010; G. ; Xie
et al., 2005; J. ; Yan et al., 2003; J. ; Yan et al., 2005a; Yan et al.,
2005b; Z. ; Yang et al., 1999; B. ; Zhang et al., 2004), 2) enriched
mantle that mixed with both depleted and EMII type enriched
mantle material (X. Xie et al., 2001), 3) local areas of weakly
enriched mantle that is compositionally similar to EMII-type
enriched mantle (H. Zhang et al., 2005), and 4) depleted
asthenospheric mantle (Q. Zhou et al., 2010).

Both the late Mesozoic basalts and acidic volcanic rocks in
coastal SE China have isotopic characteristics similar to those of
enriched mantle (C. Dong C. W. et al., 2006; Y. Dong Y. X. et al.,
2006; C. Dong et al., 2007; Z. Yang et al., 1999; Xing et al., 1999;
Xue et al., 1996; J. Zhou and Chen, 2001), suggesting that the
Cretaceous upper mantle in this region was relatively stable but
also weakly enriched.

The Paleocene basalts in coastal SE China generally crop out in
the northern parts of the Jiangsu and Hefei basins, as well as in the
Mingguang and Fushan areas (Qian and Li, 1996; Z. ; Yang et al.,
1999). These basalts contain abundant peridotite xenoliths, were
emplaced at 64–56 Ma, have the characteristics of typical
continental basalts, and were derived from weakly enriched
mantle (D. Chen, 1992; Cong et al., 1996; Z. Yang et al., 1999;
X. Zhou, 1992).

Eocene basalts are sporadically exposed within coastal SE
China and have been reported from the Sanshui Basin in
Guangdong Province (Y. Dong Y. X. et al., 2006; Hu et al.,
2013; Xiao et al., 2006; X. Zhang et al., 1993; W. Zhang and
Fang, 2014; Zhu et al., 1991). X. Zhang et al. (1993) reported
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K–Ar ages of 45–55 Ma for these basalts, and Y. Dong Y. X.
et al. (2006) obtained a zircon U–Pb age of 46–45 Ma for
basaltic rocks in the Sanshui Basin. The latter basalts are
thought to have been generated by partial melting of a
depleted region of the mantle that generated continental
rift-type magmatic rocks (Y. Dong Y. X. et al., 2006; W.
Zhang and Fang, 2014), or partial melting of an enriched
region of the mantle within a continental rift setting (Hu
et al., 2013). The Sanshui basalts yield recalculated εNd(t)
values of −0.77 to +1.23 (mean age 50 Ma) (Zhu et al., 1991)
that reflect the weakly depleted nature of the Eocene mantle in
coastal SE China. The basalt, gabbro, and diabase units within
the Fuding area have OIB-type geochemical affinities with low
initial 87Sr/86Sr ratios (average of 0.703865) and high εNd(t)
values (average of 3.90) which similar with the depleted
mantle. Its OIB type geochemical characteristics may be
inherited from crustal materials with similar characteristics.
Meanwhile, the widespread Neogene basalts in coastal SE
China are exposed in the Xinchang area of Zhejiang
Province, the Jiashan area of Anhui province, the Fangshan
area of Jiangsu province, and the Sanshui Basin in Guangdong
Province, and all of these Neogene basalts were derived from a
depleted region of the mantle (R. Wang and Yang, 1987a,
Wang and Yang, 1987b; Zhi et al., 1994). Thus, the mantle
beneath coastal SE China evolved between the Cretaceous and
the Neogene from enriched to depleted, and this change
occurred during the Eocene.

6 CONCLUSION

Whole-rock Ar–Ar analyses of two basalt samples from the
Fuding mafic volcanic neck yield ages of 38.5 ± 1.2 and 42.3 ±
2 Ma, indicating that the basalts were erupted at 42.3–38.5 Ma.

The basalt, gabbro, and diabase units within the Fuding area
have OIB-type geochemical affinities with low initial 87Sr/86Sr

ratios (average of 0.703865) and high εNd(t) values (average of
3.90). Both gabbro and diabase units record minor amounts of
crustal contamination.

Peridotite xenoliths within the Fuding basalt provide
evidence of the nature of the Eocene mantle in this area,
especially the post late-Mesozoic evolution of the mantle
beneath coastal SE China. The mantle beneath coastal SE
China evolved from enriched to depleted between the
Cretaceous and the Neogene, with this change occurring
during the Eocene.
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Geochemical Analogy Viscosity of
Mid-Ocean Ridge Basalt as an
Indicator for Determining the Location
of Seafloor Hydrothermal Fields?
Chuanshun Li1,2, Guohuai Wang3*, Shijuan Yan1,2 and Dewen Du1,2

1First Institute of Oceanography, Ministry of Natural and Resources, Qingdao, China, 2Laboratory for Marine Mineral Resources,
Pilot National Laboratory for Marine Science and Technology, Qingdao, China, 3Tianjin Geology Research and Marine Geological
Center, Tianjin, China

Many achievements have been made in the exploration of seafloor polymetallic
hydrothermal vents, however, it needs to further study how to discovery more
potential new hydrothermal or massive sulfide fields. In this study, we collected
9818 major-element geochemical data sets of basalt samples from the Mid-Atlantic
Ridge (MAR, 78°N–53°S) and the seafloor topographic data for eleven known
hydrothermal vents (e.g., TAG, Snake Pit, MAR 22°30′N, Lilliput). Based on the
different spatial distances between basalts and hydrothermal vents, we classified all
the basalts into three categories: 1) basalt near known vent (focal objects of the
research, 29 samples), 2) basalt around known vent (observed objects, 155 samples),
and 3) other basalt of the MAR (as background basalt). Meanwhile, we used major element
components of basalts to calculate the analogy viscosity and analyzed the possible
correlation between analogy viscosity and the spatial distribution of seafloor
hydrothermal vents. We found that the analogy viscosity of basalt near known vent fall
into a narrow medium value range (~46.8–68.5 Pa s) contrasted with the range of
background basalt values range (~4.0–356.0 Pa·s). It infers that these basalts on the
Mid-Atlantic Ridge with the medium values of analogy viscosity favor the formation of
hydrothermal vents. However, due to the complexities of magmatic activity and fault
structure, as well as the multi-stage water-rock reaction, whether the analogy viscosity of
basalts can be used as an indicator for determining the location of seafloor hydrothermal
field or not needs further verification. Hence, this paper provides a possible rule (the
variation of analogy viscosity estimated by major element components in the basalts) for
exploration the location of hydrothermal vents rather than a fully developed method.

Keywords: basalt, geochemical characteristics, hydrothermal vents, Mid-Atlantic Ridge, viscosity

INTRODUCTION

Hydrothermal fields are rich in biological and mineral resources and provide a window to the Earth’s
depth. Finding and studying hydrothermal vents is one of the most interesting scientific aims
worldwide. However, finding hydrothermal vents, especially those inactive hydrothermal zones on
the vast, and dark seafloor, which is covered by several kilometers of water, is an extremely
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challenging task. The vicinities of seafloor hydrothermal fields
exhibit special characteristics: higher anomalies of heat flow on
the seafloor (e.g., Chiba et al., 2001; Dias et al., 2010; Schmidt
et al., 2011), frequent seismic activity (e.g., Johnson et al., 2000;

Seewald et al., 2003; Crone et al., 2010), oceanic core complex
outcrop and detachments around some of the vents (e.g., Morris
et al., 2009; Cheadle and Grimes, 2010; Macleod et al., 2011),
increased turbidity on the seafloor (e.g., Baker et al., 2006), and
high magnetic anomalies (e.g., Miranda et al., 2005; Rona et al.,
2013). According to Baker and German (2004), hydrothermal
activity is positively correlated with the full spreading rate of the
mid-ocean ridge. The search for new indicators of hydrothermal
vents will therefore assist both the study and exploration of these
fascinating appearances.

The geochemical characteristics of basalt near hydrothermal
vents differ from those of normal mid-ocean ridge basalt
(N-MORB) in the Mid-Atlantic Ridge (MAR). Wang et al.
(2014) reported that the basalt of the 49.6°E hydrothermal
field on the southwest Indian Ridge is richer in K2O, Na2O,
Fe2O3, and MnO, and poorer in SiO2 and Al2O3, than N-MORB.
Gale et al. (2013b) compared the compositions of basaltic glass in
the French American Mid-Ocean Undersea Study (FAMOUS)
data and North FAMOUS segment. Basaltic glass on the North
FAMOUS segment, which is near a hydrothermal vent, is rich in
SiO2, FeO, TiO2, and K2O and poor in Al2O3, CaO, and MgO.
The viscosity of basalt might reflect its geochemical
characteristics (Zhu et al., 1997). It is an important physical
property that affects the rising, crystallization differentiation,
degassing, ejection, and other behaviors of magma (e.g.,
Papale, 1999; Sparks, 2003; Dingwell, 2006) and restricts the
occurrence, topography, and other features of basalt. By analyzing
the viscosity difference between the basalt around known vents
(BNV) and the background basalt of MAR, we might obtain a
new identifying indicator of hydrothermal vents.

Seafloor hydrothermal activity was first discovered in 1948
(Bruneau et al., 1953). In 1985, the first active hydrothermal field,
the trans-Atlantic geotraverse (TAG) field, was discovered in the
MAR (Rona et al., 1986). Since then, 721 hydrothermal seabed
vents have been discovered worldwide. Among these, 304 have
been confirmed as active, 362 have been inferred as active, and
more than 50% are located in the mid-ocean ridge (The
InterRidge Database, 2020, Accessed date is 2021. 03. 21). By
studying the known hydrothermal vents, we might reveal their

FIGURE 1 | Basalt sampling sites and locations of the 11 known seabed
hydrothermal vents (for information, see Table 1). Shaded relief bathymetric
map from GeoMapApp, 2021.

TABLE 1 | Hydrothermal vents of MAR.

Name id Number Activity Latitude/° Longitude/° Maximum depth/m Full spreading rate/mm·a−1 References

Lucky strike 1 active, confirmed 37.29422 −32.29217 1740 20.2 InterRidge vent database, 2000
Evan 2 active, confirmed 37.2667 −32.2833 1775 20.2 InterRidge vent database, 2000
S oceanographer 3 active, inferred 34.867 −36.433 3,460 21.1 InterRidge vent database, 2000
TAG 4 active, confirmed 26.1369 −44.8259 3,670 23.6 InterRidge vent database, 2000
Snake pit 5 active, confirmed 23.3683 −44.95 3,500 24.1 InterRidge vent database, 2000
MAR, 22°30′N 6 inactive 22.4994 −44.9999 2,800 24.3 InterRidge vent database, 2000
Lustrog-1 7 active, confirmed −9.54433 −13.20883 1,501 33.2 Haase et al. (2009)
Lustrog-2 8 active, confirmed −9.54417 −13.20867 1,505 33.2 Haase et al. (2009)
Main lilliput 9 active, confirmed −9.54733 −13.2085 1,495 33.2 Haase et al. (2009)
Limtoc 10 active, confirmed −9.5495 −13.20833 1,494 33.2 Haase et al. (2009)
Roman ruins 11 active, confirmed −9.55183 −13.20667 1,495 33.2 Haase et al. (2009)

The position in bathymetric map of MAR 22°30′N, lucky strike and Evan vents is corrected by the depth. Positive latitude represents north latitude; negative value represents south latitude.
And positive longitude represents east longitude, negative value represents west longitude. Data from interridge global database of active submarine hydrothermal vent Fields (the
interridge vent database) (http://vents-data.interridge.org).
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spatial distribution rules and control factors. To determine the
differences in the major elements and viscosities of the BNV and
background basalt on the MAR, we collected and analyzed
thousands of basalt datasets sampled from the MAR. This
paper reports the findings of the study.

DATA AND METHODS

Petro-Geochemistry Data
More than 35,000 datasets of rock/glass samples from the MAR
were collected and preliminarily analyzed. Some of these samples
were located near 11 known hydrothermal vents. The locations
and basic information of the samples near the 11 vents, on which
this research focuses, are presented in Figure 1 and Table 1,
respectively. The data were mainly collected from the Petrological
Database of the Ocean Floor (PetDB, http://www.earthchem.org/
petdb/search), a database of global seabed rock (Lehnert et al.,
2000) was downloaded on 26 September 2017. In addtition, we
also collected some data from Haase et al. (2009). Gale et al.
(2013a) used datasets from PetDB to study the mean composition

FIGURE 2 | TAS classification of samples collected from the MAR.

TABLE 2 | Coefficients for calculation of VFT parameters B and C [A = −4.55 (± 0.21)a] from melt compositions expressed as mol% oxides (Giordano et al., 2008).

Oxides Values C-terms Values

b1 SiO2 + TiO2 159.6 (7) c1 SiO2 2.75 (0.4)
b2 Al2O3 −173.3 (22) c2 TAb 15.7 (1.6)
b3 FeOT + MnO + P2O5 72.1 (14) c3 FMd 8.3 (0.5)
b4 MgO 75.7 (13) c4 CaO 10.2 (0.7)
b5 CaO −39.0 (9) c5 NKe −12.3 (1.3)
b6 Na2O + Vb 84.1 (13) c6 ln (1+V) −99.5 (4)
b7 V + ln (1 + H2O) 141.5 (19) c11 (Al2O3+FM+CaO−P2O5)*(NK+V) 0.3 (0.04)
b11 (SiO2 + TiO2)*(FM) −2.43 (0.3)
b12 (SiO2 + TA + P2O5)*(NK + H2O) −0.91 (0.3)
b13 (Al2O3)*(NK) 17.6 (1.8)

aNumbers in brackets indicate 95% confidence limits on values of model coefficients.
bSum of H2O+FeOT.
cSum of TiO2+Al2O3.
dSum of FeOT+MnO+MgO.
eSum of Na2O+K2O.

TABLE 3 | Sample calculation of viscosity (Pa·s) using model coefficients in Table 2.

Sample wt% wt%N mol% B-terms Values C-terms Values

SiO2 50.57 50.72 52.44 b1 8,563.43 c1 144.20
TiO2 1.57 1.57 1.22 b2 −1,607.11 c2 164.71
Al2O3 15.20 15.25 9.27 b3 634.68 c3 178.94
FeOTa 9.89 9.92 8.54 b4 970.61 c4 124.00
MnO 0.22 0.22 0.19 b5 −474.11 c5 −33.49
MgO 8.24 8.27 12.82 b6 −270.56 c6 −44.68
CaO 10.94 10.98 12.16 b7 143.74 c11 42.36
Na2O 2.64 2.65 2.65 b11 −2,810.98
K2O 0.11 0.11 0.07 b12 −188.57 A (constant)c −4.55
P2O5 0.15 0.15 0.07 b13 444.39 B (computed)c 5405.50
H2O

b 0.16 0.16 0.57 C (computed)c 576.05

aWe treat all iron as FeO (Giordano et al., 2008). FeOT, FeO+0.9*Fe2O3.
bOur database doesn’t include the H2O wt%, which can be estimated by the empirical formula H2Oest = 1.5 × K2O (Gale et al., 2013a).
clogη = A+B/(T−C); predicted values for this melt at 1423 K is 67.97.
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of mid-ocean ridge basalts and found some geochemical
problems associated with Earth composition and evolution.

According to Gale et al. (2013a), the sequence of steps that are
required to eliminate questionable or inapplicable analyses and
retain only the highest-quality data can be given as follows: 1)
Sample location: To assign each sample to the appropriate MAR,
only the samples that were located on MAR and its flanks were
retained. 2) Altered samples: According to the descriptions that
were obtained from PetDB regarding the samples, we eliminated
the altered or mineralized rock samples, including those that were
altered by seawater. Further, only fresh basalt/basalt glass
remained. 3) Complete set of oxides: For the major element
data, each sample was required to contain Fe (as FeO and/or
Fe2O3), SiO2, TiO2, Al2O3, MgO, CaO, Na2O, and K2O. Duplicate
samples, which possess identical location and major element
compositions, were eliminated. Fe required special attention to
determine the total amount of Fe (FeOT) due to the diverse forms
in which it has been reported in PetDB, which is given by Gale
et al. (2013a) as FeOT = FeO + 0.9 × Fe2O3. 4) Igneous
compositions and major-element sums: Data were further
filtered to eliminate the samples outside the basic-rock range
because the vast majority of known hydrothermal vents are
observed to develop on a basalt basement (only eight known
hydrothermal vents are located in the ultramafic basement
worldwide). We retained the samples having 45– 53 wt%
composition of SiO2. The final filter to ensure data quality
involved a check of the major elemental sum (SiO2 + Al2O3 +
MgO + TiO2 + FeOT + CaO +K2O +Na2O +MnO+ P2O5). Since
MnO and P2O5 are not analyzed by all the laboratories, we
calculated the placeholder values strictly for the sum
calculations (MnO = FeOT/54; P2O5 was estimated using the
polynomial best-fit equation that is based on the K2O−contents).
Further, the sum was estimated as mentioned previously, and any

analyses depicting a sum that was either less than 98 wt% or
greater than 101 wt% were eliminated. 5) Estimating H2O: H2O
was estimated using H2Oest = 1.5 × K2O (Langmuir et al., 2006)
that was applicable for open-ocean ridge basalts. Finally, 9818
datasets were retained to be the study materials. Their locations
are illustrated in Figure 1. The basalt/basalt glass datasets were
classified by their total alkali silica (TAS) (Maitre, 1984). The
classification results are shown in Figure 2. Most of the samples
are basalt; the remaining minority are trachybasalt, basaltic
trachyandesite, tephrite/basanite, or phonotephrite. Herein, all
samples are referred to as basalt.

Bathymetry Data
Bathymetric maps were taken from the GeoMapApp of the
Marine Geoscience Data System on 21 Jan 2022 (GeoMapApp,
2021). Bathymetric data were extracted from the Global Multi-
Resolution Topography database with a 100 m grid (for MAR
22°30′N, Snake Pit, the Lilliput field (vents 7–11), and S
oceanographer) (Ryan et al., 2009), the Woods Hole
Oceanographic Institute (WHOI) with a 20 m grid (Tivey
et al., 2003) and a 0.25 m grid (Roman and Singh, 2005;
Roman and Singh, 2007) (for TAG), and the WHOI with a
10 m grid (for Lucky Strike and Evan) (Scheirer et al., 2000).

Analogy Viscosity
The earliest models that were used for estimating the viscosity of
geologically relevant silicate melts adopted a strict Arrhenius
temperature dependence such as the most commonly used
Arrhenius model of Fulcher (1925) and Shaw (1972).
Giordano et al. (2008) compared their non-Arrhenius model
with the model of Shaw (1972) and demonstrated that the former
is better. Hence, viscosity was estimated using the model of
Giordano et al. (2008) in the following manner:

FIGURE 3 | Bathymetric map from GeoMapApp, showing the locations of the TAG vent and the sample sites. The inset (upper left) shows the MAR location of the
TW vent. The color bar on the left indicates the depths of the contours (where red represents shallow and blue represents deep). The red star indicates the hydrothermal
vent. The pink circle and cyan triangles denote the BNV and BAV sites, respectively. At the sites marked by open triangles, circles, and rhombuses, the basalt viscosity is
<46.8, 46.8–68.7, and >68.7 Pa·s, respectively. The vicinities of the vents are delineated by the red boxes.
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log η � A + B/(T − C) (1)

B � ∑
7

i�1
(biMi) +∑

3

j�1
[b1j(M11j × M21j)] (2)

C � ∑
6

i�1
(ciNi) + [c11(N111 × N211)] (3)

Here, η is the viscosity of magmatic silicate melt (Pa·s), T is the
thermodynamic temperature (K), and A, B, and C are adjustable
parameters, including the pre-exponential factor, pseudo-
activation energy, and VFT1−temperature, respectively.

The optimal values for the 18 model parameters and their
corresponding confidence limits are reported in Table 2; and a
demonstration calculation is provided in Table 3. The minimum
temperature of tholeiite erupting from the Kilauea volcano (Hawaii)
is 1,423 K (Wright et al., 1968), and 1,433 K at a vapor pressure of

1,000 × 105 kPa (Xu & Qiu, 2010). Therefore, in the viscosity
estimates of Eq. 1, we set the melting temperature of oceanic
basalt to the middle temperature (1428 K) of the Kilauea tholeiite
in 1,000–4,000 m depth range (100 × 105–400 × 105 kPa) in which
ventsmay appear. Due to constraints such as thewater content in the
melting basalts was given indirectly with an empirical formula, the
analogy viscosity more like a comprehensive geochemical
characteristics of basalt than the viscosity value in the physical sense.

THREE CLASSIFICATIONS OF BASALTS

To compare the characteristics of the BNVs and the
background basalt on MAR, we classified the basalt samples
into three categories based on the spatial distance and
topography coherence of their sampling sites to known
hydrothermal vents. 1) Basalt near known vent (BNV): The

TABLE 4 | Major elements (wt%) and viscosity of basalt (Pa·s) on TAG vent (data from PetDB).

Type No. Lat./° Lon./° SiO2 TiO2 Al2O3 TFeO MnO MgO CaO Na2O K2O P2O5 H2O Visc.

BNV 24 26.137 −44.825 50.57 1.57 15.20 9.89 0.22 8.24 10.94 2.64 0.11 0.15 0.16 67.97
25 26.137 −44.8265 49.71 1.60 15.12 9.88 0.17 8.36 10.48 2.73 0.13 0.16 0.20 57.23
26 26.1366 −44.8258 49.97 1.61 15.05 10.14 0.17 9.34 11.03 2.29 0.08 0.16 0.12 54.74

BAV 1 26.2 −44.79 50.97 1.86 15.12 10.44 0.19 7.00 10.76 3.00 0.10 0.20 0.15 108.44
2 26.19 −44.81 50.18 1.03 16.15 8.28 0.17 9.10 12.32 2.24 0.08 0.08 0.13 48.30
3 26.182 −44.84 50.60 1.64 15.07 10.33 0.19 7.90 10.73 2.79 0.10 0.13 0.15 76.95
4 26.174 −44.813 50.71 1.56 15.43 9.66 0.18 7.94 11.20 2.83 0.07 0.13 0.10 88.62
5 26.174 −44.81 50.57 1.54 15.55 9.68 0.17 8.02 11.25 2.82 0.07 0.12 0.10 82.68
6 26.168 −44.839 50.83 1.32 15.72 8.96 0.15 8.75 11.30 2.53 0.08 0.09 0.11 70.44
7 26.166 −44.813 50.55 1.47 15.55 9.49 0.15 7.84 11.05 2.82 0.07 0.13 0.11 86.33
8 26.162 −44.823 50.52 1.51 15.54 9.61 0.19 8.00 11.23 2.84 0.07 0.13 0.10 80.52
9 26.161 −44.79 49.90 1.44 16.05 9.18 0.17 8.70 10.90 2.80 0.10 0.14 0.15 53.50
10 26.16 −44.842 51.11 1.90 14.65 10.73 0.19 7.23 10.44 2.95 0.08 0.16 0.13 116.18
11 26.158 −44.805 50.81 1.53 15.52 9.50 0.16 7.93 11.00 2.82 0.07 0.14 0.10 92.16
12 26.151 −44.807 50.56 1.67 14.99 10.25 0.18 7.95 10.81 2.91 0.07 0.15 0.10 88.33
13 26.15 −44.891 50.48 1.39 15.86 9.26 0.16 8.44 11.17 2.59 0.07 0.15 0.11 69.82
14 26.15 −44.85 50.22 1.54 15.30 9.48 0.18 7.99 11.00 2.95 0.07 0.15 0.11 82.70
15 26.149 −44.837 50.71 1.48 15.50 9.39 0.19 8.60 10.89 2.70 0.12 0.17 0.17 62.46
16 26.147 −44.902 50.56 1.23 15.87 9.19 0.19 8.48 11.55 2.50 0.08 0.10 0.12 63.71
17 26.146 −44.936 50.37 1.31 15.73 9.01 0.20 8.43 11.44 2.63 0.07 0.13 0.10 71.61
18 26.146 −44.786 50.26 1.47 15.26 9.70 0.17 8.72 10.96 2.75 0.11 0.15 0.16 56.59
19 26.142 −44.782 50.56 1.47 15.73 9.55 0.18 8.10 11.35 2.68 0.12 0.13 0.18 61.48
20 26.14 −44.795 50.82 1.55 14.87 9.94 0.19 7.75 11.41 2.72 0.06 0.14 0.08 102.56
21 26.14 −44.82 50.84 1.64 15.62 9.52 0.18 7.70 11.22 2.82 0.12 0.13 0.18 78.97
22 26.14 −44.778 50.52 1.42 15.58 9.14 0.16 8.37 11.04 2.71 0.07 0.12 0.10 80.29
23 26.14 −44.825 49.90 1.63 14.90 9.90 0.18 8.77 11.10 2.82 0.08 0.16 0.12 62.60
27 26.133 −44.75 50.67 1.32 16.08 8.69 0.12 8.36 11.37 2.80 0.14 0.15 0.21 55.35
28 26.13 −44.793 50.33 0.86 16.05 8.33 0.16 9.64 12.86 1.82 0.03 0.07 0.04 52.80
29 26.13 −44.78 51.30 1.55 15.72 9.38 0.17 7.78 11.23 2.90 0.08 0.16 0.12 96.20
30 26.122 −44.813 49.68 1.54 16.50 9.69 0.19 7.30 11.40 2.94 0.09 0.14 0.14 65.54
31 26.12 −44.86 50.80 1.45 15.80 9.22 0.17 8.03 11.40 2.65 0.12 0.12 0.18 69.19
32 26.118 −44.841 50.71 1.48 15.37 9.76 0.21 8.08 11.24 2.69 0.10 0.14 0.15 71.03
32 26.118 −44.841 51.03 1.51 15.29 9.85 0.18 8.06 11.25 2.70 0.10 0.14 0.15 76.52
33 26.113 −44.803 49.86 1.23 16.15 9.35 0.22 8.35 11.53 2.77 0.06 0.14 0.09 58.40
34 26.113 −44.788 50.65 1.58 15.43 9.28 0.15 8.17 11.03 2.88 0.12 0.18 0.18 69.76
35 26.11 −44.73 50.94 1.20 16.42 8.32 0.15 8.42 12.00 2.65 0.06 0.10 0.09 76.22
35 26.11 −44.73 50.48 1.20 16.57 8.33 0.15 8.35 12.00 2.62 0.05 0.11 0.08 74.53
35 26.11 −44.73 50.62 1.59 15.42 9.48 0.18 7.83 11.33 2.72 0.14 0.15 0.21 69.51
36 26.102 −44.855 50.32 1.15 16.26 8.93 0.14 8.74 11.75 2.42 0.06 0.09 0.08 60.61

“No.” is the number of basalt sampling site, and a plurality of samples can be found around a site. “Lat.” is latitude, and “Lon.” is longitude. “Visc.” is viscosity. “value” refers to
compute value. Bold values are compute values.
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BNV samples are located near known hydrothermal vents and
are assumed to represent the basement basalt of the
hydrothermal vents. The sampling sites and the known

hydrothermal vents coexist in the same topographic unit
and are adjacent to each other (i.e., separated by 10–103 m).
2) Basalt around known vent (BAV): These basalt sampling

FIGURE 4 | Bathymetric map from GeoMapApp, showing the location of the Snake Pit vent and the sample sites. The dashed circle encloses the range of BNV.
Black solid lines are the 10 m isobaths. The symbols and color bar are described in the caption of Figure 3.

TABLE 5 | Major elements (wt%) and viscosity of basalt (Pa·s) on snake pit vent (data from PetDB).

Type No. Lat./° Lon./° SiO2 TiO2 Al2O3 TFeO MnO MgO CaO Na2O K2O P2O5 H2O Visc

BNV 12 23.37 −44.95 50.25 1.36 16.42 8.84 0.16 8.44 11.47 2.66 0.12 0.12 0.18 51.70
12 23.37 −44.95 50.12 1.38 16.25 8.96 0.17 8.08 11.35 2.80 0.12 0.14 0.18 56.63
12 23.37 −44.95 50.15 1.40 16.21 9.04 0.17 8.27 11.40 2.85 0.13 0.14 0.20 51.41
12 23.37 −44.95 50.62 1.40 16.10 8.90 0.16 8.20 11.38 2.78 0.16 0.14 0.24 52.93
12 23.37 −44.95 50.78 1.41 16.37 8.92 0.17 8.15 11.55 2.80 0.12 0.15 0.18 59.93
12 23.37 −44.95 50.27 1.40 16.20 8.90 0.16 8.11 11.64 2.81 0.11 0.15 0.17 59.20
13 23.3683 −44.9492 49.53 1.40 15.72 8.91 0.16 8.41 11.25 2.83 0.15 0.13 0.23 46.86

BAV 1 23.39 −44.94 50.63 1.73 15.06 10.31 0.18 7.35 11.13 3.12 0.13 0.19 0.19 75.68
2 23.39 −44.93 49.99 1.73 15.52 10.46 0.19 7.55 10.82 3.12 0.15 0.20 0.22 56.94
3 23.3867 −44.97 50.92 1.78 14.89 10.19 0.18 7.16 11.21 3.25 0.13 0.21 0.20 83.46
4 23.3867 −44.9583 50.12 1.35 16.17 8.80 0.16 8.66 11.44 2.90 0.13 0.18 0.20 46.71
5 23.3863 −44.9464 50.66 1.64 15.12 10.03 0.18 7.45 11.15 3.21 0.12 0.20 0.17 77.24
6 23.3833 −44.92 50.14 1.60 15.64 9.65 0.18 7.92 11.02 3.08 0.12 0.19 0.18 61.67
7 23.3833 −44.965 50.20 1.62 15.69 9.49 0.17 7.89 11.10 3.10 0.14 0.20 0.21 59.88
8 23.38 −44.93 50.65 1.34 16.26 8.89 0.16 8.33 11.47 2.75 0.10 0.14 0.15 61.66
9 23.3733 −44.948 49.46 1.40 15.60 9.01 0.16 8.46 11.17 2.80 0.16 0.14 0.24 44.84
10 23.37 −44.97 50.41 1.39 16.22 8.79 0.16 8.39 11.40 2.88 0.12 0.13 10.18 55.65
10 23.37 −44.97 50.24 1.55 15.78 9.45 0.18 7.56 11.52 2.86 0.13 0.14 0.20 64.81
10 23.37 −44.97 50.59 1.35 16.50 8.95 0.17 8.15 11.53 2.81 0.14 0.14 0.21 51.84
10 23.37 −44.97 50.29 1.36 16.41 8.66 0.16 8.01 11.68 2.81 0.11 0.13 0.17 60.56
11 23.37 −44.96 50.26 1.36 16.34 8.77 0.16 8.53 11.49 2.78 0.13 0.13 0.20 49.20
14 23.362 −44.955 49.56 1.42 15.91 9.14 0.17 8.23 11.19 2.89 0.14 0.15 0.22 47.52
15 23.36 −44.93 50.21 1.69 15.36 10.41 0.19 8.05 10.91 3.00 0.13 0.20 0.19 56.62
16 23.36 −44.94 50.47 1.42 16.13 8.84 0.16 7.96 11.44 2.82 0.14 0.13 0.21 59.32
16 23.36 −44.94 50.44 1.70 15.29 10.07 0.18 7.48 11.15 3.11 0.22 0.22 0.34 51.17
17 23.36 −44.95 50.26 1.31 16.54 8.95 0.17 8.49 11.32 2.81 0.14 0.16 0.21 45.32
18 23.36 −44.96 50.29 1.43 15.92 9.34 0.16 8.27 11.42 2.94 0.15 0.20 0.22 49.04
19 23.36 −44.97 50.24 1.74 15.59 9.95 0.18 7.50 10.79 3.19 0.25 0.23 0.38 46.36
20 23.3592 −44.9683 50.22 1.65 15.64 9.85 0.17 7.75 11.22 3.13 0.14 0.22 0.21 58.36
21 23.3585 −44.948 49.78 1.62 15.67 9.55 0.17 7.36 11.18 2.98 0.23 0.17 0.35 48.09
22 23.3583 −44.95 50.59 1.69 15.43 9.98 0.18 7.69 11.21 3.09 0.22 0.22 0.33 49.33
23 23.3583 −44.9567 50.16 1.71 15.48 10.14 0.18 7.87 10.96 3.08 0.13 0.21 0.20 59.71

Bold values are compute values.
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sites are located farther from the known hydrothermal vents
than BNVs, but may be associated with hydrothermal vents.
They are separated by 103–104 m from the known
hydrothermal vents and all in the same topographic unit.
Or, they are separated by 102–103 m from the known
hydrothermal vents in different topographic units. 3) Basalt
of the MAR: The basalt samples in the MAR are far (>104 m)
from the known hydrothermal vents or no hydrothermal vents
were found in the range. The basalt of the MAR is treated as the
background basalt of the first two categories (especially of
BNV). According to the above BNV classification standard,
BNV samples from only 11 hydrothermal vents were collected
over the whole MAR. These vents are the focal objects of this
paper. The classifications of the sampling sites near each vent
are described below.

Trans-Atlantic Geotraverse Vent
The TAG vent was discovered by Rona et al. (1986) in 1985. It
is located on the north side of a large hydrothermal sulfide
mound at the bottom of the axial valley, which has a maximum
depth of 3,670 m. Thirty-nine basalt geochemical datasets have
been collected from 36 sampling sites around the TAG vent
(Figure 3). The major-element concentrations and viscosities
at each site are listed in Table 4. Sites 24, 25, and 26 occupy the
basement basalt under the large hydrothermal sulfide mound
containing the TAG vent. Basalt samples from sites 24 and 26
were collected by drilling, and the sample from site 25 was
collected by submersible equipment. These basalt samples

were classified as BNV. The remaining sites are not beneath
the hydrothermal sulfide mound and are approximately
1–15 km from the TAG vent; hence, their basalt samples
were classified as BAV.

Snake Pit Vent
The Snake Pit vent was discovered by Kong et al. (1985). It is
situated on an intensely fissured neovolcanic ridge along the axial
valley, which occupies the south side of the 3500-m-deep Kane
transform fault. Thirty-two basalt geochemical datasets from 23
basalt sampling sites have been collected around the Snake Pit
vent (Figure 4). Table 5 to continue lists the major-element
concentrations and viscosities of the basalt at these sites. The
Snake Pit vent and sites 12, 13 are located at the top of the same
neovolcanic ridge, belong to the same topography unit, and are
less than 300 m apart. Therefore, the basalt samples from these
sites were classified as BNV. The remaining sites are located
1–5 km from the vent even in different topographic units.
Therefore, samples from these sites were classified as BAV.

Lucky Strike Vent and Evan Vent
The Lucky Strike vent was discovered by Alvin in 1993 (Langmuir
et al., 1993), and the Evan vent was discovered by Nautile in 2006
(Escartin, 2009). Both vents are located on the seamount in the
central part of the Lucky Strike segment (Figure 5). Water depths at
the Lucky Strike and Evan vents are 1740 and 1775m, respectively,
and the vents are approximately 3.5 km apart. 42 basalt geochemical
datasets were collected from the 40 sampling sites around the two

FIGURE 5 |Bathymetric map fromGeoMapApp, showing the locations of the Lucky Strike vent, the Evan vent, and the sample sites. The color bar is not applicable
to the two local maps. Black solid lines are the 20 m isobaths. The symbols and color bar are explained in the caption of Figure 3.
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vents (Figure 5). Themajor-element concentrations and viscosities at
the sampling sites are listed inTable 6. The Lucky Strike vent and site
14 occupy the depression between the two high topographies and are
observed to be notmore than 200m apart. The Evan vent and sites 31
and 33 are also separated by only 400m and occupy the same slope of
the seamount having a similar water depth. Therefore, the basalt
samples at sites 14, 31, and 33were classified as BNVs. The remaining
37 sites and two hydrothermal vents are located in different
topographic units or are separated by more than 1 km; hence, the
samples that were collected from these sites were classified as BAVs.

S Oceanographer Vent
The S Oceanographer vent, located on a smaller seamount at the
bottom of the axial valley, was discovered by Chin et al. (1998). Its
depth is 3,460m. There are 32 basalt sampling sites around the vent,
from which 37 geochemical datasets of basalt were collected

(Figure 6). Their major-element concentrations and viscosities
are listed in Table 7. The S Oceanographer vent and site 20 are
separated by approximately 500m at the bottom of the axial valley;
hence, the basalt sample at site 20 was classified as BNV. The other
sites are 1–20 km from the vent; hence, their basalt samples were
classified as BAV.

Mid-Atlantic Ridge 22°309N Vent
The MAR 22°30′N vent was discovered by Rona et al. (1986). It is
located on the east of the axial valley scarp, which is 2,800 m deep.
Twelve basalt geochemical datasets were collected from four
basalt sampling sites around the vent (Figure 7). The major-
element concentrations and viscosities of the basalt at each site
are listed in Table 8. Site 2 is only 10 m from the MAR 22°30′N
vent; hence, its four basalt samples were classified as BNV. The

TABLE 6 | Major elements (wt%) and viscosity of basalt (Pa·s) on lucky strike and evan vents (data from PetDB).

Type No. Lat./° Lon./° SiO2 TiO2 Al2O3 TFeO MnO MgO CaO Na2O K2O P2O5 H2O Visc

BNV 14 37.292 −32.291 51.70 1.19 14.66 9.61 0.17 7.79 12.16 2.29 0.25 0.14 0.38 53.94
31 37.268 −32.28 50.94 1.18 15.35 9.87 0.18 7.14 12.11 2.36 0.20 0.12 0.30 56.40
33 37.2667 −32.2853 50.98 1.07 14.83 10.08 0.17 8.24 11.85 2.29 0.18 0.12 0.27 48.37

BAV 1 37.341 −32.2695 52.10 1.35 14.49 10.65 0.16 6.90 11.26 2.46 0.22 0.14 0.33 77.22
1 37.341 −32.2695 50.78 0.99 14.97 9.31 0.17 8.50 12.59 2.11 0.22 0.14 0.32 39.64
2 37.335 −32.3 51.62 1.15 14.85 8.93 0.15 7.78 12.53 2.20 0.42 0.18 0.63 38.61
3 37.332 −32.294 51.66 1.05 14.84 9.04 0.16 8.19 12.62 2.15 0.22 0.12 0.33 52.01
4 37.316 −32.279 50.86 0.93 14.91 8.99 0.18 8.77 12.85 2.07 0.15 0.12 0.22 46.68
5 37.316 −32.302 51.75 0.97 14.78 8.89 0.15 8.23 12.88 2.09 0.15 0.09 0.23 64.54
6 37.312 −32.267 51.53 1.28 14.65 10.29 0.18 7.36 11.62 2.40 0.24 0.17 0.36 58.06
7 37.309 −32.292 51.55 1.28 14.62 10.18 0.18 7.31 11.53 2.36 0.20 0.14 0.30 68.93
8 37.307 −32.297 50.71 0.98 15.46 9.35 0.16 7.69 12.71 2.23 0.13 0.09 0.20 57.02
9 37.305 −32.303 51.07 0.93 15.12 8.04 0.15 8.85 13.77 1.90 0.23 0.11 0.35 38.31
10 37.302 −32.2918 51.35 1.28 14.64 10.18 0.18 7.55 11.74 2.42 0.21 0.16 0.31 58.99
11 37.297 −32.2813 51.06 1.05 14.81 9.88 0.22 8.10 12.04 2.23 0.20 0.14 0.30 47.99
12 37.297 −32.283 50.95 1.08 14.75 9.85 0.17 7.92 12.01 2.17 0.18 0.11 0.27 54.23
13 37.293 −32.259 49.76 1.52 15.66 8.42 0.15 7.40 12.50 2.74 0.86 0.31 1.29 18.60
15 37.292 −32.282 51.23 1.07 14.76 9.89 0.19 7.82 12.23 2.24 0.19 0.12 0.29 53.78
16 37.291 −32.2995 51.19 1.07 14.81 9.53 0.18 8.13 12.31 2.23 0.20 0.14 0.30 50.35
17 37.2905 −32.2825 51.44 1.05 14.74 9.74 0.18 8.08 12.03 2.20 0.19 0.14 0.29 53.69
17 37.2905 −32.2825 51.38 1.07 14.69 9.80 0.18 8.14 12.08 2.17 0.20 0.14 0.30 51.69
18 37.287 −32.279 50.55 1.28 15.60 7.72 0.13 8.32 13.33 2.27 0.49 0.20 0.74 26.10
19 37.286 −32.279 51.74 1.10 14.59 10.15 0.18 7.93 11.69 2.30 0.19 0.11 0.29 59.05
20 37.286 −32.291 51.37 1.08 14.63 9.72 0.17 8.03 11.97 2.19 0.18 0.12 0.27 58.50
21 37.285 −32.281 51.27 1.08 14.65 9.84 0.17 8.00 12.02 2.19 0.18 0.11 0.27 56.54
22 37.284 −32.2805 50.75 1.26 15.46 8.24 0.17 8.37 12.95 2.29 0.49 0.22 0.74 25.82
23 37.282 −32.322 50.61 0.77 15.19 8.93 0.16 8.88 13.34 2.05 0.12 0.07 0.18 42.53
24 37.282 −32.305 50.65 1.27 15.40 7.98 0.14 8.33 13.09 2.23 0.46 0.20 0.69 28.18
25 37.282 −32.304 51.44 1.13 14.67 9.60 0.16 7.56 12.22 2.24 0.18 0.11 0.27 66.67
26 37.2783 −32.2907 50.00 1.27 15.91 7.18 0.14 8.63 13.85 2.23 0.58 0.24 0.87 19.37
27 37.277 −32.27 51.38 1.00 14.88 8.86 0.16 8.18 12.55 2.10 0.16 0.10 0.24 61.49
28 37.2767 −32.2698 51.06 1.05 14.77 10.17 0.20 8.09 11.70 2.34 0.20 0.14 0.30 47.39
29 37.27 −32.312 51.50 1.23 14.51 10.34 0.18 7.60 11.56 2.31 0.21 0.14 0.32 60.32
30 37.269 −32.268 51.44 1.13 14.60 9.95 0.18 7.59 11.97 2.44 0.19 0.13 0.29 61.07
32 37.267 −32.297 51.34 1.06 14.74 10.10 0.18 7.87 11.74 2.35 0.20 0.12 0.30 52.77
34 37.259 −32.314 51.74 1.10 14.80 10.08 0.17 7.76 11.69 2.30 0.18 0.11 0.27 62.47
35 37.2562 −32.2878 51.71 1.13 15.03 9.78 0.16 7.42 11.93 2.37 0.21 0.15 0.31 61.32
36 37.2557 −32.2997 51.40 0.98 15.03 9.07 0.17 8.28 13.02 2.14 0.17 0.13 0.26 51.37
37 37.255 −32.317 51.42 1.08 14.79 10.08 0.18 7.49 11.80 2.30 0.21 0.13 0.32 57.31
38 37.2525 −32.2933 51.58 1.09 15.03 10.28 0.16 7.73 11.82 2.21 0.18 0.10 0.27 57.25
39 37.246 −32.28 51.89 1.20 14.57 9.91 0.16 7.78 11.80 2.25 0.21 0.13 0.32 63.13
40 37.245 −32.317 51.70 0.94 14.84 8.79 0.15 8.45 12.96 2.04 0.13 0.09 0.20 64.65

Bold values are compute values.
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FIGURE 6 | Bathymetric map from GeoMapApp, showing the locations of the S Oceanographer vent and the sample sites. Black solid lines are the 20 m isobaths.
The symbols and color bar are described in the caption of Figure 3.

TABLE 7 | Major elements (wt%) and viscosity of basalt (Pa·s) on S oceanographer vent (data from PetDB).

Type No. Lat./° Lon./° SiO2 TiO2 Al2O3 TFeO MnO MgO CaO Na2O K2O P2O5 H2O Visc

BNV 20 34.867 −36.4382 49.67 1.16 14.54 9.84 0.20 8.38 12.06 2.44 0.10 0.03 0.15 53.62
20 34.867 −36.4382 49.51 1.2 14.57 10.38 0.22 7.82 12.27 2.55 0.09 0.12 0.14 56.31
20 34.867 −36.4382 50.00 1.12 14.70 10.10 0.19 7.85 12.1 2.47 0.12 0.12 0.18 55.02

BAV 1 34.98 −36.3933 50.67 1.30 15.11 9.13 0.16 7.86 12.53 2.66 0.25 0.15 0.37 43.92
2 34.9795 −36.4185 49.90 1.21 15.00 9.80 0.19 7.75 11.98 2.48 0.25 0.15 0.38 38.39
3 34.9773 −36.4203 49.90 1.42 15.10 9.45 0.18 7.30 11.72 2.80 0.34 0.21 0.51 38.14
4 34.9615 −36.4248 50.80 1.28 14.78 9.77 0.20 7.61 12.27 2.55 0.26 0.16 0.39 45.05
5 34.95 −36.42 49.97 1.36 14.79 9.45 0.17 7.49 12.52 2.68 0.39 0.17 0.59 32.05
6 34.94 −36.61 49.40 1.93 15.14 10.11 0.19 7.24 11.38 2.82 0.80 0.24 1.20 20.33
7 34.9373 −36.4122 50.80 1.30 14.82 10.16 0.19 7.52 11.96 2.60 0.22 0.15 0.33 50.05
8 34.904 −36.4245 50.33 1.43 15.36 9.09 0.17 8.11 12.42 2.60 0.29 0.19 0.43 36.29
9 34.8955 −36.4183 50.08 1.42 15.12 9.29 0.10 7.83 12.13 2.55 0.30 0.18 0.45 38.08
9 34.8955 −36.4183 49.49 1.34 14.99 10.01 0.23 7.90 11.99 2.57 0.26 0.17 0.39 33.58
10 34.8947 −36.419 49.75 1.18 15.75 8.91 0.23 8.32 12.73 2.35 0.26 0.16 0.39 29.77
10 34.8947 −36.419 48.53 1.17 16.27 8.46 0.14 8.69 12.62 2.47 0.28 0.17 0.42 21.48
11 34.8947 −36.527 48.26 0.66 17.35 9.49 0.22 9.10 12.02 2.45 0.04 0.04 0.06 26.97
11 34.8947 −36.527 49.52 1.68 14.82 11.26 0.25 7.04 10.95 2.69 0.35 0.20 0.53 35.09
12 34.8945 −36.4355 49.40 1.14 14.85 10.10 0.18 7.84 12.04 2.56 0.12 0.12 0.18 49.26
13 34.8937 −36.428 49.76 1.18 14.60 10.08 0.19 8.11 11.96 2.62 0.10 0.12 0.15 55.50
14 34.89 −36.4143 49.80 1.23 15.10 9.62 0.18 7.72 12.12 2.60 0.23 0.16 0.35 39.76
15 34.8887 −36.4105 49.18 1.42 15.60 8.91 0.14 8.02 12.70 2.68 0.35 0.17 0.53 26.09
16 34.8878 −36.3997 48.39 1.31 16.18 8.60 0.26 8.26 12.36 2.57 0.39 0.25 0.59 19.53
17 34.8783 −36.3763 49.50 1.48 16.80 7.30 0.14 7.37 12.95 2.72 0.74 0.27 1.11 19.17
18 34.8775 −36.4303 50.43 1.20 14.90 9.77 0.17 7.87 12.29 2.31 0.12 0.14 0.18 61.19
19 34.8718 −36.5305 50.30 1.20 16.00 8.60 0.17 7.38 12.52 2.54 0.26 0.13 0.39 42.30
21 34.8648 −36.45 48.75 1.66 15.55 8.57 0.19 7.50 12.99 2.82 0.70 0.28 1.05 17.98
22 34.8603 −36.4333 49.10 1.85 15.88 8.76 0.13 7.31 12.61 2.72 0.72 0.30 1.08 19.92
23 34.838 −36.43 49.50 1.57 16.36 8.98 0.14 7.92 12.14 2.64 0.59 0.27 0.89 19.07
24 34.8378 −36.3888 50.49 1.25 14.38 10.00 0.17 7.66 12.16 2.43 0.10 0.14 0.15 75.46
25 34.786 −36.4628 48.65 0.75 16.20 9.01 0.17 9.81 13.38 1.89 0.07 0.05 0.10 25.02
26 34.781 −36.463 50.93 1.28 15.46 9.04 0.16 7.96 12.10 2.13 0.27 0.16 0.40 44.69
27 34.7552 −36.4768 50.71 1.26 15.17 9.10 0.16 7.90 12.44 2.68 0.25 0.16 0.38 42.71
28 34.7463 −36.4793 49.73 1.00 15.39 9.19 0.22 9.01 11.59 2.49 0.07 0.09 0.11 50.51
29 34.74 −36.49 49.75 0.88 14.98 8.75 0.17 8.92 13.13 2.13 0.09 0.09 0.14 46.10
30 34.7378 −36.4923 48.50 0.75 17.80 8.64 0.15 9.30 11.95 2.38 0.05 0.07 0.08 27.98
31 34.726 −36.4623 51.43 1.56 14.99 10.23 0.19 6.64 10.89 2.87 0.70 0.27 1.04 32.13
32 34.7082 −36.4857 50.08 0.81 16.26 8.51 0.15 9.43 12.31 2.24 0.04 0.07 0.06 48.05

Bold values are compute values.
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FIGURE 7 |Bathymetric map from GeoMapApp, showing the locations of the MAR 22°30′N vent and the sample sites. Black solid lines are the 20 m isobaths. The
symbols and color bar are described in the caption of Figure 3.

TABLE 8 | Major elements (wt%) and viscosity of basalt (Pa·s) on MAR 22°30′N vent (data from PetDB).

Type No. Lat./° Lon./° SiO2 TiO2 Al2O3 TFeO MnO MgO CaO Na2O K2O P2O5 H2O Visc

BNV 2 22.5 −45 49.89 1.76 15.49 10.26 0.19 7.47 10.98 2.88 0.13 0.17 0.195 64.80
2 22.5 −45 49.52 1.66 15.52 9.52 0.18 7.78 11.28 2.8 0.14 0.17 0.21 57.68
2 22.5 −45 49.83 1.62 15.58 9.68 0.18 7.7 11.39 2.87 0.13 0.17 0.195 60.08
2 22.5 −45 50.34 1.64 15.33 9.87 0.18 7.52 11.32 2.9 0.14 0.15 0.21 66.63

BAV 1 22.52 −45.02 50.76 1.65 15.22 9.97 0.18 7.24 11.57 2.92 0.12 0.16 0.18 80.62
1 22.52 −45.02 50.13 1.77 15.49 10.34 0.19 7.60 11.31 2.70 0.12 0.17 0.18 65.67
3 22.483 −45.047 50.80 1.65 15.36 9.82 0.18 7.24 11.27 2.88 0.13 0.13 0.20 81.44
3 22.483 −45.047 51.36 1.66 15.18 9.93 0.18 7.28 11.72 2.77 0.15 0.13 0.23 78.99
3 22.483 −45.047 50.40 1.78 14.97 9.96 0.18 6.87 11.41 2.90 0.16 0.15 0.24 79.95
4 22.45 −45.02 51.12 1.58 15.63 9.99 0.19 7.81 11.28 2.80 0.11 0.13 0.17 73.10
4 22.45 −45.02 50.42 1.51 15.57 9.84 0.18 7.74 11.27 2.85 0.10 0.13 0.15 70.62
4 22.45 −45.02 50.34 1.51 15.16 9.86 0.18 7.70 11.25 2.82 0.11 0.13 0.17 71.93

Bold values are compute values.

FIGURE 8 | Bathymetric map fromGeoMapApp, showing the locations of vents in the Lilliput hydrothermal field and the sample sites. Black solid lines are the 10 m
isobaths. The symbols and color bar are described in the caption of Figure 3.
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other sites are more than 5 km from the vent; hence, their basalt
samples were classified as BAV.

Lilliput Field
The Lilliput field was preliminarily discovered by German et al. (2002)
in 2002 and confirmed by ROV investigation in 2002 (Haase and
Scientific Party, 2009). It occupies the segment between the Ascension
and the Bode Verde fracture zones, which are 1,500m deep. The areal
coverage of the Lilliput hydrothermal field is approximately (1,000 ×
250)m2. Five relatively small hydrothermal vents are found on a large
(~5,000m × 600m) young (estimated as <100 years old) lava flow.
From observations of the Lilliput vent fauna over four consecutive
years, researchers have inferred a pulsed hydrothermal activity (Haase
et al., 2009). Twenty-two basalt geochemical datasets have been
collected from 19 sampling sites around the Lilliput vent
(Figure 8). The major-element concentrations and viscosities at
these sites are listed in Table 9. The vents of the Lilliput field and
sites 1–8 are separated by <500m on the same slope (possibly created
by the same lava flow); hence, their basalt samples were classified as
BNV.The remaining siteswere distant (<1 km) from thehydrothermal
vents; hence, their basalt samples were classified as BAV.

The above classification grouped the 9818 sampled basalt datasets
into 29 BNV datasets and 155 BAV datasets. The differences between
both types of basalt samples and the background basalts on the MAR
are compared in the following section.

RESULTS

The latitudes and the analogy viscosity provided in the 9818
datasets were plotted in a scatter diagram, with latitude as the

ordinate and viscosity as the abscissa (Figure 9). The
viscosities of the basalts from the MAR, BAV, and BNV
groups were 4–356, 17–117, and 46.8–68.5 Pa·s, respectively.
As shown in Figure 9, the viscosity range narrows near the
vents (e.g., 46.8–68.5 Pa·s), but many of the BAV samples are
likely to be background basalt on the MAR. Among the whole
9818 basalt samples collected from the MAR, 31.1% have
viscosities ranging from 46.8 to 68.5 Pa·s. In other words,
less than one-third of the basalt samples from the MAR fall
within the viscosity range of BNV.

Meanwhile, the viscosities of the BNV, BAV, and MAR basalt
samples were statistically analyzed, and the results were plotted as
histograms (Figure 10). The modes and means of the viscosities
are 54–56 Pa·s and 50.49 Pa·s for the MAR basalt, 58–60 Pa·s and
56.07 Pa·s for BAV, 56–58 Pa·s and 57.71 Pa·s for BNV
respectively. The mean viscosities of the BNV and BAV
samples are similar but clearly differ from those of the MAR
basalt. The viscosity standard deviations of the MAR basalt, BAV,
and BNV are 24.30, 18.44, and 5.30, respectively. Note that the
standard deviation is much smaller in BNV than in the other
basalt groups, indicating a stronger aggregation effect of the
viscosity in BNV.

In addition, all basalt samples are classified by the maximum
and minimum concentrations of BNV major elements and the
proportion of the Mid- Ridge basalt samples belonging to BNV
category is listed in Table 10. These results show that the
concentration range of major elements in most basalts as the
same as that of BNV, while only 31% of basalts had the analogy
viscosity similar to BNV which shows that the analogy viscosity
may be another suitable indicator for the seafloor
hydrothermal vents.

TABLE 9 | Major elements (wt%) and viscosity of basalt (Pa·s) on lilliput field (data from PetDB; Haase et al., 2009).

Type No. Lat./° Lon./° SiO2 TiO2 Al2O3 TFeO MnO MgO CaO Na2O K2O P2O5 H2O Visc

BNV 1 −9.545 −13.211 49.89 2.67 13.57 12.66 0.24 5.16 9.45 3.50 0.45 0.43 0.68 61.91
2 −9.547 −13.209 50.42 2.39 13.92 11.87 0.23 5.74 10.20 3.32 0.44 0.40 0.66 56.28
3 −9.548 −13.209 50.13 2.47 13.87 11.99 0.21 5.61 10.12 3.29 0.44 0.40 0.66 57.38
4 −9.548 −13.212 49.79 2.55 13.81 12.47 0.24 5.42 9.81 3.19 0.44 0.41 0.66 57.52
5 −9.549 −13.209 50.70 2.57 14.38 12.13 0.21 5.72 10.18 3.14 0.44 0.26 0.66 58.09
5 −9.549 −13.209 51.09 2.74 14.31 12.00 0.21 5.76 10.11 3.19 0.43 0.24 0.65 66.27
6 −9.550 −13.206 50.35 2.45 13.80 11.94 0.22 5.64 10.15 3.31 0.44 0.40 0.66 58.79
7 −9.552 −13.209 50.95 2.83 14.09 12.78 0.22 5.16 9.38 3.26 0.48 0.32 0.72 68.51
8 −9.552 −13.207 50.51 2.46 14.37 11.95 0.21 5.88 10.15 3.16 0.41 0.25 0.62 57.53

BAV 9 −9.532 −13.213 50.90 2.67 14.09 12.24 0.23 5.47 9.89 3.14 0.47 0.28 0.71 64.63
10 −9.558 −13.209 50.13 2.41 13.76 12.03 0.22 5.62 10.01 3.38 0.44 0.40 0.66 56.42
11 −9.56 −13.21 50.90 2.41 14.21 11.70 0.21 5.75 10.22 3.20 0.46 0.43 0.69 58.64
11 −9.56 −13.21 50.46 2.63 13.42 12.08 0.25 5.22 9.93 3.31 0.52 0.46 0.78 62.78
12 −9.562 −13.207 50.08 2.48 14.39 11.50 0.21 5.94 10.12 3.03 0.44 0.26 0.66 55.46
13 −9.564 −13.208 50.22 2.45 13.88 11.90 0.21 5.63 10.19 3.31 0.43 0.40 0.65 58.69
14 −9.565 −13.205 50.98 2.62 14.15 12.22 0.22 5.55 9.96 3.14 0.44 0.27 0.66 66.08
15 −9.569 −13.209 49.86 2.33 13.95 11.64 0.22 5.91 10.15 3.29 0.42 0.38 0.63 53.36
16 −9.57 −13.21 50.00 1.31 15.20 8.58 0.18 8.17 12.20 2.42 0.21 0.23 0.32 45.99
17 −9.573 −13.208 50.06 2.29 13.87 11.62 0.20 5.93 10.15 3.31 0.43 0.38 0.65 53.61
18 −9.573 −13.206 50.32 2.34 13.93 11.76 0.19 5.75 10.22 3.29 0.43 0.39 0.65 57.11
18 −9.573 −13.206 49.24 1.98 14.10 11.75 0.21 6.35 10.81 3.16 0.31 0.31 0.47 46.34
19 −9.576 −13.207 50.10 2.40 13.76 11.79 0.23 5.70 10.16 3.29 0.42 0.40 0.63 59.06

Bold values are compute values.
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DISCUSSION

The major-element concentrations of basalt have limited ability
to identify hydrothermal vents (Table 10). To understand this
result, we plotted the analogy viscosity versus oxide content for
the three types of basalt (Figure 11). BNV is divided into two
distinct categories along the horizontal axis: Type 1, located in the
north MAR (20–40°N), and Type 2, located in the south MAR
(9°S). Because the geochemical compositions of BNV differ

among the MAR locations, they are unsuitable as indicators of
hydrothermal vents. In contrast, the analogy viscosity of BNV is
highly consistent among the locations and better identifies the
hydrothermal vents. According to statistical analysis, the range of
BNV analogy viscosity differs from that of the MAR
(46.8–68.5 Pa·s in the former vs. 4–356 Pa·s in the latter). This
suggests that a narrow analogy viscosity range (e.g.
46.8–68.5 Pa.s) favors the formation and development of
hydrothermal vents. To date, the role of basalt viscosity in
restricting the hydrothermal vents is not clear, which require
further research.

Due to the complex formation mechanism, controlling factors
and individual differences of the seafloor magmatic system,
tectonic fault system and hydrothermal evolution system, it
may not be comprehensive to take the basalt viscosity of the

FIGURE 9 | BNV, BAV, and MAR basalt samples (distinguished by pink
crosses, cyan diamonds, and black circles, respectively) plotted on a
viscosity–latitude scatter diagram. All BNV and BAV, and MAR basalts with
viscosities below 160 Pa·s (this excludes 20 samples with viscosities
between 160 Pa.s and the maximum viscosity of 574 Pa·s) are shown.

FIGURE 10 | (A) Frequency histograms of BNV, BAV, and MAR basalt
samples. The darker grayscale shows the range of BNV. The statistical
parameters on the right were computed for MAR basalt. (B) Frequency
histograms of BNV and BAV.

TABLE 10 | Major element (wt%) and viscosity (Pa·s) range of BNV and their recognition rate of basalt on MAR.

SiO2 TiO2 Al2O3 FeOT MnO MgO CaO Na2O K2O P2O5 Viscosity

Max 51.70 2.83 16.42 12.78 0.24 9.34 12.27 3.50 0.48 0.43 68.5
Min 49.51 1.07 13.57 8.84 0.16 5.16 9.38 2.29 0.08 0.03 46.8
Proportion 61.8% 71.8% 78.9% 73.3% 80.0% 83.7% 72.8% 61.8% 66.7% 90.2% 31.1%

“Max” and “min”means the maximum andminimum of BNV. “Proportion”means the ratio of samples between max and min to the total samples onMAR., The smaller the ratio, the better
the recognition rate of the hydrothermal vents. Obviously, the viscosity has the best identification rate for the hydrothermal vents.

Frontiers in Earth Science | www.frontiersin.org June 2022 | Volume 10 | Article 95155312

Li et al. Geochemical Characteristic of Basalt, MAR

64

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


mid-ocean ridge as a characteristic parameter to indicate the
formation and existence of hydrothermal zone. However, the
calculation results and statistical rules in this paper do find that

the simulated viscosity data of basalt is correlated with the
distance of the hydrothermal vent, as shown in the Figures 9,
10. It should be noted that, according to the thermal cooling of

FIGURE 11 | Major-element–viscosity scatter diagrams for BNV and MAR basalt. The BNV vents are divided into Type 1 (vents 1–6, enclosed by red circles) and
Type 2 (vents 7–11, enclosed by orange circles). The dashed lines delineate the upper and lower values in BNV, and the annotations report the proportions of MAR
samples in each range.
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deep magma, fractional crystallization of magma chamber,
different development degree of fault zone, and the timing of
water-rock reaction, the indicator of analogy viscosity may only
provide a possibility for the exploration of submarine
hydrothermal field.

First, the viscosity or composition of the rock formations
hosting such systems may be of little influence in their generation
(besides having some influence on the elastic properties and
therewith the fracture behavior of the material). The fracture
process itself is governed by the local stress field and the elastic,
response of the solidified magma to this stress. In fact, all of the
zones that selected for analyses of hydrothermal vent regions in
this study lie on fault zones. These are the result of tectonic
processes that induce the fractures requires for the generation of
permeability. How recovering samples from the ocean floor,
performing compositional analyses and then calculating
viscosity should return better results at identifying
hydrothermal vents than the first order observations made
during the dives required to recover these samples in the first
place. Further, identifying thermal or chemical signatures of
active vents in the water column maybe drastically faster,
easier than analogy viscosity, though it may be a useful tool
for exploration for hydrothermal vents as found here.

Second, crustal magma transport systems, independent of
their geometry, remain filled with rock after solidification of
the magma and fluid pathways (used by sea water during
hydrothermal activity) are subsequently induced by fracturing.
It is this fracturing process in combination with the temperature
differential between the intrusion and the sea water that drives
fluid circulation and hydrothermal activity (Baker and German
2004). Hydrothermal activity is correlated to spreading velocity
since higher spreading velocity means higher heat flow and more
intense fracturing. On the other hand, since the H2O content
drastically affects melt viscosity, simply assuming H2O = 1.5*
K2O maybe not a suitable approach for global mid-ocean ridge
system. Varying the water content from 0 to 0.3 wt% for the melt
of Table 3 at constant temperature induces a variation in
modelled viscosity of > 100 Pas - much larger than the
proposed “identifier viscosity range.” Especially since water
solubility in melts is extremely sensitive to changes in
pressure, water depth would likely be a much better indicator
for water solubility.

Third, calculated viscosity from compositional data using an
empirical model would introduce further uncertainty, and any
apparent differences between the samples are composition driven
and that information is already present in the compositional data, so
whether viscosity is a better parameter for determining the location
of hydrothermal vents than composition is not certain. For example,
the uncertainty of the GRD model is ~ ± 5% of the measured
viscosity value (in this case that translates to ~ ± 2.5 Pa s, i.e. ~ ± 10%
of the range suggested relevant to vent formation).

Fourth, the computed viscosities change only with
composition and are assumed to have the same temperature
(1,423°C). This may be not suitable because lava viscosity is very
sensitive to temperature, and lava composition changes with
temperature, due to fractional crystallization. The proposed
explanation for finding that vents favoring a limited range of

intermediate viscosities is based on the assumption that the
computed viscosities were those of the lavas when they
erupted and eventually formed as crust. But it is not clear the
computed viscosities accurately represent the eruption viscosities,
given the lack of temperature information. Alternative methods
such as the MELTS algorithm are able to compute viscosity from
major element compositions of basalts by also calculating the
liquidus temperatures. Using such a method would be more
meaningful to this study. Assuming one temperature for all
the lavas is an important shortcoming.

Therefore, whether the analogy viscosity of basalts can be used
as an indicator for determining the location of seafloor
hydrothermal field needs more observations to be verified due
to the complexities of magmatic activity and fault structure, as
well as the multi-stage water-rock reaction. Hence, this paper
provides a possible insight for exploration of hydrothermal vents
rather than a fully developed method.

CONCLUSION

According to the calculation results of analogy viscosity, the
basalts along the MAR system with analogy viscosity values
ranged from 46.8 to 68.5 Pa·s are considered to be suitable for
exploration the location of hydrothermal vents. However,
because of the complex seafloor magmatic system, tectonic
fault system and hydrothermal evolution system, the analogy
viscosity parameter may only provide a possible insight for the
exploration of submarine hydrothermal field rather than a
developed method, which needs more observations to be verified.
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Provenance of the Lower Triassic
Clastic Rocks in the Southwestern
Margin of the South China Craton and
Its Implications for the Subduction
Polarity of the Paleo-Tethyan Ocean
Chao Han1,2, Hu Huang1,2*, Chenchen Yang1,2, Linxi Wang1,2 and Hongwei Luo1,2

1State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, Institute of Sedimentary Geology, Chengdu University of
Technology, Chengdu, China, 2Key Laboratory of Deep-Time Geography and Environment Reconstruction and Applications of
Ministry of Natural Resources, Chengdu University of Technology, Chengdu, China

The southwestern margin of the South China Craton preserves a Late Permian to Early
Triassic sedimentary succession, the provenance of which helps to constrain the
magmatic history and tectonic evolution of the Paleo-Tethyan Orogen. In this study,
we present new detrital zircon U-Pb age, trace element, Hf isotope and whole-rock
geochemical composition analyses from the Lower Triassic Qingtianbao Formation, to
distinguish the provenance of clastic rocks. The results show that the detrital zircons of the
Qingtianbao Formation are characterized by an age spectrum of unimodal, with an age
peak of ~260 Ma, and have a geochemical affinity to within-plate sources. Most of these
zircons have positive εHf(t) values (+1.6 to +5.9), similar to those of the Emeishan rhyolites.
The whole-rock geochemistry of most clastic samples shows no Nb–Ta anomalies on
primitive mantle-normalized elemental diagrams. These features imply a source related to
the Emeishan volcanic rocks. Integration of the geologic and provenance records in the
southwestern margin of the South China Craton, we suggest that the Paleo-Tethyan
Ocean may undergo a unidirectional subduction westward beneath the Indochina Block
during the Late Permian–Early Triassic.

Keywords: provenance, subduction polarity, Lower Triassic, South China Craton, detrital zircon, Paleo-Tethyan

1 INTRODUCTION

During the middle-late Paleozoic, the South China Craton separated from the Gondwana Land and
then experienced convergence and collision, as well as accretion (Metcalfe, 2013; Cawood et al., 2018;
Wang et al., 2021). It made the Paleo-Tethyan Ocean gradually opened and closed during the
Silurian–Triassic (Metcalfe, 2006, 2013; Wang et al., 2021). Meanwhile, there are multiple
tectonomagmatic events in the southwestern margin of the South China Craton and Indochina
Block, including the Emeishan large igneous province (ELIP) (Figure 1) (Chung and Jahn, 1995; Xu
et al., 2001, 2004, 2008; Xiao et al., 2004; Zhou et al., 2006; Huang et al., 2018). These magmatic rocks
provide significant detritus for adjacent basins, which could reveal the tectonic setting of the basin
(Cawood et al., 2012). Moreover, large volumes of magma are produced in the convergent plate
margin settings, but rocks from this setting have comparatively poor potential for preservation in the
geological record (Scholl and von Huene, 2009; Cawood et al., 2012). Magmatic rocks are poorly
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exposed along the Paleo-Tethyan Ocean between the South China
Craton and Indochina Block (Figure 1), and thus its subduction
polarity has been controversial. Some studies suggested that the
subduction was bidirectional (e.g., Zhong et al., 2013; Hou et al.,
2017; Xia et al., 2019; Xu et al., 2019), whereas other studies
argued that the subduction was unidirectional (e.g., Faure et al.,
2014; Ngo et al., 2016; Yu et al., 2016; Gan et al., 2021; Li et al.,
2021; Wang et al., 2021). The latter suggested that the
southwestern margin of the South China Craton was a passive
continental margin (Yan et al., 2019), and the Paleo-Tethyan
Ocean may only undergo a subduction westward beneath the

Indochina Block during the Late Permian–Early Triassic (Jian
et al., 2009; Faure et al., 2014; Ngo et al., 2016; Li et al., 2021;
Wang et al., 2021).

In this study, we integrate new whole-rock geochemistry
compositions, detrital zircon geochronological and
geochemical data, as well as zircon Hf isotopic analyses of the
Lower Triassic clastic rocks in the southwestern margin of the
South China Craton. These data, when combined with data from
the Late Permian to Early Triassic sequences in the southwestern
South China Craton, allow us to better constrain the subduction
polarity of the Paleo-Tethyan Ocean.

FIGURE 1 | (A) Tectonic outline of SE Asia (modified after Metcalfe, 2013; Wang et al., 2021). (B) Simplified geological map of the South China Craton and its
adjacent regions showing the distribution of representative magmatic rocks (modified after Fan et al., 2008; Ali et al., 2010; Metcalfe, 2013; Yang et al., 2014; Hu et al.,
2017; Shellnutt et al., 2020; Wang et al., 2021; Huang et al., 2022a). Data sources: Zhou et al. (2006); Hoa et al. (2008); Jian et al. (2009); Fan et al. (2010); Liu et al.
(2011); Qing et al. (2011); Li et al. (2012); Chen et al. (2014); Lai et al. (2014); Zhong et al. (2014); Usuki et al. (2015); Halpin et al. (2016); Liu et al. (2017); Yan et al.
(2017); He et al. (2018, 2020); Shen et al. (2018); Xu et al. (2018); Shellnutt et al. (2020); Tran et al. (2020); Gan et al. (2021); Wang et al. (2021); Huang et al. (2022a; and
Huang et al. (2022b). NC: North China Craton, QL-DB: Qinling–Dabie Orogen, SG: Songpan-Ganzi Terrane, QT: Qiangtang, L: Lasha, I: India, WB: West Burma, S:
Sibumasu, SI: Simao, JS: Jinshajiang Suture, ALS: Ailaoshan Suture, RRF: Red River Fault, SMS: Song Ma Suture, DBPF: Dien Bien Phu Fault, CMS:
Changning–Menglian Suture, IS: Inthanon Suture.

Frontiers in Earth Science | www.frontiersin.org June 2022 | Volume 10 | Article 9324862

Han et al. Provenance and Subduction Polarity

70

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


2 GEOLOGICAL SETTING

The South China Craton is bounded to the north by the
Qinling–Dabie Orogen belt, to the northwest by the Songpan-
Ganzi Terrane, and to the southwest by the Jinshajiang and
Ailaoshan–Song Ma Suture (Figure 1) (Metcalfe, 2013; Wang
et al., 2021). It is adjacent to the Pacific Ocean to the southeast,
and the rocks of Hainan Island are also considered to belong to it
(Cawood et al., 2018). During the early Neoproterozoic, the South
China Craton was formed by collision of the Yangtze and Cathaysia
blocks (Li et al., 2009; Cawood et al., 2018). The Ailaoshan–Song Ma
Suture between South China and Indochina/Simao is known as the
remnants of a branch of the Paleo-Tethyan Ocean (Figure 1) (Faure
et al., 2014; Wang et al., 2021). This Paleo-Tethyan branch ocean is
generally suggested to be opened in the Silurian–Devonian and finally
closed no earlier than Middle Triassic (e.g., Jian et al., 2009; Fan et al.,
2010; Zi et al., 2012; Xu et al., 2019). Opening and spreading of the
Paleo-Tethyan branch ocean, expressed as transgression, led to
regional subsidence in the western margin of the South China
Craton and the deposition of the carbonate platform before the
Middle Permian (Liu and Xu, 1994). During the late Middle
Permian, the regional crustal uplift, called the “Dongwu uplift
movement,” existed in the South China Craton and resulted in a
widespread unconformity across most of South China (Hou et al.,
2020). The ELIP was recognized as an important magmatic event that
occurred in the South China Craton (Xu et al., 2001; Zhou et al., 2002;
Xiao et al., 2004; Huang et al., 2014, 2016, 2018; Shellnutt et al., 2020).
It mainly comprises voluminous continental flood basalt,

ultramafic–mafic intrusive and extrusive rocks, rhyolite, and
granitic rock (Xu et al., 2001, 2010; Xiao et al., 2004; Zhou et al.,
2006; Liu et al., 2016; Huang et al., 2022a). The ELIP mainly erupted
around the Permian Guadalupian–Lopingian boundary
(~260–257Ma) (Zhou et al., 2002; Shellnutt et al., 2012, 2020;
Zhong et al., 2014, 2020; Huang et al., 2016, 2018, 2022b). The
eruption of the ELIP covers an area of ~2.5 × 105 km2 in the South
China and northern Vietnam (Figure 1) (Chung and Jahn, 1995; Xu
et al., 2001; Ali et al., 2010), and its volume is ~3.8 × 106 km3 (He et al.,
2007). The total thickness of the volcanic sequence ranges frommore
than 5 km in the west of the province to several hundredmeters in the
east (He et al., 2007). The Emeishan volcanic rocks overlie the
limestone-dominated Middle Permian Maokou Formation and are,
in turn, covered by Upper Permian clastic rocks in the east and Lower
Triassic sedimentary rocks in the west (He et al., 2007). The Emeishan
basalts were often divided into high-Ti and low-Ti groups according to
Ti/Y ratios andTiO2 values (Xu et al., 2001). In thewestern parts of the
ELIP, such as the Binchuan and Panzhihua areas (Figures 1, 2), the
volcanic sequence is usually composed of low-Ti basalts at the bottom,
high-Ti basalts in the middle, and felsic volcanic rocks (rhyolite and
trachyte) at the top (Xu et al., 2010; Huang et al., 2022a).

3 SAMPLED STRATIGRAPHY AND
ANALYTICAL METHODS

The Lower Triassic Qingtianbao Formation at Dengchuan
consists of yellowish gray to purplish red sandstone,

FIGURE 2 | Geological map of the Dengchuan area (modified after Yunnan Geologic Bureau, 1966, Yunnan Geologic Bureau, 1973).
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mudstone, and conglomerate (Figure 3; Figures 4A, B). It is
unconformably underlain by the Emeishan basalts and
conformably overlain by breccia limestones of the Middle
Triassic Beiya Formation (Figure 3) (Yunnan Geologic
Bureau, 1973; Zhou et al., 2013). The Qingtianbao Formation
can be classified into three sedimentary facies including alluvial-
fan facies, fluvial facies, and delta facies (Figure 3) (Zhou et al.,
2013). The vertical changes of sedimentary facies at Dengchuan
indicate that the large-scale transgression occurred in this area,
and it has experienced environmental changes from land to
shallow sea during the Early Triassic to Middle Triassic (Zhou
et al., 2013). Twenty-four samples, including ten petrologic
samples, twelve geochemical analysis samples, and two zircon

analysis samples, were collected from the Qingtianbao Formation
at Dengchuan, Yunnan Province, in the southwestern margin of
the South China Craton (Figures 2, 3). The detrital compositions
of sandstones from the Lower Triassic Qingtianbao Formation
mainly comprise quartz (15–25%), feldspar (45–55%), and lithic
fragments (15–45%). The dominant lithic fragments are basalts
and felsic volcanic rocks (Figures 4C, D). Accessory minerals
include zircon and magnetite. Both the roundness and sorting of
sandstone samples are moderate (Figures 4C, D).

All samples were crushed (to 60 mesh) in a corundum jaw
crusher. About 50 g of each sample was ground to a powder of less
than 200 mesh in an agate ring mill. Whole-rock major and trace
elements were analyzed with XRF (Primus Ⅱ, Rigaku, Japan) and

FIGURE 3 | Simplified stratigraphic section and sampling locations at Dengchuan (modified after Zhou et al., 2013).
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ICP−MS (Agilent 7700e) at Wuhan Sample Solution Analytical
Technology Co., Ltd., Wuhan, China, respectively. The analytical
precision is generally less than 5% and accuracy is better than 5%
for most major and trace elements. The detailed analytical
techniques of XRF and ICP-MS for element concentrations are
the same as described by Ma et al. (2012) and Liu et al. (2008),
respectively.

Zircon grains were separated by conventional heavy liquid and
magnetic techniques, followed by hand picking under a binocular
microscope and mounting in epoxy and polishing for the back-
scattered electron (BSE) and cathodoluminescence (CL) imaging.
U-Pb dating and trace element analysis of zircons were conducted
by LA-ICP-MS at Wuhan Sample Solution Analytical Technology
Co., Ltd., Wuhan, China. Detailed equipment configuration and data

FIGURE 4 | Representative field outcrops and photomicrographs of clastic rocks at Dengchuan. (A) Boundary between the Middle Triassic Beiya Formation and
Lower Triassic Qingtianbao Formation. (B) Sandstone and purple mudstone in the middle part of the Qingtianbao Formation. (C) Sandstone sample Ts-10. (D)
Sandstone sample Ts-19. The photomicrographs of samples are in cross-polarized light. Volcanic rock fragments of lathwork (Lvl) and microlitic (Lvm); quartz (Q);
feldspar (F); and zircon (Zr).

FIGURE 5 | (A) Chondrite-normalized REE diagram. (B) Primitive mantle-normalized trace element diagram. Normalized data are from Sun et al. (1989). The
average upper continental crust (UCC) (Rudnick andGao, 2003), arc-related magmatic rocks (Omrani et al., 2008), Emeishan high-Ti basalts (Xiao et al., 2003, 2004; Fan
et al., 2008; Song et al., 2008; Anh et al., 2011; Lai et al., 2012; Huang et al., 2014), Emeishan rhyolites (Xu et al., 2010; Cheng et al., 2017; Hei et al., 2018; Huang et al.,
2022a), and Emeishan trachytes (Shellnutt and Jahn, 2010; Xu et al., 2010) are displayed for comparison.
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reduction were given in Zong et al. (2017). The analyses were
performed on an Agilent 7700e ICP-MS instrument with a
GeoLasPro laser ablation system that consists of a COMPexPro
102 ArF excimer laser (wavelength of 193 nm and maximum
energy of 200mJ) and a MicroLas optical system. In this study,
the spot diameter and frequency of the laser were set to 32 µm and
5Hz, respectively. Zircon 91500 was used as standards for U-Pb
dating. Standard silicate glass SRM610 was used to calibrate the
contents of elements. Each analysis consisted of approximately
20–30 s blank measurement and 50 s of data acquisition from the
sample. Integration of background, off-line selection, analyzed signals,
time-drift correction, and quantitative calibration for trace element
analysis and U-Pb dating were conducted with Excel-based software
ICPMSDataCal (Liu et al., 2008, 2010). All the age calculations and
concordia diagrams were made using Isoplot 3.0 (Ludwig, 2003).

In situ zircon Hf isotopic measurements were performed using a
Neptune Plus MC-ICP-MS (Thermo Fisher Scientific, Germany) in
combination with a GeoLas HD excimer ArF laser ablation system
(Coherent, Göttingen, Germany) at Wuhan Sample Solution
Analytical Technology Co., Ltd, Wuhan, China. The Hf isotopic
analyses were carried out on the same spots that were previously
analyzed for U-Pb dating. The analysis parameters mainly include
beam diameter of 44 μm, the ablation energy density of ~7.0 J/cm2,

background signal acquisition of 20 s, and ablation signal acquisition of
50 s. Detailed operating conditions and analytical methods were
described by Hu et al. (2012). Zircon Plešovice, 91500, GJ-1, and
TEM were analyzed as standard samples. The test value is consistent
with the recommended value within the error range. Integration of
analyte signals and off-line selection, and mass bias calibrations were
performed using Excel-based software ICPMSDataCal (Liu et al.,
2010). The decay constant of 176Lu is 1.867 × 10–11/year (Söderlund
et al., 2004). The values of εHf(t) are calculated relative to chondrites
whose 176Hf/177Hf and 176Lu/177Hf ratios are 0.282,772 and 0.0332,
respectively (Blichert-Toft andAlbarède, 1997). The single-stagemodel
age (TDM1) was calculated relative to the depletedmantle using 0.28325
for the 176Hf/177Hf ratio and 0.0384 for the 176Lu/177Hf ratio (Griffin
et al., 2000). The two-stage model age (TDM2) was calculated by
assuming that zircon parental magma is derived from an average
continental crust with a176Lu/177Hf ratio of 0.015 (Griffin et al., 2000).

4 RESULTS

4.1 Whole-Rock Geochemistry
The mudstone samples contain variational SiO2 (21.42–58.18%),
Al2O3 (7.29–19.74%), TiO2 (0.93–2.92%), and CaO (0.54–32.8%)

FIGURE 6 | Cathodoluminescence (CL) images of representative zircons from clastic rock samples at Dengchuan.
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values, with low Na2O values (0.01–0.64%) and high K2O values
(2.2–6.11%) (Supplementary Table S1). The TiO2 values are
0.93–2.92%, which are lower than Emeishan high-Ti basalts
(>2.5%) (Xiao et al., 2003, 2004; Zhou et al., 2006; Fan et al.,
2008; Song et al., 2008; Xu et al., 2008; Anh et al., 2011; Lai et al.,

2012; Huang et al., 2014; He et al., 2018), but higher than
Emeishan rhyolites (0.40–0.75%) (Xu et al., 2010; Cheng et al.,
2017; Hei et al., 2018; Huang et al., 2022a). High CaO contents in
some samples are consistent with the presence of limestone
fragments in sandstone samples.

FIGURE 7 | (A,B) U-Pb concordia plots for detrital zircons at Dengchuan. (C,D) Histograms and probability curves for detrital zircon ages at Dengchuan.

FIGURE 8 | (A,B) Chondrite-normalized REE patterns for zircons from clastic rock samples at Dengchuan. Normalized values for chondrite are from Sun et al.
(1989).
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All samples have similar chondrite-normalized rare Earth element
(REE) patterns with LREE enrichment and slightly negative Eu
anomalies. In primitive mantle-normalized plots (Figure 5B),
most of the analyzed samples show negative Sr anomaly and no
Nb–Ta anomaly, similar to Emeishan high-Ti basalts and rhyolites
(Figure 5B). Some samples (Ts-4, Ts-5, and Ts-9) from the upper
part of the Qingtianbao Formation show slightly negative Nb–Ta
anomalies, similar to the UCC (Rudnick and Gao, 2003) and arc-
related magmatic rocks (Figure 5B) (Omrani et al., 2008).

4.2 Zircon U-Pb Ages
Zircon grains from sandstone samples are euhedral to subhedral
and only a few grains are moderately rounded. They are
80–150 μm in length and have aspect ratios between 1:1 and
2.5:1 (Figure 6). Most zircons have oscillatory zoning without
inherited core in the cathodoluminescence (CL) images and have
high Th/U ratios (0.33–1.43) (Supplementary Table S2),
indicating a magma origin (Hoskin and Schaltegger, 2003).

Seventy-five analyses were undertaken on 75 detrital zircon
grains from the sandstone samples Ts-2, and sixty-eight ages
displayed concordance greater than 90% (Figure 7A). These
concordant ages range from 266 to 241Ma, with a single peak
at 257 Ma (Figure 7C).

Of 72 analyses on 72 detrital zircon grains, 62 were concordant for
the sandstone sample Ts-19 (Figure 7B). The measured ages are
between 290Ma and241Ma,with a single peak at 258Ma (Figure 7D).

4.3 Zircon Trace Elements
Trace elements for 103 zircon grains with ages at ~ 260 Ma are
listed in Supplementary Table S3. Most of the analyzed grains
have REE patterns that increase steeply from La to Lu, with
positive Ce anomalies and negative Eu anomalies (Figure 8).
Some trace element data for zircon grains were plotted on the Th/
U vs. Nb/Hf diagram (Figure 9), which were constructed to
distinguish the tectonic setting of the parental magma (Yang

et al., 2012). Most zircons from the Qingtianbao Formation are
plotted in the within-plate/anorogenic field.

4.4 Zircons Hf Isotope
The Hf isotopic compositions for 76 zircon grains with ages
ranging from 290 Ma to 248 Ma are presented in Supplementary
Table S4. The results show that 73 zircon grains have positive
εHf(t) values ranging from +1.6 to +5.9 (Figure 10A) and two-
stage model ages ranging from 1,063 to 826 Ma, while only three
zircon grains have negative εHf(t) values ranging from −7.3 to
−6.1 (Figure 10A) and two-stage model ages ranging from 1,555
to 1,491 Ma (Supplementary Table S4).

5 DISCUSSION

5.1 Provenance of Lower Triassic
Succession
The studied sandstone samples from the Lower Triassic Qingtianbao
Formation yielded only one predominant peak at ~ 260Ma. The
contemporaneous igneous activity along the southwestern margin of
the South China Craton could be related to the ELIP or a convergent
plate margin magmatic arc generated by the closure of the Paleo-
Tethyan or Panthalassa Ocean (Zhou et al., 2002; Li et al., 2006; Jian
et al., 2009; Zhong et al., 2014). The low-Ti basalts of the ELIP are
preserved at the bottom of the Emeishan volcanic succession, which
were not accessible to surface erosion during the Late Permian and
Early Triassic, and thus they would not be the potential source (He
et al., 2007). Most studied samples are geochemically similar to
Emeishan high-Ti basalts and felsic volcanic rocks (Figures 5, 7,
11) but different from the arc-related magmatic rocks (Figure 9).
Some samples show similar geochemical features to the UCC and arc-
related magmatic rocks (Figure 5), suggestive of a possible genetic
link. However, the zircons from the studied sandstone samples mostly
fall into the within-plate/anorogenic zone (Figure 9A), which is

FIGURE 9 | Th/Nb vs. Hf/Th diagram for zircons with ages of ~260 Ma from Lower Triassic clastic samples at Dengchuan (Yang et al., 2012). Zircon trace element
data for the upper and lower parts of Upper Permian sedimentary rocks in the northern Youjiang Basin (Yang et al., 2012, 2014, 2015; Huang et al., 2014; Yu et al., 2016),
the top of Upper Permian clastic rocks in the northern Youjiang Basin (Yang et al., 2012), Upper Permian sedimentary rocks in the southern Youjiang Basin (Yu et al.,
2016), and Lower Triassic clastic rocks in the northern Youjiang Basin are shown for comparison (Yang et al., 2012, 2014).
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consistent with the ELIP being derived from a mantle plume source
region (Chung and Jahn, 1995; Xu et al., 2001). The positive εHf(t)
values in most zircons from the Lower Triassic sandstones at
Dengchuan are similar to those from Emeishan rhyolites in
Binchuan and Tu Le (Usuki et al., 2015; Huang et al., 2022a) but
different from the arc-related magmatic rocks (most <0) reported in
the Hainan Island, southern Yunnan and Guangxi provinces (He
et al., 2018; Shen et al., 2018; Xu et al., 2018; Wang et al., 2021). These
chemical and isotopic characteristics suggest that the sources of the
Lower Triassic clastic rocks atDengchuan are not related to arc-related
magmatism but were derived from the ELIP. The nearby sources
related to the ELIP are consistent with the euhedral/prismatic crystal
morphology for most analyzed zircons. The presence of basaltic and
felsic volcanic lithic fragments in sandstone samples indicates that the
sources of clastic rocks in the Qingtianbao Formation are a mixture of
mafic and felsic rocks. This is consistent with the unconformity

contact of the Lower Triassic clastic rocks with Emeishan
rhyolites and high-Ti basalts at the Binchuan and Dengchuan
areas. (Huang et al., 2022a; this study). Using average
compositions of Emeishan high-Ti basalts (Xu et al., 2001;
Xiao et al., 2003, 2004; Fan et al., 2008; Song et al., 2008;
Anh et al., 2011; Lai et al., 2012; Huang et al., 2014),
rhyolites (Xu et al., 2010; Cheng et al., 2017; Hei et al., 2018;
Huang et al., 2022a), and trachytes (Shellnutt and Jahn, 2010; Xu
et al., 2010), two end-member mixing calculations based on
weathering-insensitive but source-responsive Al2O3/TiO2 and
La/Sm ratios (Yang et al., 2014, 2015) indicate that rhyolites and
high-Ti basalts may be the most possible sources with similar weight
percentages for detritus in the analyzed samples (Figure 11).

5.2 Indication of Subduction Polarity by
Provenance
The southwestern margin of the South China Craton and
Indochina Block have developed abundant magmatic rocks
with ages of ~300–200 Ma (Figure 1), which are related to
opening and closure of the Paleo-Tethyan or Panthalassa
Ocean and ELIP (Zhou et al., 2002; Li et al., 2006; Jian et al.,
2009; Zi et al., 2012; Zhong et al., 2014; Hu et al., 2017; Huang
et al., 2022b). The subduction of the Panthalassa Ocean plate has
been demonstrated beneath the eastern–southeastern margin of
the South China Craton during the Paleozoic to Mesozoic
(Isozaki et al., 2010; Hu et al., 2015a). The Permian arc-related
magmatic units in Hainan Island are inferred to represent the
southwest extension of this Paleozoic to Mesozoic accretionary
belt (Li et al., 2006; Hu et al., 2015b). The arc-related magmatic

FIGURE 10 | (A,B) Plot of εHf(t) values vs. U-Pb ages for zircons. Date
from Upper Permian sedimentary rocks at Nadou (Hou et al., 2017), Lower
Triassic clastic rocks at Gejiu and Jinping areas (Xu et al., 2019), Tu Le and
Binchuan rhyolites (Usuki et al., 2015; Huang et al., 2022a), and arc-
related magmatic rocks from Hainan Island, southern Yunnan and Guangxi
provinces (He et al., 2018; Shen et al., 2018; Wang et al., 2021) are shown for
comparison. The depleted mantle evolution line data are from Blichert-Toft
and Albarède, (1997) and Griffin et al. (2000).

FIGURE 11 | Bivariate plot of Al2O3/TiO2 vs. La/Sm for mudstone
samples of the Qingtianbao Formation with two end-member mixing lines
(Yang et al., 2015) using average values of Emeishan high-Ti basalts (Xu et al.,
2001; Xiao et al., 2003, 2004; Fan et al., 2008; Song et al., 2008; Anh
et al., 2011; Lai et al., 2012; Huang et al., 2014), Emeishan rhyolites (Xu et al.,
2010; Cheng et al., 2017; Hei et al., 2018; Huang et al., 2022a), and Emeishan
trachytes (Shellnutt and Jahn, 2010; Xu et al., 2010) shown for comparison.
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rocks with ages of ~298–246 Ma (Jian et al., 2009; Liu et al., 2011;
Li et al., 2012; Lai et al., 2014; Liu et al., 2017; He et al., 2020) were
reported in the eastern Indochina Block, indicating the westward
subduction of the Paleo-Tethyan Ocean. However, it is still
debated whether the Paleo-Tethyan Ocean has undergone a
subduction eastward beneath the South China Craton.

Detrital zircons with the main peak at ~ 260–250 Ma were
widely reported in the Late Permian to Early Triassic strata from
the southwestern margin of the South China Craton (Figures 1,
12) (Yang et al., 2012, 2014, 2015; Huang et al., 2014; Yu et al.,
2016; Hou et al., 2017; Xu et al., 2019). Zircons from the upper
and lower parts of Upper Permian sedimentary rocks in the
northern Youjiang Basin are mostly plotted in the within-plate/
anorogenic field (Figure 9) and were derived from the Emeishan
volcanic rocks (Yang et al., 2012, 2014, 2015; Huang et al., 2014;
Yu et al., 2016). However, zircons from the top of Upper Permian
and Lower Triassic clastic rocks in the northern Youjiang Basin
(Yang et al., 2012, 2014) and Upper Permian sedimentary rocks in
the southern Youjiang Basin (Yu et al., 2016) are mostly plotted in

the arc-related/orogenic field (Figure 9). Most of these zircons
have negative εHf(t) values (Figure 10) (Hou et al., 2017), similar
to those from arc-related magmatic rocks (most <0) in the
Hainan Island, southern Yunnan and Guangxi provinces
(Figure 1) (He et al., 2018; Shen et al., 2018; Xu et al., 2018;
Wang et al., 2021). This indicates that the detritus was likely to
have been derived from arc-related magmatic rock. Both
abundant negative and positive εHf(t) values for detrital
zircons with ages of ~260 Ma are present in Lower Triassic
clastic rocks at the Gejiu and Jinping areas, southern Yunnan
province (Xu et al., 2019), indicating that the detritus was likely
derived from a mixture of arc-related and ELIP-related magmatic
rocks. The arc-related magmatic rocks have been inferred to
generate from the subduction of the Paleo-Tethyan Ocean (Hou
et al., 2017; Xu et al., 2019). However, recent studies about arc-
related mafic rocks with ages of 254–250 Ma from the
Gulinjing–Nanxi area in southern Yunnan province suggested
that the subduction was linked to the Panthalassa Ocean to the
south and not the Paleo-Tethyan Ocean to the west (Figure 1)

FIGURE 12 | (A–F) Probability density diagram comparing detrital zircon age patterns in the Upper Permian—Lower Triassic succession from the southwestern
margin of the South China Craton.
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(Wang et al., 2021). The Lower Triassic clastic rocks at
Dengchuan were sourced from the Emeishan volcanic rocks
and not from the arc-related magmatic rocks. This is
consistent with no Permian–Triassic arc-related magmatic
rocks found in the western margin of the South China Craton
(Wang et al., 2021). Our results do not support the eastward
subduction of the Paleo-Tethyan Ocean, and the southwestern
margin of the South China Craton may be a passive continental
margin during the Late Permian–Early Triassic (Figure 13).

6 CONCLUSION

Provenance studies indicate that the Lower Triassic clastic rocks
at Dengchuan were mainly derived from Emeishan volcanic

rocks, with a mixture of high-Ti basalts and rhyolites.
Integration of our data with those from Late Permian–Early
Triassic strata and magmatic rocks along the southwestern
margin of the South China Craton suggests that the Paleo-
Tethyan Ocean may undergo a unidirectional subduction
westward beneath the Indochina Block during the Late
Permian–Early Triassic.
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Mg-rich monzodiorite are found in the Budongla gold ore district, Zhongba

County, Xizang (Tibet) Autonomous Region, P.R. China. Studying the

petrogenesis of this intermediate pluton can provide effective information to

explore the geological evolution of the Lhasa terrane. One monzodiorite

sample yielded a weighted mean 206Pb/238U age of 92.7 ± 1.1 Ma (mean

square weighted deviation=0.33) using LA-ICP-MS zircon U-Pb dating,

which represents the late phase of Late Cretaceous magmatism. The rock-

forming minerals in the Budongla Mg-rich monzodiorite mainly include

K-feldspar, plagioclase, quartz, biotite augite, and amphibole, and its

accessory minerals mainly include magnetite, titanite, zircon, and apatite.

The rocks are rich in K2O+Na2O and K2O with medium contents of SiO2,

CaO, and A12O3,, suggesting these rocks belong to the high-K calc-alkaline

series. These rocks have high MgO, Fe2O3, and FeO, with high Mg# values and

low DI, which implies they are Mg-rich intermediate intrusive rocks. The rocks

are enriched in LREEs and LILEs and depleted in HREEs and HFSEs. They have

negative Eu anomalies, no obvious negative Ce anomalies, and slightly negative

εHf(t). We infer that the Budongla pluton is a high-K calc-alkaline metaluminous

Mg-rich monzodiorite and intruded during the post-collisional period of the

Lhasa and Qiangtang terranes.

KEYWORDS

central Lhasa terrane, Bangong-Nujiang, Budongla, postcollision, Mg-rich
intermediate intrusive rocks
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Introduction

The Lhasa terrane (LS), which is also known as the

Gangdese-Nyainqentanglha terrane, is one of the main

massifs of the Qinghai-Xizhang Plateau (Figures 1A,B),

located between the Bangong-Nujiang suture zone (BNSZ)

in the north and the Indus-Yarlung Zangbo suture zone

(YZSZ) in the south (Pan et al., 2001; Yang et al., 2007;

Pan et al., 2009; Liu et al., 2016; Liu et al., 2021a; Wang et

al., 2022). The Lhasa terrane is critical for understanding the

tectonic evolution of this Plateau, particularly with regard to

early crustal thickening. Mesozoic to Cenozoic magmatic

rocks are widely distributed in this block, which can

provide insights into the geodynamic processes related to

the growth of the Tibetan Plateau. The Lhasa terrane

comprises three roughly parallel subterranes: the South

Lhasa subterrane (SL), the Central Lhasa subterrane (CL),

and the North Lhasa subterrane (NL) (Pan et al., 2009; Peng et

al., 2013; Liu et al., 2020; Geng et al., 2021; Pan et al., 2022).

Because of the evolution of the Bangong-Nujiang and Yarlung

Zangbo Neo-Tethys during the Mesozoic to Cenozoic (Huang

et al., 2017; Wu et al., 2017; Liu et al., 2019a, Liu et al., 2019b;

Huang et al., 2020; Huang et al., 2021a), magmatic activity-

related polymetallic deposits are widespread in this terrane

(Zhao et al., 2013; Cai et al., 2015; Huang et al., 2018a, Huang

et al., 2018b). Recent studies suggest that the Lhasa terrane

was significantly thickened and elevated prior to the Cenozoic

collision between India and Asia plates, probably associated

with the Mesozoic collision between the Lhasa and Qiangtang

blocks (Zhang et al., 2012; Yan and Zhang, 2020), or owing to

the obduction of the fragments of the oceanic plateaus in the

Bangong–Nujiang Ocean over the continental margins prior

to the closure of the oceanic basin (Zhang et al., 2017).

To date, a large amount of post-collision-related Late

Cretaceous (~90 Ma) magmatic activity has been found in the

Central Lhasa subterrane (CL) (Figure 1C) (Liu et al., 2015; Gao,

2016; Li et al., 2016; Liu et al., 2018b;Wang et al., 2021a; Liu et al.,

2022a), such as Zalongqiongwa (~91 Ma), Ga’erqiong (~88 Ma),

Balaza (~90 Ma), Sebuta (~90 Ma), Xiangba (~90 Ma), Adang

(~91 Ma), Zhuogapu (~85 Ma), Jingzhushan (~91 Ma), and

Jiangla’zangzong (~86 Ma). This episode of magmatic activity

is often accompanied by porphyry-epithermal or porphyry-skarn

Cu(Au) or Au polymetallic mineralization. Several studies were

carried out on the southern Lhasa terrane which suggest an

archetype of Andean-style margin related to the northward

subduction of the Neo-Tethyan Ocean before the India–Asia

FIGURE 1
Regional geological and mineral maps [(A), after Liu et al., 2015; (B), after Tang et al., 2014; Liu et al., 2017; Liu et al., 2022b; Huang et al., 2021b;
(C), after Liu et al., 2021b] 1—Quaternary; 2—Lower Cretaceous Duoni Fm; 3—Lower Cretaceous Zenong Gr; 4—Lower Permian Xiala Gr; 5—Late
Cretaceous monzodiorite; 6—Late Cretaceous monzogranite; 7—Ophiolite melange; 8—Cretaceous intrusive rocks; 9—Cretaceous volcanic rocks;
10—Fault; 11—Unconformity boundary; 12—Gold deposit (point); TLM—Tarim block; QLS—Qilian suture zone; WQS—Western Kunlun suture
zone; EQS—Eastern Kunlun suture zone; TD—Tsaidam terranes; GS—Ganzi-Songpan terrane; JSS—Jinshajiang suture zone; GLS—Ganzi-Litang
suture zone; LCS—Lancangjiang suture zone; QT—Qiangtang terrane; BNSZ—Bangong-Nujiang suture zone; LS—Lhasa terrane; NL—Northern
Lhasa subterrane; SNSZ—Shiquanhe-Nam Co fault zone; CL—Central Lhasa subterrane; YZSZ—Yarlung-Tsangpo suture zone; HM—Himalayan
terrane; SC—South China block; ID—Indian Plate.
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collision in the Early Cenozoic. However, the geological

background of this Late Cretaceous magmatic activity is still

controversial. Some researchers have proposed that the

development of these Late Cretaceous magmatic rocks was

related to the collision of the Qiangtang-Lhasa terrane (Gao

et al., 2011; Wang et al., 2013); other scholars have proposed that

these magmatic rocks are related to the northward subduction of

the Yarlung Zangbo oceanic crust (Qin et al., 2019).

In this paper, whole-rock geochemistry, zircon U-Pb dating,

and zircon Lu-Hf isotopes of the Late Cretaceous monzodiorite

pluton (Figure 1C, Figure 2) in the Budongla gold deposit of

Zhongba County in the Central Lhasa subterrane are studied.

The age of the monzodiorite pluton is precisely determined, and

the source area and tectonic setting of its parent magma are

discussed.

Geological background

The monzodiorite pluton samples were collected from

the Budongla gold district. This gold district is located at the

junction of Zhongba County and Gaize County in the Tibet

Autonomous Region, P.R. China, which belongs to the

western part of the Central Lhasa subterrane (Figure 1).

The main stratigraphic units exposed in this region

include the Lower Cretaceous Duoni Formation, which

consists of limestone and sandstone with some

interbedded volcanic rocks; the Lower Cretaceous Zenong

Group, which mainly consists of intermediate-felsic volcanic

rocks and pyroclastic rocks; and the Middle Permian Xiala

Formation, which consists of marble and limestone

(Figure 1C). From the perspective of structural

deformation characteristics, the structure is mainly

compressional deformation, with twists, strike-slip

displacements, and extensional structures (Figure 1C). The

lithologies of Mesozoic-Cenozoic magmatic rocks is mainly

monzodiorite, monzogranite, and biotite granite. They

intruded into the Doni Formation and Xiala Formation in

the form of composite stocks, batholiths, and dikes and

formed skarnization and hornfelsization zones of a certain

scale. There is a series of copper-gold hydrothermal deposits

related to Late Cretaceous intermediate magmatism

(Figure 1C), such as Tiangongnile, Zhagari, Anmennongle,

and Zhinongle (Huang et al., 2012a, Huang et al., 2012b;

Ouyang et al., 2016; Li et al., 2017).

The stratigraphic units exposed in the Budongla gold ore

district mainly include the Lower Cretaceous Doni

Formation and the Quaternary system (Figure 2). The

Doni Formation is widely distributed on the northern and

southern sides of the ore district. It is a set of littoral and

FIGURE 2
Geological map of the Budongla Gold deposit.
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shallow marine clastic sedimentary formations. The

Quaternary is mainly developed in the river valley and

consists of alluvial proluvial gravel layers, gravelly sand

and clay layers, and residual slope sand gravel layers. The

structures in the ore district are mainly NW-trending

compressional and torsional faults, which are slightly

wave-shaped, and the width of the faults vary from 1 to

5 m (Figure 2). The Late Cretaceous monzodiorite pluton is

exposed in a large area in the Budongla mining area and

intruded into the sandstone of the Lower Cretaceous Doni

Formation. The exposed area of the Late Cretaceous

monzodiorite pluton in the mining area is more than

2 km2, accounting for approximately 1/2 of the total area

of the ore district (Figures 2, 3). The monzodiorite is gray

with a medium-to coarse-grained porphyritic structure

(Figure 3). And the grain size of the main mineral

phenocrysts is 2–8 mm. Major minerals are K-feldspar

(25%±), plagioclase (45%±), amphibole (15%±), quartz

(5%±), augite (3%±), and biotite (3%±). Accessory

minerals include magnetite (<1%), titanite (<1%), zircon

(<1%), and apatite (<1%). Late Cretaceous gabbro is

located in the western part of the ore district, with an

exposed area of approximately 0.2 km2 (Figure 2). At

present, several hydrothermal vein-type gold (mineralized)

bodies have been found in fracture zones within the pluton

(Figure 2). According to the exploration report The

fifth Geological Team of Tibet Geological Exploration

Bureau, the main ore belt is located in the west of

Budongla gold ore district, which is composed of four ore

bodies with a grade of 1–11.91 g/t (with the average grade of

7.12 g/t) and a thickness of 1.55–4.51 m (with the average

grade of 2.10 m).

Sampling and analytical methods

Seven samples were collected from the Budongla

monzodiorite pluton (Figure 1C). All samples were sent for

thin section observation and whole-rock major and trace

element geochemical analyses, and one of them was used for

LA-ICP-MS zircon U-Pb dating and Lu-Hf isotope analyses.

Major and trace element analyses were conducted by the XRF

(Primus Ⅱ, Rigaku, Japan) and ICP-MS (Agilent 7700e)

methods in the Wuhan Sample Solution Analytical

Technology Co., Ltd. We performed zircon

cathodoluminescence (CL) imaging at Wuhan Sample

FIGURE 3
Petrographic characteristics of the rocks in Budongla. (A,B): The field outcrops of the mmonzodiorite; (C–E): Microphotographs in plane
polarized light (-) and perpendicular polarized light (+) of the monzodiorite. Pl: plagioclase; Kfs: K-feldspar; Qz: Quartz; Bi: Biotite; Amp:
Amphibolites.
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TABLE 1 Major element compositions of monzodiorite in the Budongla gold district.

Element Unit BDL09-1 BDL09-2 BDL09-3 BDL09-4 BDL09-5 BDL09-6 BDL18

SiO2 wt% 55.19 55.56 55.75 55.79 54.69 55.28 54.93

TiO2 wt% 0.93 0.96 1.02 1.06 0.92 0.96 1.00

Al2O3 wt% 16.52 16.69 15.54 15.45 16.79 16.59 16.51

Fe2O3 wt% 5.04 4.86 5.05 4.14 5.90 5.34 5.18

FeO wt% 1.66 1.69 1.59 2.55 1.02 1.46 1.72

MnO wt% 0.11 0.10 0.12 0.12 0.11 0.10 0.12

MgO wt% 4.92 4.78 5.22 5.54 5.24 4.99 5.20

CaO wt% 6.75 6.56 7.13 7.48 7.12 6.90 6.94

Na2O wt% 3.38 3.47 3.13 3.11 3.31 3.18 3.31

K2O wt% 2.67 2.71 2.73 2.64 2.43 2.78 2.68

P2O5 wt% 0.52 0.50 0.51 0.52 0.55 0.54 0.53

Loss wt% 1.94 1.74 1.83 1.38 1.76 1.56 1.54

Total wt% 99.63 99.62 99.62 99.78 99.84 99.68 99.64

FeOT wt% 6.19 6.06 6.13 6.28 6.33 6.26 6.32

σ43 mass ratio 2.84 2.90 2.66 2.49 2.68 2.77 2.73

DI volume ratio 50.52 51.65 49.09 48.44 48.41 49.68 49.76

Mg# mol ratio 58.60 58.43 60.20 61.15 59.63 58.67 59.01

A/NK mol ratio 1.96 1.93 2.00 1.94 2.07 2.01 1.98

A/CNK mol ratio 0.80 0.81 0.78 0.72 0.80 0.80 0.79

La wt×10–6 67.1 62.0 64.2 61.9 66.1 64.4 64.3

Ce wt×10–6 130 116 125 121 128 126 124

Pr wt×10–6 15.0 13.4 13.4 13.9 14.8 14.5 14.7

Nd wt×10–6 55.6 49.3 53.2 50.7 55.4 53.7 53.0

Sm wt×10–6 8.61 7.82 8.38 8.18 8.58 8.49 8.44

Eu wt×10–6 2.03 1.87 1.91 1.79 1.99 1.96 1.96

Gd wt×10–6 6.84 6.08 6.41 6.27 6.49 6.44 6.45

Tb wt×10–6 0.869 0.802 0.835 0.828 0.864 0.845 0.826

Dy wt×10–6 4.36 4.02 4.25 4.15 4.29 4.35 4.22

Ho wt×10–6 0.741 0.662 0.736 0.711 0.732 0.743 0.720

Er wt×10–6 2.09 1.96 2.02 1.97 2.07 2.06 2.06

Tm wt×10–6 0.301 0.270 0.277 0.274 0.282 0.282 0.281

Yb wt×10–6 1.91 1.65 1.74 1.73 1.75 1.80 1.78

Lu wt×10–6 0.250 0.242 0.246 0.245 0.244 0.254 0.249

Y wt×10–6 22.1 20.2 21.5 21.1 21.7 21.6 21.4

Rb wt×10–6 127 125 122 117 130 121 126

Ba wt×10–6 612 589 546 540 477 605 562

Th wt×10–6 21.0 17.1 17.7 18.3 16.9 17.1 18.3

U wt×10–6 3.25 2.67 3.19 3.86 2.52 3.18 3.08

Nb wt×10–6 12.0 12.2 12.6 16.1 10.4 11.6 12.5

Ta wt×10–6 0.784 0.770 0.777 0.981 0.603 0.751 0.779

Pb wt×10–6 20.7 17.2 18.3 18.0 15.8 20.1 18.0

Sr wt×10–6 982 941 933 904 901 951 926

Zr wt×10–6 118 131 125 131 106 126 120

Hf wt×10–6 3.16 3.23 3.01 3.33 2.72 3.26 3.15

Ga wt×10–6 20.3 20.4 20.1 19.4 20.8 19.8 20.2

ΣREE wt×10–6 295 266 282 274 291 286 283

LREE/HREE mass ratio 16.01 15.95 16.11 15.95 16.42 16.05 16.07

δEu mass ratio 0.79 0.80 0.77 0.74 0.78 0.78 0.78

δCe mass ratio 0.95 0.93 0.98 0.96 0.95 0.96 0.94

Notes: A/CNK=Al2O3/(CaO+Na2O+K2O) (molar ratio); A/NK= Al2O3/(Na2O+K2O) (molar ratio); Mg#=Mg/(Mg+Fe) (molar ratio); σ43=(Na2O+K2O)2/(SiO2-43); δEu = 2 × EuN/

(SmN+GdN); δCe=2 × CeN/(LaN+PrN); DI= Quartz+Orthoclase+Albite+Nepheline+ Leucite+K-feldspar, from CIPW, calculating values.
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Solution Analytical Technology Co., Ltd. Wuhan, China, using

an analytical scanning electron microscope (JSM-IT100)

connected to a GATAN MINICL system. The analytical

conditions included a 10.0–13.0 kV electric field voltages and

an 80–85 µA current on a tungsten filament. Zircon U-Pb

dating, zircon trace element analysis, and zircon Lu-Hf

isotope analysis were simultaneously conducted by LA-MC-

ICP-MS at the Wuhan Sample Solution Analytical Technology

Co., Ltd. The spot size and frequency of the laser were set to

32 μm, and the energy density of laser ablation was ~7.0 J/

cm2 in this study. Zircon 91,500. Zircon GJ-1, and glass

NIST610 were used as external standards for U-Pb dating

and trace element calibration, respectively. Each analysis

involved a background acquisition of approximately 20–30 s

followed by 50 s of data acquisition for each sample.

ICPMSDataCal, an Excel-based software, was used to

perform offline data selection, the integration of background

and analyzed signals, time-drift corrections, and quantitative

calibration for trace element analysis and U-Pb dating.

Concordia diagrams and weighted mean calculations were

made using Isoplot/Ex_ver 4.15 software.

Results

Major and trace elements

The whole-rock major and trace element geochemical data

are listed in Table 1. The rocks are rich in K2O+Na2O (5.75 wt%

~6.18 wt%) and K2O (2.44 wt% ~2.78 wt%), have medium

FIGURE 4
Geochemical diagrams of major elements. (A), QAP Plots of rock (base map after LeMaitre, 2002); (B), K2O vs. SiO2 Plots (base map after
Middlemost, 1994); (C), A/NK vs. A/CNK Plots (base map after Maniar and Piccoli, 1989); (D), Chondrite-normalised REE patterns (The normalizing
values for REE are from Sun and McDonough and Sun, 1995); (E), Mantle-normalised multi-element diagrams. (The normalizing values for REE and
trace elements are from Sun and McDonough, 1989; McDonough and Sun, 1995).

Frontiers in Earth Science frontiersin.org06

Liu et al. 10.3389/feart.2022.927695

88

http://www.baidu.com/link?url=EY1FVEL5zspcMrhEzRQb7TYPQPDcM_mt6ic9EzcXKb4jRoppbZ2BHETAQTNbEoYX4ZpWGNKNVQvOXHTPY_9Ns9otAIskDolnA8TD-bLT_BtxEG693LBnpZ9zM8QrOa3z
http://www.baidu.com/link?url=3_ueIn6t15yFxiMxyGnN97EIoFACcVPtdmD7gnhAy72N3sFORRFsWdmJDO_Y3Rudd_cRw1K3L8iBLXSKaLMoj70_friNvRIpbgdx-yjZb6G
http://www.baidu.com/link?url=CNNuJbK1LzCV_F4lRKeVLwK086RsHv6DeXOqnN8tuaUNu0T5GNWYu_oPuR4DvocCRO5_FzulGuN07pFGWv1lJqmdOA8z32IkzZL91DZ4_jtsBOzKZHi3CyIPIcmKgWoo
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.927695


TABLE 2 LA-ICP-MS zircon U-Pb ages of monzodiorite in the Budongla gold district.

Spots Pb ×
10–6

Th ×
10–6

U ×
10–6

Th/
U

207Pb/
206 Pb

1σ Isotope ratio 206Pb/
238U

1σ 207Pb/
206Pb

1σ Age (Ma) 206Pb/
238U

1σ Con %

207Pb/
235U

1σ 207Pb/
235U

1σ

91500std 19.18 31.5 88.8 0.36 0.0728 0.0025 1.7989 0.0604 0.1791 0.0023 1,009 69 1,045 22 1,062 13 98

91500std 19.23 31.3 88.7 0.35 0.0770 0.0026 1.9015 0.0625 0.1792 0.0022 1,120 67 1,082 22 1,063 12 98

GJ-1 34.39 9.37 324 0.03 0.0587 0.0016 0.7907 0.0211 0.0973 0.0010 554 59 592 12 599 6 98

GJ-1 34.87 9.39 329 0.03 0.0592 0.0016 0.7988 0.0222 0.0975 0.0010 576 56 596 13 600 6 99

BDL18-1 15.1 177 349 0.51 0.0523 0.0059 0.0973 0.0084 0.0147 0.0004 298.2 224.0 94.3 7.7 93.9 2.5 99

BDL18-2 46.3 712 640 1.11 0.0510 0.0053 0.0988 0.0088 0.0147 0.0003 242.7 207.4 95.6 8.1 94.4 2.1 98

BDL18-3 13.5 155 321 0.48 0.0481 0.0019 0.0970 0.0029 0.0146 0.0001 101.9 87.0 94.0 2.7 93.3 0.8 99

BDL18-4 15.5 146 701 0.21 0.0448 0.0020 0.0886 0.0039 0.0143 0.0002 — — 86.2 3.7 91.6 1.0 94

BDL18-5 30.7 417 474 0.88 0.0520 0.0034 0.1048 0.0065 0.0147 0.0002 287.1 137.0 101.2 6.0 93.8 1.2 92

BDL18-6 39.0 548 667 0.82 0.0524 0.0038 0.0991 0.0066 0.0144 0.0002 301.9 154.6 96.0 6.1 92.3 1.4 96

BDL18-7 33.3 452 506 0.89 0.0457 0.0021 0.0947 0.0031 0.0146 0.0002 — — 91.9 2.9 93.6 1.0 98

91500std 18.64 31.0 87.1 0.36 0.0750 0.0027 1.8592 0.0665 0.1800 0.0023 1,133 73 1,067 24 1,067 13 99

91500std 19.03 31.7 88.7 0.36 0.0748 0.0027 1.8412 0.0664 0.1783 0.0022 1,065 79 1,060 24 1,058 12 99

BDL18-8 14.4 183 202 0.91 0.0462 0.0029 0.0927 0.0055 0.0146 0.0002 5.7 137.0 90.0 5.1 93.6 1.0 96

BDL18-9 14.5 184 203 0.91 0.0461 0.0031 0.0998 0.0061 0.0142 0.0002 400.1 49.1 96.6 5.6 90.8 1.1 93

BDL18-
10

41.3 584 594 0.98 0.0469 0.0019 0.0955 0.0033 0.0146 0.0001 42.7 95.4 92.7 3.0 93.5 0.8 99

BDL18-
11

18.3 237 387 0.61 0.0463 0.0022 0.0938 0.0044 0.0146 0.0001 13.1 110.2 91.1 4.1 93.7 0.8 97

BDL18-
12

33.0 462 526 0.88 0.0504 0.0032 0.1002 0.0061 0.0145 0.0002 216.7 135.2 96.9 5.6 92.7 1.1 95

BDL18-
13

11.1 151 186 0.81 0.0482 0.0078 0.0935 0.0123 0.0146 0.0006 109.4 317.6 90.7 11.4 93.2 3.5 97

BDL18-
14

27.6 356 537 0.66 0.0499 0.0069 0.0980 0.0108 0.0147 0.0006 190.8 276.8 95.0 10.0 94.2 3.7 99

BDL18-
15

28.1 373 441 0.85 0.0550 0.0084 0.0978 0.0117 0.0145 0.0004 413.0 287.9 94.7 10.8 92.9 2.7 98

BDL18-
16

77.2 846 2,229 0.38 0.0546 0.0055 0.1033 0.0096 0.0145 0.0003 398.2 227.7 99.8 8.8 92.6 1.9 92

91500std 20.41 33.8 94.2 0.36 0.0741 0.0025 1.8286 0.0629 0.1790 0.0025 1,043 67 1,056 23 1,061 14 99

91500std 19.43 32.1 89.7 0.36 0.0757 0.0025 1.8718 0.0624 0.1794 0.0024 1,087 66 1,071 22 1,064 13 99

BDL18-
17

30.6 410 658 0.62 0.0545 0.0055 0.1019 0.0095 0.0139 0.0002 390.8 229.6 98.5 8.8 89.0 1.6 89

(Continued on following page)
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TABLE 2 (Continued) LA-ICP-MS zircon U-Pb ages of monzodiorite in the Budongla gold district.

Spots Pb ×
10–6

Th ×
10–6

U ×
10–6

Th/
U

207Pb/
206 Pb

1σ Isotope ratio 206Pb/
238U

1σ 207Pb/
206Pb

1σ Age (Ma) 206Pb/
238U

1σ Con %

207Pb/
235U

1σ 207Pb/
235U

1σ

BDL18-
18

16.1 219 303 0.72 0.0565 0.0043 0.1037 0.0074 0.0138 0.0003 472.3 165.7 100.2 6.8 88.5 1.7 87

BDL18-
19

24.6 339 581 0.58 0.0547 0.0041 0.1102 0.0088 0.0146 0.0003 398.2 170.4 106.2 8.0 93.7 1.9 87

BDL18-
20

24.4 334 576 0.58 0.0491 0.0035 0.0924 0.0065 0.0141 0.0003 153.8 168.5 89.8 6.1 90.0 1.7 99

BDL18-
21

23.2 305 439 0.69 0.0552 0.0037 0.1062 0.0070 0.0141 0.0003 420.4 151.8 102.5 6.5 90.3 1.8 87

BDL18-
22

23.3 305 440 0.69 0.0527 0.0037 0.1041 0.0071 0.0147 0.0003 316.7 162.9 100.5 6.6 94.0 1.8 93

GJ-1 35.80 9.61 336 0.03 0.0595 0.0017 0.8029 0.0226 0.0976 0.0012 587 66 598 13 600 7 99

GJ-1 35.68 9.63 333 0.03 0.0593 0.0018 0.8015 0.0246 0.0974 0.0011 589 60 598 14 599 6 99

91500std 20.28 33.9 93.2 0.36 0.0736 0.0027 1.8150 0.0660 0.1792 0.0024 1,031 76 1,051 24 1,062 13 98

91500std 19.82 32.9 91.3 0.36 0.0761 0.0025 1.8854 0.0653 0.1792 0.0028 1,098 67 1,076 23 1,062 15 98
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contents of SiO2 (54.85 wt% ~55.79 wt%), CaO (6.56 wt%

~7.48 wt%), and A12O3 (15.45 wt% ~16.79 wt%), and have

Rittmann indices (σ43) ranging from 2.49 to 2.90. The

A/CNK values and A/NK range from 0.72 to 0.81 and

1.93 to 2.07, respectively, and the samples thus belong to the

high-K calc-alkaline series (Table 1; Figure 4). The rocks have

high MgO (4.92 wt%~5.54 wt%), Fe2O3 (4.14 wt%~5.90 wt%),

FeO (1.02 wt%~2.55 wt%), the Mg# values of 58.43–61.15, and

DI values of 48.41–51.65, implying they are Mg-rich intrusive

rocks.

Figures 4D,E show that the Budongla monzodiorite pluton is

enriched in light REEs (LREEs) (LREE/HREE: 15.95–16.42) and large

ion lithophile elements (LILEs), while relatively depleted in heavy

REEs (HREEs) and high field strength elements (HFSEs), and has

negative Eu anomalies (δEu=0.74–0.80), no obvious negative Ce

anomalies (δCe=0.93–0.98) (Table 1; Figure 4D).

Zircon U−Pb ages and Lu-Hf isotope
compositions

The zircon U-Pb and Lu-Hf isotope data are listed in Tables

2, 3. Representative cathodoluminescence images of the zircons

are shown in Figure 4A. All zircon Th/U ratios are higher than

0.30 (Th/U=0.5–0.9) (Table 2), and most of the zircon particles

display relatively idiomorphic crystal morphology and clear

oscillatory growth zoning in cathodoluminescence images

(Figure 5A), which indicates that the zircons in this study are

of magmatic origin (Figure 5C; Hoskin and Black, 2000; Grimes

etal et al., 2007). The zircon data yield a concordia age of

92.7 ±1.1 Ma (n=22, MSWD=0.33) (Figures 5A,B), which

suggests that the Budongla monzodiorite pluton was emplaced

in the Late Cretaceous. We analyzed 19 zircon grains for Lu-Hf

isotopes, as shownedin Table 3.

TABLE 3 LA-ICP-MS zircon Lu-Hf isotopes compositions of monzodiorite in the Budongla gold district.

Spots t (Ma) 176Yb/
177Hf

176Lu/
177Hf

176Hf/
177Hf

2σ 176Hf/
177Hf(t)

εHf(0) εHf(t) TDM(Ma) TDM2
(Ma)

fLu-
Hf

BDL18-1 93.9 0.050478 0.001219 0.282,706 0.000026 0.282,704 −2.3 −0.4 778 1,176 −0.96

BDL18-2 94.4 0.055745 0.001406 0.282,617 0.000031 0.282,614 −5.5 −3.5 909 1,377 −0.96

BDL18-3 93.3 0.170,006 0.003642 0.282,678 0.000096 0.282,671 −3.3 −1.5 875 1,249 −0.89

BDL18-4 91.6 0.019052 0.000432 0.282,669 0.000716 0.282,668 −3.6 −1.7 813 1,257 −0.99

BDL18-5 93.8 0.027366 0.000582 0.282,628 0.000317 0.282,627 −5.1 −3.1 873 1,348 −0.98

BDL18-6 92.3 0.029551 0.000620 0.282,562 0.000253 0.282,561 −7.4 −5.4 966 1,497 −0.98

BDL18-7 93.6 0.032434 0.000696 0.282,645 0.000708 0.282,644 −4.5 −2.5 852 1,311 −0.98

BDL18-8 93.6 0.024269 0.000537 0.282,640 0.000370 0.282,639 −4.7 −2.7 856 1,322 −0.98

BDL18-9 90.8 0.029035 0.000620 0.282,663 0.000222 0.282,662 −3.9 −1.9 826 1,272 −0.98

BDL18-
10

93.5 0.026351 0.000564 0.282,619 0.000033 0.282,618 −5.4 −3.4 887 1,370 −0.98

BDL18-
11

93.7 0.038390 0.000786 0.282,602 0.000165 0.282,601 −6.0 −4.0 915 1,408 −0.98

BDL18-
12

92.7 0.022271 0.000467 0.282,654 0.000156 0.282,654 −4.2 −2.2 834 1,290 −0.99

BDL18-
13

93.2 0.020905 0.000467 0.282,617 0.000332 0.282,617 −5.5 −3.5 886 1,372 −0.99

BDL18-
14

94.2 0.016626 0.000345 0.282,662 0.000192 0.282,661 −3.9 −1.9 822 1,272 −0.99

BDL18-
15

92.9 0.028649 0.000576 0.282,656 0.000311 0.282,655 −4.1 −2.1 834 1,286 -0.98

BDL18-
16

92.6 0.028953 0.000588 0.282,685 0.000367 0.282,684 −3.1 −1.1 794 1,221 −0.98

BDL18-
17

89.0 0.040672 0.000796 0.282,617 0.000120 0.282,615 −5.5 −3.6 895 1,378 −0.98

BDL18-
18

88.5 0.030673 0.000633 0.282,606 0.000632 0.282,605 −5.9 −4.0 906 1,402 −0.98

BDL18-
19

93.7 0.044316 0.000868 0.282,644 0.001298 0.282,642 −4.5 −2.5 858 1,315 −0.97

Notes: εHf(0)=(176Hf/177Hf/(176Hf/177Hf)CHUR, 0−1) × 10,000; εHf(t)=[176Hf/177Hf-(176Lu/177Hf)S × (eλt-1)]/[(176Hf/177Hf)CHUR, 0- (176Lu/177Hf)CHUR× (eλt-1)]-1) × 10,000; [(176Hf/177Hf)

i=176Hf/177Hf-(176Lu/177Hf)S×(e
λt-1)]-1; TDM2=TDM1-(TDM1-t) (fCC-fLu/Hf)/(fCC-fDM); fLu/Hf=

176Lu/177Hf/(176Lu/177Hf)CHUR-1; (
176Lu/177Hf)CHUR, 0.0332, (

176Hf/177Hf)CHUR, 0=0.282,772

(Blichert-Toft and Albaréde, 1997); (176Lu/177Hf)DM, 0.0384, (176Hf/177Hf)DM, 0.28325(Griffin et al., 2000); fCC=−0.55, fDM, 0.16, λ=1.867 × 10–11 years-1(Griffin et al., 2002).
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The zirconshave low 176Lu/177Hf ratios of 0.000345–0.0036421 and
176Hf/177Hf ratios of 0.282,562–0.282,706. We calculated the initial
176Hf/177Hf ratio and εHf(t) values based on the zircon U-Pb ages, as

showned in Table 3 and Figure 6. The TDM2 (two-stage Hf model

ages) range from 1,176 to 1,497Ma, and the εHf(t) values of the

zircons in the Budonglamonzodiorite pluton range from−5.4 to−0.4.

FIGURE 5
Diagrams of Zircon U-Pb geochronology. (A) Cathodoluminescence (CL) images of representative zircon grains; (B) zircon U-Pb concordia
diagrams and weighted mean ages; (C) chondrite-normalized REE patterns of zircons (based on Hoskin, 2005); and (D) discriminant diagrams with
differentcry stallization setting zircon fields (base on Grimes etal et al., 2007) for the Xiabie Co granite.

FIGURE 6

εHf(t) vs. U-Pb ages Plots of zircons. (The Central Lhasa values from Yu et al., 2011; Wang et al., 2012; Meng et al., 2014; Hou et al., 2015; Zhao
et al., 2011; Liu et al., 2018a; Cao et al., 2019; DM: Depleted Mantle; CHUR: Chondrite uniform reservoir).
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Discussion

Magmatic source

As mentioned above, the Budongla monzodiorite pluton

belongs to the metaluminous and high-K calc-alkaline Mg-

rich magmatic rock series (Figures 4B,C). Different from other

Late Cretaceous intermediate-felsic intrusive rocks in the Central

Lhasa subterrane, the Budongla monzodiorite pluton has no

obvious depletion in Sr, P, and Ti (Figure 4D). Therefore,

there may have been no obvious fractional crystallization of

phosphorus-containing minerals (such as apatite) and titanium-

containing minerals (such as rutile) in the Budongla

monzodiorite pluton. However, the negative Eu anomalies

(Table 1; Figure 4D), the negative correlations between FeOT,

Cao, MgO, and SiO2 (Figures 7A–C), and the obvious depletions

in Ba and Ta (Figure 4E), indicate that there was a certain amount

of fractional crystallization of plagioclase and iron magnesium

minerals (such as amphibole) during magmatic evolution. This

interpretation is supported by quantitative modeling of fractional

crystallization (Figures 7D–F), which shows that the Budongla

monzodiorite can be interpreted as forming through 0%–30%

fractional crystallization of 0.01% K-feldspar +0.19% plagioclase

+0.01% biotite +0.79% amphibole, and the degree of crystal

differentiation is very low. The differentiation coefficient

(DI=48.41–51.65) and FeOT/MgO contents of the Budongla

monzodiorite pluton are relatively low (Table 1; Figure 7),

which indicates that the magma haven’t experience a strong

crystallization differentiation process, so it is unlikely to have

been the product of crystallization of coeval basaltic magma.

The zircon trace elements have the characteristics of

crustal sources (Figure 5D), and the Rb/Y-Nb diagram

shows that the rocks have a trend of crustal contamination

and obvious depletion in Nb (Figure 4B, NbN=14.6–24.6),

which shows that the Budongla monzodiorite has crustal

components. The Rb/Sr ratio of mongzodiorite in budongla

(0.129–0.144) is much higher than the average value of

primitive mantle (0.029, Sun and MchDonough, 1989), but

close to the average value of continental crust (0.123, Taylor

and McLennan, 1985). The rocks are characterized by

enrichment of LILEs such as Rb, K, Th, and U, and relative

loss of HFSEs such as Nb, Ta, P, and Ti, suggesting that the

crust source material makes a great contribution to the source

area (McKenzie and Bickle, 1988). The negative εHf(t)

(−5.4~−0.4) (Figure 6) and old zircon Lu-Hf isotope two-

stage model ages (TDM2=1,176–1,497 Ma) suggest a

FIGURE 7
Huck diagram. (A-C) Element scatter diagrams; and (D-F) Quantitative simulation diagrams of crystallization differentiation.
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contribution of less radiogenic material was involved in the

origin of monzodiorites or old crust (Scherer et al., 2000;

Griffin et al., 2002). This could be crustal contamination

during emplacement, or partial melting of the crust, which

is consistent with the results of trace element analysis (Nb, Rb,

Sr, Th, and U, etc.) But the arc volcanic rock characteristics of

Ce/Pb, Ce, Nb/Th, and Nb (Figures 8A,B) show that the

Budongla pluton is unlikely to have formed from pure

crustal sources. In the Central Lhasa subterrane, from the

early Cretaceous (~125 Ma) to the late Cretaceous (~90 Ma),

the continuous increase of zircon εHf(t) values also suggest

that the continuous increasing mantle contribution to

Cretaceous magmatic rock (Figure 6). In addition, the high

Mg# and MgO also indicate that the Budongla Mg-rich

monzodiorite has some mantle-derived derived components.

In summary, we infer that the Budongla Mg-rich

monzodiorite pluton was generated by increasing the

contribution of mantle sources during crustal remelting.

Tectonic environment

The development of the northern and middle parts of the

Lhasa terrane is controversial. Some scholars have proposed that

this Late Cretaceous magmatic activity was related to the collision

of the Qiangtang-Lhasa terranes (Gao et al., 2011; Wang et al.,

2013; Li et al., 2020; Wang et al., 2021b); other scholars have also

suggested that the northward subduction of the Yarlung Zangbo

Neotethys Ocean involved low-angle subduction and an increase

in subduction angle combined with slab rollback events, which

FIGURE 8
Tectonic discrimination diagrams. [(A,B), Basemap after Pearce et al., 1984; (C,D), Basemap after Boztuğ et al., 2007].
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triggered the Late Cretaceous magmatism (Zhang et al., 2012;

Zhang et al., 2015); and still other scholars believed that the

northward subduction of the Yarlung Zangbo Neotethys Ocean

was normal deep subduction and that slab breakoff events

triggered the Late Cretaceous magmatic episodes (Dai et al.,

2020). In the low-angle subduction model, the early subduction

angle was small, and the corresponding magmatism was slight.

However, in recent years, extensive Jurassic-Cretaceous

magmatism has been found in the southern Lhasa terrane

(Zhu et al., 2011; Liu et al., 2019c), which is contrary to the

low-angle subduction model of the oceanic plate. Considering

that the Lhasa terrane experienced significant crustal shortening

after Cretaceous time, the distance between the northern

magmatic arc and the southern Neotethyan subduction zone

was more than 600 km (Ding and Lai, 2003; Kapp et al., 2007),

which cannot be explained by the normal subduction model.

Therefore, we believe that the 90 Ma magmatism in the Central

Lhasa terrane was unlikely to have been related to the subduction

of the Yarlung Zangbo oceanic lithosphere.

The magmatism of the Lhasa terrane was mainly influenced by

the evolution of the Yarlung Zangbo Ocean and Bangong-Nujiang

Ocean (Chen et al., 2014; Zheng et al., 2014). Currently, no

consensus has been reached on the timing of tectonic evolution

and subduction polarity of the Bangong-Nujiang suture zone (Kapp

et al., 2005; Volkmer et al., 2007; Li G.M. et al., 2011; Gao et al., 2011;

Geng et al., 2011; Li H. L. et al., 2014; Wang et al., 2016; Zhu et al.,

2016): some scholars have proposed that the Bangong-Nujiang

ocean basin subducted northward beneath the Qiangtang block

in the Early Jurassic, while the arc-arc “soft” collision between the

Lhasa and Qiangtang blocks is most likely to have occurred between

140Ma and 130Ma (Song et al., 2019); at the same time, the Nyima

area in the Northern Lhasa terrane records a 125–118Ma transition

from marine facies to nonmarine facies (Kapp et al., 2007), and it

was an intracontinental environment at approximately 110Ma,

which means that the Lhasa and Qiangtang blocks underwent a

“soft” collision before 110Ma (Zhu et al., 2009). Other scholars have

proposed that the large-scale magmatic activity at approximately

113Ma around Xainza in the middle of the Central Lhasa terrane

was the product of the southward subduction of the Bangong-

Nujiang ocean slab breakoff (Chen et al., 2014). In addition, the

appearance of the large-scale Jingzhushan formation (K2j) molasse

in the BNSZ also suggests that the Lhasa terrane in the later part of

the Early Cretaceous had entered the continental collision stage (Pan

et al., 2006). Thus, the above lines of evidence fully show that the

Bangong-Nujiang Ocean in the Nyima-Bange area had closed and

entered a state of collisional orogeny by the middle-late part of the

Early Cretaceous.

Similar to Balaza, Sebuta, Ga’erqiong, Jianglaangzong, and

many other ca. 90 Ma intermediate-felsic intrusions in the

Central Lhasa subterrane (Ouyang et al., 2017; Dai et al.,

2020), the intermediate-felsic pluton in Budongla was formed

in a post-collisional environment (Figures 8C,D). Based on the

results of the above discussion, we believe that the ~90 Ma

magmatism and mineralization in the Central Lhasa

subterrane are not the products of melting of subducted

seafloor or ocean ridge subduction of the Yarlung-Zangbo

Ocean or southward subduction of the Bangong-Nujiang Ocean.

According to the analysis above, by the later part of the Early

Cretaceous, the Bangong-Nujiang ocean basin had closed, and

the central and northern parts of the Lhasa terrane had entered

the stage of continental collision. During the disappearance of the

Bangong-Nujiang oceanic crust, mantle material upwelling

FIGURE 9
Schematic illustrations of the Late Cretaceous tectono-magmatic evolution of the Qiangtang-Lhasa terrane. [(A), Basemap after Ma et al., 2014
(B), Basemap after Zhu et al., 2016].
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caused mantle-derived magma underplating to occur at an

unequal scale on either side of the Bangong-Nujiang junction

zone (Zhu, et al., 2016). Subsequently, the lower crust of the

Central Lhasa subterrane was continuously thickened due to

the compression of north-south stress. And its thickness was

greater than 50 km (Dai et al., 2020). At this time, the

ultrahigh-pressure metamorphism occurred at the bottom

of the crust, reaching eclogite facies (Li J. X. et al., 2011;

Sun et al., 2015; Ding et al., 2016). During the Late Cretaceous

period, this thickened crust underwent delamination (Yu

et al., 2011; Liu et al., 2018c), which led to a series of

~90 Ma magmatic episodes, such as the event that

produced the Budongla pluton (Figures 9A,B).

Conclusion

(i) The formation age of the monzodiorite pluton of the

Budongla gold district in the western part of the

Central Lhasa subterrane is 92.7 ± 1.1 Ma, and this

pluton is the product of Late Cretaceous magmatism in

the Central Lhasa subterrane.

(ii) The monzodiorite of the Budongla gold district in the

western part of the Central Lhasa subterrane belongs to

the metaluminous, high-K calc-alkaline Mg-rich

intermediate-felsic magmatic series, and the Budongla

monzodiorite was emplaced during the post-collisional

period of the Lhasa terrane and the Qiangtang terrane.
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Implication of garnet zoning in
high pressure- ultrahighpressure
eclogite from Changning-
Menglian suture zone, Bangbing
area, Southeast Tibetan Plateau

Nannan Lu1, Guozhi Wang2*, Yuzhen Fu1* and Zhimin Peng3

1College of Earth Science, Chengdu University of Technology, Chengdu, China, 2Institute of
Sedimentary Geology, Chengdu University of Technology, Chengdu, China, 3Chengdu Center of
China Geological Survey, Chengdu, China

Major and trace element zonation patterns were determined in ultrahigh-

pressure eclogite garnets from the Changning-Menglian suture, Bangbing

area. Several stages of eclogite metamorphism are recorded by garnet

zonation. Cores of garnets are generally darker and inclusion-rich, while

rims are brighter and inclusion-poor. Garnets were analyzed for the major

element by EPMA and trace element by LA-ICP-MS. The results show that both

major elements and rare earth elements in garnet have typical compositional

bands. The major element zonation recorded the process of increasing

temperature and pressure and the metamorphism of the eclogite from the

core to rim, and the rare earth element zonation recorded different mineral

chemical reactions during the formation of the garnet and its three stages of

growth. Eclogites completely imply the process of rapid exhumation, cooling,

and depressurization after short-term peak metamorphism. The contents of

some trace elements (such as Y and Sr) in garnet are controlled by major

elements and mineral combinations. The formation of new minerals in the

process of retrogrademetamorphism affects the distribution of trace elements.

KEYWORDS

garnet, eclogite, zoning, HP/UHP metamorphism, Changning-Menglian suture

Introduction

Eclogite is generally considered a typical product of the high-pressure metamorphism

of modern plate tectonics (Carswell, 1990; Condie and Kröner, 2008). Eclogite-facies

rocks including garnet + omphacite + SiO2 phase (quartz/coesite) assemblages are

common components of the deeper part of subducted slabs and record information

to constrain geochemical and geodynamic processes occurring at plate-convergent

margins (Bebout, 2007; Hacker & Gerya, 2013; Taguchi et al., 2019). The Changning-

Menglian suture zone is the southern extension of the Longmucuo-Shuanghu suture zone

in the northern Qinghai–Tibetan Plateau. Many studies have been performed on these

eclogites in the Longmucuo-Shuanghu suture zone. The eclogites are produced in the
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form of lenses that occur in garnet-phegite schist. Apart from

Baqing eclogites, most eclogites from the Qiangtang block are

characterized by low peak temperatures and the presence of

lawsonite or its pseudomorphs. The peak stage of metamorphism

takes place in the lawsonite-eclogite facies, which is the main

metamorphic age occurring during the Late Triassic. Four stages

of metamorphic evolution in eclogites represent the process of

subduction of the Paleo-Tethys Ocean and collision orogeny

between Gondwana and the continent in the Paleo-Tethys Ocean

(Zhai, 2008; Dong et al., 2010; Zhai, 2013; Zhang et al., 2018). The

lithology of the Changning-Menglian suture zone is similar to

that of the Longmucuo-Shuanghu suction zone, and they likely

represent a united residual of the Paleozoic Tethys Ocean (Wang

et al., 2018). Eclogite was discovered in recent years in the

Mengku, Qianmai, and Bangbing areas in the Changning-

Menglian suture zone. The eclogites in the Mengku area

feature strong retrograde metamorphism that is mainly in the

form of garnet-amphibolite, while the eclogites from the Qianmai

and Bangbing areas are fresh with weak retrogression (Li et al.,

2015; Li et al., 2017; Sun et al., 2019; Peng et al., 2019). The

Bangbing eclogite retains complete petrological information and

has become an important research object to investigate the

metamorphic evolution of the Changning-Menglian suction

zone and to further explore the subduction-orogeny process of

the Paleo-Tethys Ocean on the southeastern Tibetan Plateau.

Garnet is highly refractory and has low solubility in

metamorphic fluids and anatectic melts, meaning that it is

stable over a wide range of temperatures and pressures (Baxter

et al., 2013; Xia et al., 2013). It may preserve geochemical

zonation and mineral/fluid/melt inclusions in many

conditions and has become an important mineral for the

study of metamorphism. It has been demonstrated that the

geochemical zonation of garnet is related to metamorphic

pressure, temperature, and associated mineral assemblages

(Xia and Zheng, 2011; Xia, 2019; Kohn, 2003). The change in

the chemical composition reveals the environmental change

and metamorphic processes during the growth of garnet, so it

could play a vital role in the study of metamorphic rocks and

metamorphic evolution. Major element zonation in garnet is

susceptible to metamorphic modification via thermal

diffusion or even be flattened at high temperatures in

excess of 650°C. Trace elements in garnet are less

susceptible to diffusion modification at high temperatures

because of their larger cation radii (Chernoff C B and

Carlson W D, 1999; Zhou et al., 2011). Trace element

zonation in garnet is stronger than major element zoning

and allows a much clearer identification of phases

contributing to garnet-forming reactions and is thus a

better-defined metamorphic evolution. The composition of

trace elements is more sensitive to changes in petrochemical

kinetics and mineral assemblage than that of major elements,

which can well indicate the crystallization and growth process

of garnet and related mineral chemical reactions.

As a major mineral in eclogite, garnet can grow at almost

every stage during continental subduction and exhumation,

which presents a lot of information about the metamorphic

properties of the host rock. Zonation patterns were

determined in garnet from the Bangbing area. Based on the

analysis of the main and trace elements of garnet zonation, this

study identifies the multistage growth of garnet, attempts to

reveal the metamorphic evolution process of host eclogite, and

explores the migration behavior of trace elements.

Geological setting

The Changning-Menglian suture zone at the southeastern

Tibetan Plateau has widespread ophiolitic complexes, and the

zone is connected to the Longmucuo-Shuanghu suture zone to

the north and the Qingmai suture zone in Thailand to the south

(Figure 1). It is adjacent to the Baoshan block in the west and the

Lincang-Menghai magmatic arc to the east. The eclogite that we

studied occurs in the Lancang Group. The Lancang Group is

distributed along an elongated belt from Fengqing County in the

north via Yun County, Lincang (Peng et al., 2018a; Wang et al.,

2018). The group is mainly dominated by mica–quartz schist and

biotite–muscovite schist, greenschist, albite schist, and

amphibole schist. Meta-basic rocks, meta-acidic rocks, and

high-pressure metamorphic rocks discretely occur as blocks

and lenses. The eclogites occur in grayish-white garnet–mica

schist and are produced in the form of varied sizes of lenses. This

group of mica schists has light color and is coarse-grained, which

is different from other non-host muscovite schists. Glaucophane

with different contents is common in the schist around the

eclogite belt, which forms a nearly north–south blueschist

belt, referred to as the Suyi blueschist belt in the literature. In

summary, the eclogites in this study occur in the Suyi blueschist

belt, and they are produced in the form of lenses of varied sizes.

The Lancang Group has experienced three stages of

metamorphic deformation, and all lithologic layers are

connected by tectonic foliation (Fu et al., 2021).

Sample description

The samples are from the Bangbing area, including

glaucophane eclogite and actinolite-bearing eclogite. Two

kinds of eclogites all occur in the Lancang Group and Suyi

blueschist belt. The eclogites are fresh and well preserved.

According to the mineral composition of garnet, they are all

type-C eclogites, typical of oceanic eclogites (Coleman et al.,

1965).

Glaucophane eclogites are grayish-green with a

porphyroblastic texture and a blocky structure. Porphyroblasts

include garnet (25%), glaucophane (10%), and clinozoisite (5%–

10%). The metamorphosed matrix with granular crystalloblastic
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texture consists of omphacite (40%), glaucophane (5%), quartz

(5%), chlorite (5%), phengite (3%), and rutile (3%) (Figure 2A).

Garnets from glaucophane eclogite in the selected samples are

euhedral to subhedral granular, between 0.2 and 5 mm diameter,

and rhombic dodecahedrons in shape and show visible growth

zones. The boundary between omphacite and garnet in the

metamorphosed matrix of glaucophane eclogite is clear and

straight. The garnet is mostly dispersed in eclogite and occurs

in the form of porphyroblasts. Small particle clusters and massive

distribution can also be seen. Most of these garnets develop

obvious zonation, which is mainly manifested in color zoning

and inclusion zoning. The cores of garnet are dark red, and the

rims are lighter. The cores of the garnets from glaucophane

eclogites are generally inclusion-rich, while the rims are

inclusion-poor. There are glaucophane, omphacite, chlorite,

rutile, and minor amounts of quartz as inclusions in garnet.

FIGURE 1
Geological map of the Changning-Menglian suture zone (after Fu et al., 2021)
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Subhedral glaucophane inclusions also show compositional

zonation. The Na content from the core to the rim of the

inclusion glaucophane increases, and the mineral composition

is reflected in the change from winchite to riebeckite. This feature

reflects the process of progressive metamorphism and

temperature rise and shows that the host garnet experienced

the process of progressive metamorphism during this period.

Radial cracks around quartz inclusions may retrograde by coesite

and indicate ultrahigh-pressure metamorphism (Figure 2C).

Actinolite-bearing eclogite features a porphyroblastic

texture and a massive structure. Porphyroblasts include

garnet (35%) and clinozoisite (5%). The metamorphosed

matrix shows granular crystalloblastic texture, mainly

including omphacite (40%), actinolite (10%), chlorite (5%),

quartz (5%), and minor amounts of phengite and rutile

(Figure 2B). Garnet from actinolite-bearing eclogite is

mainly manifested in color zoning but is inclusion-poor.

The actinolite-bearing eclogites may be retrograded by the

glaucophane eclogites. The particle size of garnet from

actinolite-bearing eclogite is less than that of garnet from

glaucophane eclogite, while compositional and color zoning

also developed. They are inclusion-poor and surrounded by

chlorite. Chlorite surrounds garnet and is either circular or

distributed along fractures of garnet grains (Figure 2D).

Analytical techniques

Mineral analyses were performed using a JEOL JXA-

8230 electron probe microanalyzer with four wavelength-

dispersive spectrometers (WDSs) at the Center for Global

Tectonics, School of Earth Sciences, China University of

Geosciences (Wuhan). First, the samples were observed under

a light microscope. A 15 kV accelerating voltage, 20 nA probe

current, and 1- or 5-micron beam diameter were used based on

different minerals. The precision and accuracy of the analyses

were better than 2%, and most elements were within ~1% of the

relative error. The operating conditions were described inWang J

et al. (2019) and Ning et al. (2019) in detail.

Garnet was analyzed for REEs and trace elements in polished

thin sections using laser ablation–inductively coupled

plasma–mass spectrometry (LA-ICP-MS) using an Agilent

7900 ICP-MS system attached to a GeoLas HD laser ablation

at Wuhan Sample Solution Analytical Technology Co., Ltd.,

FIGURE 2
Photomicrograph images of eclogite. (A)Glaucophane eclogite with mineral assemblage of garnet + omphacite + glaucophane + phengite. (B)
Actinolite-bearing eclogite with mineral assemblage of garnet + omphacite + actinolite + clinozoisite. (C) Chlorite surrounds garnet. (D) Radial
cracks around quartz inclusion. Ph, phengite; Act, actinolite; Rt, rutile; Chl, chlorite; Czo, clinozoisite.
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Wuhan, China. The beam size was 44 µm with a 5 Hz repetition

rate. The operating conditions followed those described in Liu

et al. (2008) in detail.

Results

Major elements

The results of major element analysis of garnet in eclogite

from the Bangbing area are listed in Table 1. Compositional

zonation in the garnet from the glaucophane eclogites shows an

increase in pyrope and grossular and a decrease in spessartine

and almandine from the cores to rims, with the composition of

the cores being Alm65–70Sps1.0–1.4Grs20–23Prp6–11 and that of the

rims being Alm53–62Sps0.4–0.9Grs22–28Prp14–18 (Table 1; Figures

3A,B). The garnet has the highest almandine content and the

lowest spessartine content. The composition of all garnets is in

the field of C-type high-pressure and low-temperature eclogite,

which is a typical marine eclogite.

Garnet from the actinolite-bearing eclogites also developed

compositional zoning. Garnet has the following chemical

composition: cores of Alm66–68Sps0.9–3.5Grs21–22Prp8–10 to the

rims of Alm44–50Prp24–30Grs24Sps0.3–0.5 (Table 2; Figure 3C). The

garnet in the actinolite-bearing eclogites and the garnet in the

glaucophane eclogites have similar variation tendencies: from the

cores to rims, an increase in pyrope and grossular and a decrease

in spessartine and almandine. The compositions of garnet grains

are within the type C field except for one data point, which is

typical of oceanic eclogites. However, the almandine in the cores

of garnets in the actinolite-bearing eclogites is lower than that in

the glaucophane eclogites, while the pyrope is significantly

higher.

Rare earth elements

The results of trace elements in the simple ΣREE
concentrations vary from 21.65 to 900.68 ppm (Table 3). The

enrichment by HREEs is relative to LREEs, as well as the

generally high concentrations of REEs. Evident fractionation

among REEs indicate LREE/HREE 0.007–0.13, δEu (Eu/

Eu* =0.29–1.16), and δCe (Ce/Ce* =0.12–3.84). Rare earth

element zonation in the garnets is stronger than major

element zoning. REEs are predicted to have a maximum in

the core followed by a continuous decrease toward the rim,

especially HREEs. HREEs positively correlate with grossular

contents. REE can be divided into three models from the core

to rim (Figures 3D–F): 1) the core is characterized by steeply

increasing normalized REE patterns from LREEs to HREEs. The

HREE decreases toward the outer core MREE content, which

remains constant in mode 1. 2) The secondmodel is a moderately

convex upward normalized REE pattern in which the HREE

concentration decreases suddenly and the MREE concentration

decreases slightly. 3) The REE pattern is characterized by a

drastic increase in MREEs, whereas the increase in the HREE

concentrations is limited. Types 1) and 2) grow in the

glaucophane eclogite garnet samples, and types 1) and 3)

grow in the actinolite-bearing eclogite garnet samples. Type 1)

appears in the cores of the samples, and types 2) and 3) appear in

the rims of the samples. The chondrite-normalized REE patterns

are similar in the cores of the two kinds of garnet, while there are

differences in the rims.

Discussion

Major element zonation

Major zonation patterns in the garnets are a promising way

to interpret the change in pressure and temperature evolution

during the metamorphic evolution of eclogite. The content of

pyrope is positively correlated with temperature (Chen et al.,

2005; Carswell et al., 2000). It can be observed that pyrope

increased from the core to rim in all samples, which reflects

the temperature rise process of glaucophane eclogites and

actinolite-bearing eclogites during metamorphism. In most

cases, grossular contents in prograde garnet reach a maximum

in the rim, suggesting that the highest grossular content in the

garnet may represent the highest pressure during subduction. It

can be observed that grossular increased from the core to rim in

all samples as well. This increase in grossular reflects the pressure

rise (Carswell et al., 2000; Hermann and Green, 2001; Hermann,

2002). The pyrope content in the garnet rim of the actinolite-

bearing eclogites is significantly higher than that of the

glaucophane eclogites, which indicates that the formation

temperature of actinolite-bearing eclogites is higher than that

of glaucophane eclogites. Pyrope and grossular are all predicted

to have a maximum temperature in the rim. This result indicates

that the peak metamorphic temperature and pressure of garnet

should have been achieved at the same time. The prograde zoning

of the garnet reserve records the rapid exhumation of the eclogite.

Rare earth element zonation

Three types of normalized REE patterns correspond to

different mineral chemical reactions in the formation of

garnet. Garnet growth along the considered P-T path (Fu

et al., 2021) is predicted to occur in three stages. According to

petrographic observations and thermodynamic simulations

(Konrad-Schmolke et al., 2008) carried out by predecessors,

three mineral chemical reactions correspond to three types of

normalized REE patterns. 1) Chl + Ep + Qz→ (almandine—rich)

Grt + (sodic—calcic) Amp + H2O. The almandine-rich garnet

cores are formedmainly by the consumption of chlorite and grow
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TABLE 1 Representative major element composition of minerals in glaucophane eclogites (wt%).

Mineral Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Amp Amp Amp

Location Grt-
r

Grt-
r

Grt-
r

Grt-
r

Grt-
r

Grt-
c

Grt-
c

Grt-
r

Grt-
r

Grt-
r

Grt-
r

Grt-
r

Grt-
r

Grt-
r

Grt-
c

Grt-
c

Grt-
r

Grt-
r

Win in
Grt

Win in
Grt

Gln in
Grt

SiO2 39.30 38.51 37.91 38.08 37.96 37.95 38.12 37.83 38.27 38.50 38.69 39.13 39.50 38.63 37.79 38.27 38.29 40.25 54.91 54.37 55.36

TiO2 0.11 0.06 0.06 0.18 0.18 0.22 0.10 0.29 0.13 0.12 0.09 0.04 0.00 0.10 0.18 0.12 0.10 0.00 0.04 0.08 0.00

Al2O3 21.57 21.14 20.47 20.87 20.75 20.40 20.56 20.69 20.70 20.92 21.12 21.54 21.71 20.91 20.65 20.86 20.99 22.19 3.32 3.14 6.58

FeO 25.34 28.16 30.62 30.42 31.33 31.01 31.23 30.84 30.29 29.33 27.28 24.48 23.44 30.49 30.41 29.80 29.74 20.60 13.55 13.79 18.67

MnO 0.17 0.42 0.59 0.59 0.54 0.45 0.48 0.58 0.61 0.47 0.35 0.19 0.21 0.43 1.06 1.58 0.54 0.15 0.04 0.03 0.15

MgO 4.68 3.52 2.30 2.02 1.89 1.52 1.47 1.81 2.40 2.83 3.89 4.57 6.30 2.65 1.97 1.98 2.49 8.10 14.44 14.43 7.92

CaO 8.83 7.92 6.88 7.29 7.29 7.88 7.90 7.68 7.31 7.50 8.14 9.90 8.84 7.26 7.43 7.69 7.51 8.78 9.28 9.40 2.00

Na2O 0.03 0.00 0.01 0.03 0.03 0.03 0.03 0.01 0.04 0.06 0.00 0.03 0.00 0.02 0.01 0.03 0.03 0.01 2.31 2.28 5.70

K2O 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.09 0.02

Total 100.04 99.72 98.83 99.50 99.96 99.46 99.90 99.72 99.75 99.73 99.56 99.88 100.00 100.47 99.50 100.32 99.68 100.09 97.98 97.60 96.40

Alm 54.79 61.93 68.74 67.77 69.80 69.46 69.67 68.83 67.28 64.80 59.85 53.01 50.26 67.13 68.00 65.99 65.90 43.46 NaB 0.59 0.56 1.69

Grs 24.46 22.30 19.80 20.82 20.80 22.60 22.57 21.96 20.80 21.22 22.87 27.47 24.27 20.46 21.30 21.82 21.33 23.74

Prp 18.04 13.79 9.19 8.03 7.49 6.08 5.86 7.19 9.51 11.15 15.20 17.62 24.08 10.41 7.85 7.80 9.83 30.44

Sps 0.37 0.94 1.33 1.33 1.21 1.03 1.09 1.31 1.37 1.06 0.78 0.42 0.45 0.95 2.39 3.54 1.21 0.33

Note: Alm, almandine; Grs, grossular; Prp, pyrope; Sps, spessartine; Amp, amphibole; Win, winchite; Gln, glaucophane; c, core region of the mineral; r, rim region of the mineral.
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during the early stage of prograde metamorphism. After chlorite

is completely consumed, the growth of garnet in the first stage is

interrupted, and the garnet formed in the second stage begins to

grow. In the second stage, epidote became the main garnet-

forming mineral. Epidote is an important mineral for the

occurrence of REEs. Epidote is an important hydrous mineral

that can remain stable during peak ultrahigh-pressure (UHP)

metamorphism. The dissolution of hydrous minerals is closely

related to the activity of metamorphic fluid or metamorphic

anatexis. The continuous decrease in the REE content from the

core to the rim indicates that garnet is decreasing in the REE

reservoir. This process is known as the reservoir effect. 2)

(sodic—calcic) Amp + Ep→ Grt (2) (with increasing grs

content) + Czo (1) + Ky + Qz + H2O. 3) The rim of sample

3 (actinolite-bearing eclogites) is the third normalized REE

pattern. Garnet is formed mainly by the consumption of

FIGURE 3
Compositional profile zonation of the garnet and chondrite-normalized REE patterns of garnet. (A,B)Major element compositional of garnet in
glaucophane eclogite; (C)major element compositional of garnet in actinolite-bearing eclogite; (D,E) chondrite-normalized REE patterns of garnet
in glaucophane eclogite; and (F) chondrite-normalized REE patterns of garnet in actinolite-bearing eclogite (Sun and Mcdough, 1989).
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amphibole in the third stage. Amp + Czo (1)→ Grt (3) + Czo (2)

+ Qz + H2O. Type 3 appears only in garnet in actinolite-bearing

eclogites. The occurrence of type 3 garnet may be related to the

formation of actinolite.

According to the changes in major elements and rare earth

elements from the core to the rim of the garnets, there are two

growth modes of garnet. One is the continuous growth mode.

During metamorphism, the main and trace elements change

uniformly with changes in temperature and pressure, indicating

that the geological environment changes slowly. The other is the

episodic growth mode. After a metamorphic event, the geological

environment of garnet suddenly changed rapidly, resulting in a

sudden change in composition (Chen et al., 2003). According to

the composition change characteristics from the core to the rim

of the sample, sample 1 and sample 3 reflect episodic growth, that

is, the core and rim have significant concentration differentiation

and different types of rare earth element-normalized patterns.

Themain elements in sample 2 change uniformly and slowly, and

there is only one rare earth distribution mode, which reflects

continuous growth.

It can be seen that the growth from the core to the rim of the

garnet in the glaucophane eclogites is a process of increasing

temperature and pressure, and the growth ends before the peak of

metamorphism. The rim of garnet in actinolite-bearing eclogites

continues to grow under increasing pressure. It can be divided

into three stages of garnet growth. The three growth stages of

garnet can correspond to three metamorphic evolution stages.

Each metamorphic stage is described as follows: the prograde

stage of metamorphism (M1), the peak stage of metamorphism

(M2), and the post-peak stage of metamorphism. Pressures of

20.0–23.1 Kbar (average 21.5 Kbr) and temperatures of

407–480°C (average 452°C) were obtained for eclogites at the

prograde stage of metamorphism. The P-T conditions of the peak

metamorphism of the eclogites were 30.0–32.7 Kbar (average

30.6 Kbr) and 617°C–658°C (average 630°C) (Fu et al., 2021).

The zoning of large ion lithophile elements, transition metal

elements, and high field strength elements is non-obvious. The

ion radii of different trace elements are distinct. The diffusion

rate in garnet is also different, and the degree of homogenization

is distinct at high temperatures.

Behavior of trace elements in garnet

At most points, a strong positive correlation exists between

the contents of Ti and Ca (Figure 4A); the content of Ca

increased from the core to the rim, and the content of Ti

increased accordingly. Some samples have the highest Ca

content at the rim, but the Ti content decreases greatly at

this time. Ti in garnets is controlled by pressure and positively

correlated with pressure. Combined with the analysis of

petrographic characteristics and other element distributions,

the content of Ti decreases when the edge reaches the peak

pressure, which may be caused by the enrichment of Ti and the

formation of rutile at this stage. The contents of Sr and Y

elements are closely related to CaO (Figures 4B,C). Previous

studies believe that the Y content in garnet is determined by

CaO (Li TF et al., 2012), which is not affected by temperature

and pressure. Because the ionic radius of Sr is similar to that of

Ca, the lattice occupation is restricted by it (Harte and Kirkley,

1997). The CaO-Y and CaO-Sr projection maps of garnet from

the Bangbing eclogite show that there is an obvious law of

TABLE 2 Representative major element composition of minerals in actinolite eclogites (wt%).

Mineral Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt

Location Grt-r Grt-r Grt-r Grt-r Grt-c Grt-c Grt-c Grt-r Grt-r Grt-r Grt-r

SiO2 39.61 38.59 38.49 35.64 38.31 38.36 38.29 38.27 38.34 37.82 38.35

TiO2 0.02 0.06 0.14 6.02 0.16 0.13 0.11 0.16 0.13 0.09 0.06

Al2O3 22.03 21.01 20.73 19.76 20.63 21.05 20.92 20.87 20.74 20.86 20.98

FeO 27.09 29.58 29.74 28.68 29.72 31.02 30.66 30.53 30.11 30.15 29.69

MnO 0.19 0.42 0.61 0.61 0.78 0.80 0.87 0.80 0.79 0.59 0.56

MgO 5.77 3.53 2.76 2.28 2.03 2.26 2.38 2.22 2.17 2.69 2.91

CaO 6.59 6.99 7.20 6.62 7.75 6.99 7.23 7.33 7.58 6.98 7.17

Na2O 0.01 0.02 0.01 0.02 0.02 0.03 0.03 0.02 0.05 0.03 0.00

K2O 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00

Total 101.32 100.19 99.69 99.62 99.39 100.63 100.49 100.19 99.91 99.21 99.70

Alm 57.84 65.00 65.85 63.85 66.19 68.44 67.74 67.60 66.80 67.29 65.69

Grs 18.01 19.68 20.41 18.87 22.11 19.75 20.47 20.80 21.53 19.95 20.32

Prp 21.96 13.82 10.91 9.03 8.07 8.90 9.36 8.78 8.60 10.70 11.46

Sps 0.42 0.93 1.37 1.37 1.76 1.78 1.95 1.79 1.77 1.33 1.24
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TABLE 3 Representative rare earth element composition of garnets (ppm).

Mineral Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt

Location Grt-
r

Grt-
r

Grt-
r

Grt-
r

Grt-
c

Grt-
r

Grt-
r

Grt-
r

Grt-
r

Grt-
r

Grt-
r

Grt-
r

Grt-
r

Grt-
r

Grt-
c

Grt-
c

Grt-
r

Grt-
r

Grt-
r

Grt-
c

Grt-
r

Grt-
r

La — — 0.01 0.12 0.02 0.40 0.02 — 0.01 — 0.01 0.29 1.38 0.02 0.04 — — 0.02 0.03 — — 0.01

Ce 0.02 0.01 0.03 0.33 0.06 1.50 0.15 — 0.02 — 0.01 0.71 3.30 0.08 0.21 — — 0.12 0.24 0.09 — —

Pr 0.01 - 0.01 0.10 0.03 0.36 0.03 — — — - 0.13 0.52 0.04 0.05 — — 0.05 0.08 0.02 — —

Nd 0.11 0.18 0.31 0.67 0.33 1.70 0.61 0.27 0.16 — 0.37 0.75 2.73 0.37 0.24 0.30 0.08 0.26 0.49 0.28 0.32 0.20

Sm 0.52 2.03 2.55 4.30 2.09 2.37 3.39 1.81 0.87 0.22 1.61 2.19 3.84 3.22 2.32 1.47 0.49 1.76 0.63 0.75 2.37 0.26

Eu 0.71 1.84 2.09 4.63 2.12 1.88 2.84 1.80 1.00 0.29 1.49 2.12 3.55 3.41 1.87 1.70 0.52 1.51 0.27 0.51 2.11 0.47

Gd 6.05 13.62 14.02 22.50 21.50 18.48 14.67 12.34 7.40 3.92 11.47 12.50 20.55 22.29 13.04 12.41 4.22 8.32 3.23 4.50 16.19 3.90

Tb 1.92 2.88 2.52 5.43 11.94 10.83 2.55 2.81 2.18 1.08 3.04 2.54 5.30 6.46 2.70 3.01 1.55 1.44 1.35 1.33 3.20 1.14

Dy 16.79 18.63 17.05 38.75 155.84 156.64 15.09 19.28 16.18 7.39 23.21 17.67 34.28 47.38 15.56 23.98 11.45 10.82 23.33 14.12 24.60 10.53

Ho 3.62 4.14 3.45 7.71 44.02 52.42 2.70 3.83 3.37 1.11 4.61 3.55 7.14 10.82 3.29 5.25 2.23 2.42 8.66 3.31 5.07 2.52

Er 10.89 12.04 9.94 25.61 170.23 241.17 9.25 12.44 9.48 3.73 15.01 11.20 22.43 37.66 10.13 17.95 6.94 6.21 40.13 10.48 13.24 7.06

Tm 1.15 1.33 1.02 3.70 25.17 39.72 1.13 1.34 1.10 0.32 1.93 1.44 3.07 5.36 1.31 2.34 0.83 0.80 8.27 1.74 2.08 1.03

Yb 8.12 10.74 8.34 27.60 191.36 326.56 9.86 10.33 8.45 3.09 13.56 11.37 24.67 41.28 9.96 17.35 4.95 4.89 73.53 11.06 12.47 6.90

Lu 1.21 1.90 1.27 4.06 25.14 46.64 1.81 1.54 1.27 0.49 2.38 1.87 3.55 5.55 1.65 2.97 0.93 0.55 11.16 1.38 1.31 0.81

LREE 1.36 4.06 5.00 10.15 4.66 8.22 7.04 3.88 2.07 0.52 3.49 6.17 15.32 7.15 4.73 3.47 1.09 3.72 1.74 1.66 4.82 0.93

HREE 49.74 65.28 57.62 135.36 645.19 892.47 57.05 63.92 49.43 21.13 75.21 62.15 120.98 176.80 57.63 85.26 33.10 35.46 169.67 47.93 78.14 33.89

∑REE 51.11 69.34 62.62 145.50 649.85 900.68 64.10 67.80 51.50 21.65 78.70 68.32 136.31 183.95 62.36 88.73 34.19 39.18 171.41 49.58 82.96 34.82
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positive correlation between the contents. The samples with

the highest Ca content at the rim and a decrease in Ti content

are affected when Ti decreases. Therefore, the content of these

two elements is not only controlled by CaO content but also

affected by other factors, such as the formation of new

minerals, which may migrate and enrich Y, Sr, and Ti from

garnet to rutile together. The Si content in the composition of

rutile inclusions can reflect the pressure at the time of

formation. This feature is reflected from the garnet core to

the mantle in the eclogite in the Bangbing area. The rim with

the highest Mg content decreases, which is similar to the Ca–Ti

relationship. The Si content in the composition of rutile

inclusions can reflect the pressure at the time of formation.

It is generally considered that more than 500 ppm is a sign of

ultrahigh pressure (Zhu et al., 2017). The Si content of rutile

inclusions in the sample is 291–1,480 ppm, so the eclogite in

the sample may have experienced high pressure–ultrahigh

pressure. It is generally believed that Ni and Mg have

similar ionic radii. In garnet, the Ni content is controlled by

the MgO content and affected by temperature (O’ Reilly and

Griffin, 1995), which is positively correlated with temperature.

This feature is reflected from the garnet core to the mantle in

the eclogite in the Bangbing area. The rim with the highest Mg

content decreases, which is similar to the Ca–Ti relationship

(Figure 4D). The content of Zr gradually decreases from the

core to the rim of garnet. Zr is mainly controlled by

temperature and is positively correlated with the formation

temperature of garnet (O’ Reilly S. M. and Griffin W. L. 1995),

which is contrary to the heating process reflected by the main

elements. The possible reason is similar to that for the change

in Ti content, which is the formation of rutile, and the content

of Zr in rutile is high.

FIGURE 4
Variations between CaO and MgO and some trace elements of garnet. (A) variation of CaO-Ti; (B) variation of CaO-Sr; (C) variation of CaO-Y;
and (D) variation of MgO-Ni.
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Conclusion

1) The garnet from the Bangbing area is generally euhedral, with

color, inclusion, and composition zoning. Major element

growth zonation exhibits pyrope and grossular increasing

from the core to rim, showing the prograde growth of the

garnet. Three types of normalized REE patterns in garnet

correspond to different mineral chemical reactions in the

formation of garnet and three stages of growth.

2) The contents of pyrope and grossular reached their highest

values at the same time, indicating that the eclogite in the

Bangbing area peaks in temperature and pressure at the same

time after subduction. The garnet is surrounded by chlorite,

suggesting a depressurization process after peak

metamorphism. The zonation of garnet is well preserved,

suggesting a relatively short peak metamorphic time and

relatively rapid exhumation process.

3) The controlling factors of the chemical behavior of trace

elements in garnet are the result of many aspects. Trace

elements are not only controlled by the main elements but

also affected by temperature, pressure, fluid, mineral

combination, and other factors.
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Provenance of the lower jurassic
quartz-rich conglomerate in
northwestern sichuan basin and
its link with the pre-collisional
unroofing history of the north
longmen shan thrust belt, NE
tibetan plateau margin

Fan Lv1, Bo Ran1*, Shugen Liu1,2, Zijian Wang1, Tong Sun1,
Xianghui Li3, Yuyue Han1 and Ke Liang1

1State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, Chengdu University of
Technology, Chengdu, China, 2Xihua University, Chengdu, China, 3Key Laboratory for Mineral Deposits
Research, School of Earth Sciences and Engineering, Nanjing University, Nanjing, China

The research on the pre-collisional tectonic evolution of basin-mountain

system at the margin of Tibetan plateau provides insights into the upward

and outward growthmechanism of the plateau in the Cenozoic. Lower Jurassic

Baitianba Formation quartz-rich conglomerate exposed along the edge of the

northwest Sichuan Basin whereas these deposits were incompatible with

peripheral carbonatite-dominated orogenic belts, which aroused our great

interest. To better understand the origin of quartz-rich conglomerate and

early erosional unroofing history of northeastern Tibetan Plateau margin, this

study focuses on sandstone petrography analysis along with U-Pb age dating of

the detrital zircons of Baitianba Formation gravel and sandstone sample from

northwestern Sichuan Basin, which is located to north Longmen Shan thrust

belt. In the distinctive Lower Jurassic quartz gravel samples, there are at least

two distinct provenance sources. One is characterized by a unimodal age

population at ca. 400–1,000 Ma but the absence of younger detrital zircons

(<395 Ma), resembling the Early Paleozoic marine quartz sandstone due to the

uplift and erosion of the Paleozoic basement of the Longmen Shan thrust belt.

The other yield age clusters of ca. 1.8 Ga, 950–750 Ma, 450–420 Ma,

280–240 Ma, which is identical to the detrital zircons from the Upper

Triassic strata. Furtherly, detrital zircon dating of our sandstone samples also

exhibit strong similarity to the Upper Triassic strata detrital record. Detrital

zircons linked with the sedimentological data show these quartz-rich

conglomerate mainly recycled from the underlying Upper Triassic through

long-term weathering.
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1 Introduction

The early uplift of the boundary faults and orogenic belts of the

Tibetan Plateau did not typically form during the Cenozoic. In

reality, the strong collisions of terranes afforded the early uplift of the

boundaries of the Tibetan Plateau starting mostly during the

Mesozoic. This is attributed to the Qiangtang and Lhasa terranes

constituting the middle part of the Tibetan Plateau collapsed

sequentially to the southern margin of paleo-Asia during the

Mesozoic (Ritts and Biffi, 2000; Tian et al., 2013; Zhu et al.,

2013; Qi et al., 2016; Cheng et al., 2019).

Notably, the tectonic evolution of the Sichuan Basin, China’s

largest natural gas producer located on the eastern margin of the

Tibetan Plateau, was mainly controlled by the tectonic evolution of

FIGURE 1
(A) Geological map of the northwestern Sichuan Basin and north Longmen Shan orogenic belt (adapted from Yan et al., 2018). The red star
indicates the Jinzishan outcrop (JZS) analysed herein. (B) Tectonic setting of Sichuan basin and adjoining regions (adapted from Ma et al., 2019). (C)
Simplified tectonic framework map (adapted from Yan et al., 2018). (D) Cross shows tectonic features and stratigraphic distribution in the study area,
modified from Wang et al., 2014.
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FIGURE 2
Photographs of the Lower Jurassic strata in the Jinzishan outcrop, northwestern Sichuan Basin. (A) The unconformity between Upper Triassic
Xujiahe Fm and the overlying Baitianba Fm. (B) The well-rounded nature of the quartz clasts forming the Baitianba conglomerate. (C) Gravel
imbrication indicates southeastward paleoflows. (D) Represents an erosional basal surface. (E) Channel-filling deposits. (F) Shows an interbedded
coal bed.
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the Longmen Shan thrust belt (Liu et al., 2021). Therefore, the study

of the early uplift history of the Longmen Shan thrust belt provides

an insight into the formation and preservation of natural gas in the

deep Sichuan Basin. Unfortunately, whether the early uplift of the

Longmen Shan thrust belt formed the eastern margin of the Tibetan

Plateau since the Mesozoic or not remains controversial. First,

during the Late Triassic, the Longmen Shan thrust belt was

uplifted due to the collision between the Qiangtang and Kunlun

terranes during the closure of the paleo-Tethys ocean (Weislogel

et al., 2006; Li et al., 2007; Zhan et al., 2018). Second, since the Early

Jurassic, the continued northward extrusion of the Qiangtang

terrane after the Qiangtang–Kunlun collision led to the early

uplift of the Longmen Shan thrust belt (Meng et al., 2005; Deng

et al., 2012; Yan et al., 2018).

The crux of this controversy is the question of which Early

Mesozoic conglomerate (Upper Triassic or Lower Jurassic) most

FIGURE 3
Lithostratigraphy, gravel component and sandstone composition of the Jinzishan outcrop. Qm: monocrystalline quartz; Qp: polycrystalline
quartz; F: feldspar; Ls: sedimentary rock fragments; Lm: metamorphic rock fragments.
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closely represents the early uplift and unroofing of the Longmen

Shan thrust belt. The lack of research on the quartz-rich

conglomerate of the Lower Jurassic contributes to the

uncertainty. Thus, herein, the Jinzishan ancient alluvial fan

preserved on the northwestern margin of the Sichuan Basin was

selected for the detailed analyses of sedimentology, detrital

components and geochronology to trace the early uplift and

unroofing history of the Longmen Shan thrust belt.

2 Geological background

The Sichuan Basin is located at the northwestern margin of the

South China Block, separated from the Songpan-Ganze and Bikou

terranes to the northwest by the Longmen Shan thrust belt and from

the North China Block to the north by the Qinling Orogen

(Figure 1C). Due to the oblique collision between North China

and South China Block at the end of Triassic, the basin evolved from

Sinian (Ediacaran)-Middle Triassic passive margin into a Late

Triassic-Cenozoic foreland basin (Mu et al., 2019; Yan et al.,

2019; Liu et al., 2021 and references therein). The Qinling

Orogenic belt was also the result of this collision overprinted by

the Late Jurassic to Cenozoic deformation. Micang-Daba Shan, as

well as North Longmen Shan, was shaped as the foreland belts of the

SW Qinling orogenic belt (Yan et al., 2018), and the main tectonic

style subsequently transformed into extensional collapse during the

Early Jurassic (Meng et al., 2005; Dong et al., 2011; Yan et al., 2011;

Dong and Santosh, 2016).

In the study area, the Lower Jurassic rest unconformably on

deformed Upper Triassic and older rocks along the front zone of

the North Longmen Shan thrust belt (Figure 2A). It consists of

the thickly bedded conglomerate (Figures 2B,C), cross-bedded

sandstone (Figure 2E) and interbed coal (Figure 2F) deposited in

alluvial fan whereas changes to clastic rocks and limestone

dominate in the basin interior (Meng et al., 2005). Samples

were collected from the Jinzishan (N32°11′17″, E105°19′24″)
Jurassic paleo-alluvial fan for conglomerate compositions,

sandstone detritals and geochronology (Figure 3).

Paleocurrent measurements indicate southeastward paleoflows.

3 Methods and results

3.1 Gravel and sandstone petrography

The field investigation observed that Baitianba Formation

conglomerate is composed of the well-rounded nature of the

quartz clasts in Jinzishan outcrop, especially quartz-sandstone

(Figure 3), and differ from the Baitianba formation dominated by

quartzite and chert gravels in the Micang-Daba Shan (Qian et al.,

2015). In order to determine trustier component of the gravels,

twenty-two quartz gravel samples were collected from the lower

FIGURE 4
(A–C) Representative cross-polarized light photomicrograph of gravel samples. (D,E) Representative cross-polarized light photomicrograph of
sandstone samples. (F)Qt-F-L ternary diagram displays the relative abundance of framework grains in sandstone, Qt: total quartz, F, feldspar, L: lithic
rock fragments, Ca: carbonate fragment.
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part of the Jinzishan outcrop from which polished thin sections

were composed to analyse microscopic features. First, the detrital

composition of 19 gravel samples was coarse–fine quartz

sandstones, dominated by siliceous cemented dense quartz

sandstones with durability similar to vein quartz, chert and

quartzite (Figure 3, Figures 4A–C), consistent with quartz-

pebble conglomerates (QPC) (Cox et al., 2002; Youngson

et al., 2006). Second, another two gravel samples are fine

conglomerates. Finally, only one gravel is lithic sandstone.

Twenty-nine sandstone samples were collected from the lithic

sandstone layer in the Jinzishan. The microscopic characteristics and

debris components divided the sandstone into 3 types, including

rock-fragment sandstone, lithic quartz sandstone and lithic

feldspathic sandstone. We used cross-polarization microscope to

observe the petrographic features, including mineral composition,

grain size, sorting and roundness. In general, the detrital components

of Baitianba Formation sandstone are quartz rich with a percentage

composition range 33–85, whereas the feldspar content is extremely

low, the lithics observed in the samples are mostly the sandstone,

siltstone, argillite, chert andmica. Significantly, carbonate fragment is

only found in the top of the Jinzishan outcrops (Figure 4D). The

modal compositions of sandstone samples plot near the boundary of

“recycled orogenic” field in the QtFL diagram (Figure 4F).

3.2 Detrital zircon geochronology

Quart-rich conglomerates can be attributed to potential source in

the thrust belt on the basis of their detrital zircon age population

(Lawton et al., 2010). In this study, two gravel and two sandstone

samples (about 5 kg each) were collected from Lower Jurassic

Jinzishan outcrops, and zircon grains were extracted following the

FIGURE 5
U-Pb concordia diagrams for zircon grains of each sample.
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standard procedures outlined in Li et al. (2007). Chengxin Geology

Service Co. Ltd., Langfang, China performed this work. To avoid

sampling bias, zircon crystals (N200 grains) were mounted in epoxy

resin without handpicking and polished to obtain a smooth internal

surface. Zircon U–Pb dating was performed using laser ablation-

inductively coupled plasma mass spectrometry (LA-ICPMS) at the

CUGB LaserChron Center. All four samples were ablated using a 30-

μm diameter laser beam. The U–Pb fractionation results were

corrected using the zircon standard 91500 reference, affording

324 concordant data points for the four samples. The U-Pb

concordia diagrams for zircon grains of each sample are shown in

Figure 5 and U–Pb age data set is provided as supplementary files in

excel format (Supplementary File S1).

3.2.1 gravel sample G1
Gravel sample G1 was taken from the bottom of the Lower

Jurassic outcrop. 87 valid DZ age data points ranging from 231 to

3,069Ma, with peaks in five major age intervals: 230–290Ma;

425–460Ma; 740–1,100Ma; 1,650–1,700Ma; and 1,860–2,000Ma

were obtained, with minimum zircon ages constraining the age of

deposition of its parent rock not earlier than the Late Triassic.

3.2.2 gravel sample G2
Gravel sample G2 was also derived from the bottom of this

outcrop with 85 valid DZ age data points ranging from 395 to

2,829Ma, with peaks at 540–640Ma; 760–1,200Ma;

1,500–1,690Ma; 2,430–2,500Ma, and about 53% of clastic zircons

of Neoproterozoic age.

3.2.3 Sandstone sample S8
Sample S8 was taken from the lenticular sandstone formation

within the conglomeratic strata, identified as lithic sandstone. Ninety

valid DZ ages ranged from 211 to 2,647Ma, with peaks in five main

age intervals of 211–350Ma; 410–490Ma; 600–900Ma;

1,700–2,000 Ma; and 2,400–2,600 Ma, with weaker peaks in

1,000–1,150 Ma.

3.2.3 Sandstone sample S13
Sample S13 was collected from the sandstone layer with 92 valid

DZ ages ranging from 232 to 2,647Ma, of which detrital zircons from

1,800 to 2,000Ma account for 43% of the total quartz grains, showing

a obvious age peak. The remaining zircon ages are distributed within

the 200–300Ma, 350–500Ma and 2,300–2,400Ma sub-age intervals.

FIGURE 6
Comparison of conglomerate compositions between the Upper Triassic Xujiahe Formation and the Lower Jurassic Baitianba Formation in the
NW Sichuan Basin. JZS-Jinzishan, 1-JiangyouQinglingkou, 2- Jiangyou Daliangshang, 3- Jiangyou Erlangmiao, 4- Baitianba, 5- Guangyuan Baolun,
6- Gongnong, 7- Guangyuan Baishui, 8-Wangcang, 9-Cangxi Puji, 10-Wangcang Sangjiang, 11-Wangcang Jinxi, 12-Nanjiang; 13- Tongjiang Pingxi;
14- Tongjiang Lianghekou; 15- Tongjiang Tiexi, 16- Wanyuan Zhuyu, 17- Wanyuan Huangzhong; 18- Wanyuan Jiuyuan, 19- Wanyuan Gujun,
20- Well YB6, 21- Well YB123, 22- Well YB203, 23- Well YB204, 24- Well M201.
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FIGURE 7
(A–H) Zircon U–Pb age cumulative probability distribution for each sample. XJH: Spectra of Upper Triassic Xujiahe Formation sediments in
northwestern Sichuan Basin are taken from previous studies (Chen et al., 2011; Luo et al., 2014; Shao et al., 2016; Mu et al., 2019); G1, G2, S8 and
S13 are new samples collected from the Lower Jurassic strata in the Jinzishan section; BLl25 is a Lower Jurassic sandstone sample from Li. (2013);
Lower Devonian sample GX and Silurian sample XIWC3 are thrust belt source units in Longmen Shan, from Vermeesch, 2018 and Duan et al.
(2012), respectively. (I) Cumulative distribution plot (CDF) of all samples; (J) Multidimensional scaling map (Vermeesch, 2018), showing the distinct
signature of Baitianba Formation, Type 1 is similar to Upper Triassic continental deposits, and Type 2 is a population distribution similar to that of
Lower Paleozoic Marine quartz-rich sandstones of the Longmen Shan thrust belt. The multi-dimensional scaling (MDS) map uses the
Kolmogorov–Smirnov (KS) statistic for detrital zircon U–Pb datasets (Stevens et al., 2013; Vermeesch, 2018). (K) Unmixing detrital geochronology
age distribution.
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4 Discussion

In previous studies, based on the siliceous characteristics of the

Lower Jurassic Baitianba Formation in the northwestern part of the

Sichuan Basin, these QPC were arbitrarily considered to be mainly

derived from Paleozoic Devonian quartz-sandstones deposited at the

western margin of the Sichuan Basin (Cui et al., 1991) and combined

with the underlying carbonate-rich conglomerates of the Upper

Triassic Xujiahe Formation (Figure 6). Previous studies have

proposed that these two sets of lithologically distinct

conglomerates should represent the uplift erosion of the Longmen

Shan thrust belt (Meng et al., 2005; Deng et al., 2012). However, this

explanation for the detrital provenance of the Lower Jurassic QPC

could not resolve the presence of carbonate strata over a 4-km

distance from Triassic to Devonian (Liu et al., 2021), implying that

Lower Devonian quartz sandstones from a 1.0–1.5 km range could

not be the sole provenance of the Baitianba QPC. To further explore

this paradox, the detrital zircon U–Pb ages from the gravel and

sandstone samples were used to trace true provenance matching

published detrital zircon data from possible provenance areas.

We performed multiple comparisons between the kernel density

estimate (KDE, Figures 7A–H), cumulative age distribution (CAD,

Figure 7I), and multidimensional scaling analysis (MDS, Figure 7J) of

detrital zircons to demonstrate a similarity between the Lower Jurassic

Baitianba Formation and probable provenance strata (Vermeesch,

2018).On theMDSdiagram, the data points are distinctly divided into

two different parts: 1) samples G1, S8 and S13 are highly correlated

with the Upper Triassic Xujiahe Formation with notable peaks within

1,800–2,000Ma; 2) sample G2 shows a typical “Paleozoic basement-

type” feature of Lower Paleozoic quartz sandstone similar with sample

BL25 from the northern Sichuan Basin (Li et al., 2012). However, the

MDS interpretation reflects that the age spectra of the detrital zircons

from the gravel samples were significantly different, indicating

derivation from the underlying Upper Triassic Xujiahe Formation

and the deeper Paleozoic basement of the Longmen Shan thrust belt,

respectively. In addition, it is necessary to evaluate the topographic

relief and denudation degree of the Longmen Shan thrust belt to

quantify the mixing ratio of the two different provenances to the

detrital material of the Lower Jurassic Baitianba Formation based on

recycled features of the QPC. The DZ ages of gravel G1 and

G2 represent the age spectra of the Upper Triassic Xujiahe

sandstone and the Lower Paleozoic basement, respectively, which

could be defined as a provenance zircon feature. The sandstone

samples (S8 and S13) derived from the sandstone lenticular in the

lower part of the alluvial fan and the sandstone layer in the upper part

of the Jinzishan outcrop as well as the other sample (BL25, Figure 7F)

from the Baolun outcrop are regarded as mixed sediments and

statistically simulated based on the DZmix program of MATLAB

(Sundell and Saylor, 2017). All of S13 was from the Upper Triassic

Xujiahe Formation; all of Bl25 was derived from the Lower Paleozoic

basement and S8 was collected from the above two provenances:

80.3% from eroded Xujiahe Formation strata and 19.7% from the

Lower Paleozoic basement (Figure 7K).

The above spatial features of detrital zircons have indicated the

following. First, the northern Guangyuan area was eroded to the

Paleozoic basement in the Early Jurassic and second, the detritus of

the Lower Jurassic in the southern Jinzishan area should be doubly

supplied from the Upper Triassic and Lower Paleozoic quartz

sandstones. However, the Upper Triassic Xujiahe sandstone

mainly comprises lithic sandstone with <5% of quartz sandstone

resembling the detritus of the Lower Jurassic QPC. At the same time,

marine carbonates over a 4-km distance between the Lower

Devonian and Upper Triassic only appear in the detrital grains of

the upper sandstone member and not be found in the Jinzishan

conglomerates. Thus, neither the Upper Triassic nor the Lower

Devonian could directly supply the Lower Jurassic QPC.

Therefore, the lithologic features of the Lower Jurassic QPC imply

that only those quartz-rich conglomerates with high resistance to

FIGURE 8
Depositional model of the QPC of the Lower Jurassic Baitianba Formation in the northern part of the Longmen Shan orogenic belt.
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weathering and abrasion that are among the composite

conglomerates in periphery provenance areas could have been

retained to form the Lower Jurassic QPC (Cui et al., 1991; Qian

et al., 2015).

Herein, a new depositional model of the Lower Jurassic QPC

was reconstructed. First, during the depositional process of the

provenance area, the southwardly thrusting South Qinling

orogenic belt formed a foreland basin in the northern

Longmen Shan thrust belt as well as provided a large amount

of detrital sediment during the Late Triassic (Qian et al., 2015;

Mu et al., 2019). Meanwhile, the southward expansion of the

thrust front afforded the absence of the upper part of the Xujiahe

Formation (V and VI members) in the northwestern Sichuan

Basin (Li Y et al., 2003; Deng et al., 2012). Second, during the

weathering and leaching process of the provenance area, the

Upper Triassic composite conglomerates were exposed to the

surface and subjected to weathering and leaching, dissolving

unstable carbonate and sandstone gravels in rainwater, except for

hard quartz conglomerates (Cox et al., 2002; Youngson et al.,

2006). Finally, as QPC were deposited, a southeast-tilting gently

oblique zone formed in the northern Longmen Shan thrust belt.

This occurred because the Bikou terrane was uplifted during

regional extension in the Early Jurassic (Yan et al., 2018),

allowing the weathering conglomerates to be transported into

the Sichuan Basin. In the transporting process, the unstable

components of the former composite conglomerates continued

to be diluted, directly increasing the percentage of stable quartz-

rich conglomerates and eventually forming a QPC alluvial fan in

the study area underlying the gently sloping topography

(Figure 8).

5 Conclusion

1) Detrital zircon U–Pb geochronology and petrography of tow

Lower Jurassic gravel samples from Jinzishan outcrop reveal

at least two source of quartz-rich conglomerate. One sample is

characterized by the absence of younger detrital zircons

(<395 Ma), resembling the Early Paleozoic marine quartz

sandstone due to the uplift and erosion of the Paleozoic

basement in the North Longmen Shan thrust belt. The

other yield age clusters of ca. 1.8 Ga, 950–750 Ma,

450–420 Ma, and 280–240 Ma, which is identical to the

detrital zircons from the Upper Triassic strata. Our results

indicated Upper Triassic to Early Paleozoic strata had uplifted

and suffered from erosion in adjacent Longmen Shan thrust

belt before the Early Jurassic.

2) U–Pb dating of Baitianba Formation sandstone also exhibit

strong similarity to the Upper Triassic strata detrital record.

3) The feature of Baitianba conglomerate fits the definition

of QPCnew depositional model of the Lower Jurassic

conglomerates mainly recycled from the uplifted Upper

Triassic strata in the north Longmen Shan thrust belt

through long-term weathering.
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Paleo-Tethys subduction and
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The Changning-Menglian suture zone (CMSZ) in the southeastern Tibetan

Plateau is a newly discovered HP-UHP metamorphic zone. The eclogites

therein are the key evidence constraining the main suture of the Proto- and

Paleo-Tethys Ocean in western Yunnan. Targeting the weakly studied Bangbing

eclogites, we developed a comprehensive study on the whole-rock

compositions, Sr-Nd isotope and zircon U-Pb ages, zircon trace elements

and Lu-Hf isotope to reveal the subduction and arc-land collision. The

eclogites occur as massive blocks or lenses and embedded in garnet

phengite quartz schists of Lancang Group, Early Paleozoic accretionary

complex. Their geochemistry is similar to E-MORB, and exhibit isotopic εNd(t)

values of 3.14–4.49 and εHf(t) of 14.64–16.41, respectively. The Nb-enriched

mafic protoliths suggested they were probably generated by partial melting of

the enriched oceanic mantle within the spinel stability field and emplaced or

erupted as mid-ocean ridge in the Paleo-Tethys Ocean. By LA-ICP-MS zircon

U-Pb age testing, themagmatic zircon grains separated from the eclogites yield

a wide range of ages, which may be capture zircon ages rather than protolith

crystallization. We infer the age of eclogite-facies metamorphism to be 238 ±

2 Ma based on CL images, zircon trace element analysis, and that this

metamorphism marks the collision between the Eastern Lincang magmatic

arc, the Simao block and the Western Baoshan block. Thus, exhumation of the

eclogites occurred only 7 to 23 Ma later, according to age 231–215 Ma for post-

collisional volcanic and granitic rocks east of the CMSZ. Conclusively, the

continued subduction of the Paleo-Tethys oceanic crust occurred during

the Early-Middle Triassic, and rapid exhumation in the Late Triassic. The

Changning-Menglian suture zone is a typical oceanic subduction-

accretionary orogeny belt.
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Introduction

The Changning-Menglian suture zone (CMSZ) locates in the

southeastern Tibetan Plateau and represents the eastern part of

the global Tethys tectonic domain. As an important “window”

for investigating the evolution of Proto- and Paleo-Tethys in the

Sanjiang region, it has been attracting great attention from

geologists. Recently, it has been increasingly recognised that

this suture zone shared similar geological evolution with the

Longmucuo-Shuanghu suture zone (LSSZ) in the central Tibetan

Plateau (Pan et al., 1997; Zhong 1998; Metcalfe, 2013; Deng et al.,

2014). The two together represent the remains of the eventual

disappearance of the Proto- and Paleo-Tethys Ocean, and record

the magnificent geological history of subduction and arc-

continent collisional orogenesis (Pan et al., 2004; Wang D.B.

et al., 2016; Wang B.D. et al., 2013, 2018; Peng et al., 2020a).

Understanding the evolutionary history of the Eastern Paleo-

Tethys is essential for reconstructing the Asian tectonics and

geodynamics.

As significant signatures of convergent slab boundary, high-

pressure/ultra-high-pressure (HP/UHP) metamorphic rocks

(e.g., eclogite, blueschist) record the dynamics of subduction

and exhumation in oceanic and/or continental crust (Maruyama

et al., 1996; Ernst, 2006; Zhang et al., 2008; Wei and Clarke,

2011). A number of typical eclogites and blueschists related to the

evolution of the oceanic crust have been identified in the LSSZ,

and rich research results have been published (e.g., Bao et al.,

1999; Li et al., 2006, 2008, 2009; Dong and Li, 2009, 2010; Zhai

et al., 2009, 2011, 2017; Zhang et al., 2010, 2014; Liu et al., 2011;

Liang et al., 2017). In contrast, previous studies in the CMSZ have

focused on the blueschists discovered in the Lancang Group in

the early 1980s, concentrating on their spatial distribution,

chronology, petrography and P-T conditions (e.g., Peng and

Luo, 1982; Zhang et al., 1990; Zhao, 1993, 1994; Zhang et al.,

2004; Fan et al., 2015; Wang DB. et al., 2016). Subsequently, Li

Jing et al. (2015; 2017) first identified garnet-amphibolites in the

Wanhe ophiolite mélange, and further studies by Wang et al.

(2019) suggest that those rocks should be lawsonite-bearing

retrograded eclogites. Recently, with the 1:50,000 regional

geological survey in western Yunnan, a large number of

eclogites and blueschists have been continuously identified

along Changning, Shuangjiang and Lancang areas (Peng et al.,

2019; Sun et al., 2019; Wang et al., 2020a, 2020b; Fu et al., 2021).

These HP/UHP metamorphic rocks extend intermittently for

about 600 km, structuring a giant HP/UHP metamorphic belt

(Figure 1A). It makes the CMSZ a hotspot for the tectonic

evolution studies of Paleo-Tethys.

In the CMSZ, the eclogites are mainly outcropped from

north to south in the Mengku, Bangbing, Qianmai and

Jinghong areas. Currently, some research has been

conducted on the petrogenesis, chronology and P-T

metamorphic evolution of the eclogites rocks from Mengku,

Qianmai and Jinghong areas (Sun et al., 2019; Wang et al.,

2020b; Zhao et al., 2021). Meanwhile, studies on the petrology

and metamorphism of the eclogites in Bangbing area have been

limited (Peng et al., 2019, 2020b; Fu et al., 2021). For this area,

we are still not clear about such questions as the origin of the

protoliths, the ages of the protoliths and metamorphism, and

whether these features correspond to the evolution of regional

metamorphic zones. Therefore, in this paper, further

chronological, geochemical studies and isotopic analyses of

the Bangbing eclogites are presented to investigate the

evolution and accretionary orogeny of the Tethys Ocean in

western Yunnan.

Geological background and samples

Geological background

The Changning-Menglian suture zone is located in

southeastern Tibetan Plateau, and extends north-south for

600km, bordering the Lingcang-Menghai magmatic arc to the

east, separating the Baoshan Block to the west from the Simao

Block to the east (Figure 1B; Metcalfe, 2013; Wang et al., 2018).

The study area falls along the Bangbing area of Shuangjiang

County in the suture zone. The area is characterised by the Early

Paleozoic-Late Triassic oceanic crust formations. The formations

are mainly composed of Early Ordovician-Middle Triassic

Niujinshan ophiolitic mélange, Carboniferous-Permian oceanic

island-seamount strata, i.e., oceanic island basalt and its

siliciclastic and carbonate cover, Devonian -Permian deep-sea

or bathyal silica-mud assemblages, and Early Paleozoic

accretionary complex (Wang et al., 2018; Peng et al., 2020b).

The Upper Triassic Sanjiahe Group (T3sc) and the Middle

Jurassic Huakaizuo Group (J2h), which are continental

sedimentary clastic rocks, unconformably overlie these

different oceanic formations, with the T3sc representing the

earliest sedimentary cover after the disappearance of the

Changning-Menglian Ocean (Wang et al., 2018).

The widely outcropped accretionary complex in the CMSZ is

mainly composed of the Lancang Group. The rocks are complex

in composition and can be divided into “matrix” and “block”

(Peng et al., 2020b). Thematrix is mainlymetasedimentary rocks,

represented by mica quartz schist, garnet mica schist and

carbonaceous mica schist. The blocks are composed of various

rocks, including metavolcanic rocks (greenschist, albite schist,

amphibole schist, etc.), metamorphic intermediate acid intrusive
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rocks (granitic gneisses, albite leptynite) and HP metamorphic

rocks (blueschist, eclogites, etc.). Based on whole-rock Rb-Sr and

Sm-Nd isotope data and the fossil records, the Lancang Group

was previously considered to be the Precambrian basement (Zhai

et al., 1990; Zhong, 1998). However, zircon U-Pb age data from

the metavolcanic and metaclastic rocks (462–454 Ma,

450–428 Ma, respectively) suggest that the depositional age

was Late Ordovician-Silurian rather than Neoproterozoic (Nie

et al., 2015; Xing et al., 2017; Wang F. et al., 2017; Wang B.D.

et al., 2018). The Lancang Group is divided into several

formations and rock sections (Figure 1C), all of which are in

tectonic contact with each other, and the original stratigraphy has

been completely replaced and the original sedimentary structure

has been destroyed (Peng et al., 2020b).

FIGURE 1
Tectonic framework of the East Tethys tectonic domain (A, after Xu et al., 2015), geotectonic view of the Changning-menglian orogenic system
(B) and geological sketch of the Bangbing area (C). (Fig.a after Xu et al., 2020).
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Samples description

The eclogites occur as massive blocks or lenses and

embedded in schist (Figure 2A). The eclogites appear as

tectonic sheets and the contact boundary with the schist is

strongly foliated. The field characteristics and petrographic

studies of Bangbing eclogite and its enclosing rocks have been

discussed in detail previously (Peng et al., 2019; Fu et al., 2021).

The Bangbing eclogite mainly consists of garnet, omphacite and

glaucophane, with minor phengite, quartz, clinozoisite and rutile

(Figure 2C). The clinozoisite is likely to have been transformed

from lawonsite by dehydration (Clarke et al., 2006; Wei and

Clarke, 2011). Several HP metamorphic rock samples in the

CMSZ have identified lawonsite inclusions preserved in garnet or

glaucophane (Wang et al., 2019; 2020a). The coexistence of

lawonsite and glaucophane in the eclogite strongly points to a

cold oceanic crust subduction. The peak P-T conditions of

Bangbing eclogites were estimated at 3.0–3.2 GPa and

617–658°C by the Grt-Omp-Phn geothermobarometer (Fu

et al., 2021). Correspondingly, researchers combined with

phase equilibrium simulations to obtain peak P-T conditions

for HP rocks in different locations in the CMSZ, such as

2.4–2.6 GPa, 520–530°C for lawsonite-bearing retrograded

eclogite in the Mengku area (Wang et al., 2019); 2.3–2.6 GPa,

570–610°C for phengite/talc-glaucophane eclogites in the Heihe

area; and 2.9 GPa, 600°C for glaucophane eclogites,

2.85–2.96 GPa, 580–594°C for dolomite–kyanite eclogites, and

675–754°C, 2.9–3.2 GPa for magnesite–kyanite eclogites,

respectively, in the Qianmai area (Sun et al., 2019; Wang

et al., 2020b; Wang W. et al., 2021).

The garnet phengite quartz (Grt-Ph-Qz) schists are the direct

country rocks of the Bangbing eclogite body (Figure 2B). Grt-Ph-

Qz schists are coarse grained and consist mainly of quartz (50%),

phengite (35%), garnet (10%) and minor accessory mineral (5%)

such as apatite and sphene. Quartz schists show well-developed

foliation, and defined by fine layers of phengite, with garnet

enclosed by the layers (Figure 2D). The mineral assemblages and

microstructure suggest that quartz schists have suffered high

pressure metamorphism. The peak P-T conditions of

1.88–2.16 GPa and 392–553°C were obtained by previous

phase equilibrium simulations. The metamorphic zircon U-Pb

and phengite 40Ar/39Ar isotopic analyses in the schist yielded

consistent peak HP ages of 238–235 and 237–231 Ma, respectivel.

A significant volume of sediments from the Lancang Group may

FIGURE 2
Field characteristics andmicrophotographs of the eclogites and their surrounding schists in Bangbing area. (A), The eclogites (sample D2810-1)
are lens-shaped, with strong foliations at the contact boundary to the surrounding rocks. (B), The eclogites are surrounded by coarse-grained garnet
phengite schists (sample D2810-2). (C), The eclogite mainly consists of garnet, omphacite and glaucophane, with minor phengite, quartz,
clinozoisite and rutile. (D), Grt-Ph-Qz schist show well-developed foliation, and defined by fine layers of phengite, with garnet enclosed by the
layers.

Frontiers in Earth Science frontiersin.org04

Fu et al. 10.3389/feart.2022.982037

126

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.982037


have been subducted to a depth of ~60–80 km in the Middle

Triassic during the closure of the Paleotesti Ocean (Wang et al.,

2020a).

The eclogite samples investigated in this work were collected

from the Bangbin area, about 150 km south of Lincang

(Figure 1B). The fresh eclogite samples (Sample D2810-1)

from section b of the Lancang Group (Figure 1C) were

selected for whole-rock major and trace element, and whole-

rock Sr-Nd isotope analyses. The zircons separated from them

were measured for U-Pb dating, trace element and Lu-Hf isotopic

analyses. Comparatively, zircons separated from one

surrounding rock sample (Sample D2810-2), a Grt-Ph-Qz

schist, were also analysed for U-Pb dating. The two sampling

sites were less than 50 m apart. Mineral abbreviations in this

study are after Whitney and Evans (2010).

Analytical methods

Whole-rock major and trace elements

Major and trace element analyses of whole-rock geochemistry

were conducted on X-ray fluorescence spectrometry (XRF, Primus

II, Rigaku, Japan), inductively coupled plasma-mass spectrometry

(ICP-MS, Agilent, 7,700 e, United States) at the Wuhan Sample

Solution Analytical Technology Company Co., Ltd. Before

analyses, samples were crushed and powdered to 200-mesh in

an agate mill; then the sample powders were dried at 105°C in an

oven. Four standards (AGV-2, BHVO-2, BCR-2 andRGM-2) were

used to monitor the analytical quality. The relative standard

deviations for the trace elements are within ±5%.

Zircon U-Pb dating, trace element and Lu-
Hf isotopic

Zircons were separated by conventional heavy liquid and

magnetic techniques at the Langfang Chengxin Geological

Service Company (Hebei, China). Then they were handpicked

under a binocular microscope, mounted in epoxy and polished to

about half section. Cathodoluminescence (CL) images of zircon

grains were taken on a Gatan Mono CL4 Cathode-Luminescence

detector attached to a Zeiss Sigma 300 field emission SEM at the

Wuhan Sample Solution Analytical Technology Company Co.,

Ltd., to observe the internal structure and to target potential sites

for zircon U-Pb-Hf isotopic analyses.

In situ zircon U-Pb dating and trace element compositions

were simultaneously analyzed by LA-ICP-MS at the Wuhan

SampleSolution Analytical Technology Co., Ltd. China.

Detailed operating conditions for the laser ablation system

and the ICP-MS instrument and data reduction are the same

as those described by Liu YS. et al. (2008). Laser sampling was

performed using a GeolasPro laser ablation system that consists

of a COMPexPro 102 ArF excimer laser (wavelength of 193 nm

and maximum energy of 200 mJ) and a MicroLas optical system.

An Agilent 7,700 e ICP-MS instrument was applied to acquire

ion-signal intensities. Helium was applied as a carrier gas, which

is mixed with Argon, the make-up gas, via a T-connector before

entering the ICP. In this study, the spot size and frequency of the

laser were set to 32 μm and 5 Hz, respectively. For every five

analyses, zircon 91500, GJ-1 and glass NIST610 were used as

external standards for U-Pb dating and trace element calibration.

Each analysis incorporated a background acquisition of ~20–30 s

followed by 50 s of data acquisition from the sample. Raw data

were processed using an Excel-based software ICPMSDataCal

(Liu et al., 2010). Concordia diagrams and age calculations were

made using the program Isoplot/Ex_ver3 (Ludwig, 2003).

In situ zircon Lu-Hf isotopic analysis was conducted using a

Neptune Plus MC-ICP-MS (Thermo Fisher Scientific, Germany)

in combination with a Geolas HD excimer ArF laser ablation

system (Coherent, Göttingen, Germany) at the Wuhan Sample

Solution Analytical Technology Co., Ltd. China. In this study, all

data were acquired on zircon in single spot ablation mode at a

spot size of 44 μm, and the energy density of laser ablation was

~7.0 J cm−2. Each measurement consisted of 20 s of acquisition of

the background signal followed by 50 s of ablation signal

acquisition. Detailed operating conditions for the laser

ablation system and the MC-ICP-MS instrument and

analytical method can be found in Hu et al. (2012). The

calculated parameters used in this study are 176Lu decay

constants of 1.867 × 10−11 a−1 (Söderlund et al., 2004), 176Hf/
177Hf and 176Lu/177Hf ratios of 0.2827720 and 0.0332 for

Spherulitic meteorites, respectively (Blichert-Toft and

Albarede., 1997), and present deficit mantle values of 176Hf/
177Hf = 0.28325 and 176Lu/177Hf = 0.0384 (Griffin et al., 2000).

Whole-rock Sr-Nd isotopic

Whole-rock Sr-Nd-Pb isotopic analyses were carried out on a

Neptune Plus MC-ICP-MS (Thermo Fisher Scientific, Dreieich,

Germany) at the Wuhan Sample Solution Analytical Technology

Co., Ltd., China. All chemical preparations were made on class

100 work benches within a class 1,000 over-pressured clean

laboratory. The detailed methods and instrumentation for Sr-

Nd isotopic analyses have been described by Li et al. (2012).

During the Sr-Nd isotopic analyses, the NIST SRM 987 standard

solution yielded 87Sr/86Sr ratio of 0.710,244 ± 0.000022 (2SD, n =

32) and the JNdi-1 106 standard gave 143Nd/144Nd ratio of

0.512118 ± 0.000015 (2SD, n = 31). In addition, the

USGS107 reference materials BCR-2 (basalt) and RGM-2

(rhyolite) yielded results of 0.705034 ± 0.000014 (2SD, n = 4)

and 0.704192 ± 0.000010 (2SD, n = 4) for 87Sr/86Sr, 0.512644 ±

0.000015 (2SD, n= 6) and 0.512810 ± 0.000015 (2SD, n = 4) for
143Nd/144Nd, respectively, both of which are identical within error

to their published values (Li et al., 2012).
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TABLE 1 Major, trace elements and Sr-Nd isotopes for the Bangbing eclogites.

Sample D2810-1H1 D2810-1H2 D2810-1H3 D2810-1H4 D2810-1H5 D2810-1H6 D2810-1H7

Major element (%)

SiO2 47.77 46.49 47.00 45.92 47.02 50.95 49.65

TiO2 2.01 2.00 1.98 2.01 2.07 1.44 1.46

Al2O3 14.74 14.58 14.53 14.78 15.00 15.23 15.60

TFeO 14.03 14.36 14.63 14.95 14.41 9.26 9.97

MnO 0.19 0.26 0.25 0.27 0.21 0.18 0.18

MgO 5.25 5.45 5.87 5.97 5.52 6.50 6.76

CaO 12.01 12.14 11.35 11.71 11.78 11.74 11.45

Na2O 2.67 2.49 2.88 2.61 2.64 2.81 2.60

K2O 0.16 0.24 0.39 0.32 0.39 0.18 0.49

P2O5 0.22 0.25 0.24 0.22 0.22 0.15 0.16

LOI 0.39 1.06 0.01 0.51 0.10 0.93 1.33

Trace element (ppm)

Sc 37.66 37.68 37.10 38.44 39.59 36.17 37.24

V 305.27 310.12 301.04 307.49 311.88 317.23 319.78

Cr 148.33 156.04 155.58 163.34 144.29 123.51 130.67

Co 39.11 42.22 42.24 43.22 42.93 38.88 43.28

Ni 58.76 62.62 62.87 63.88 60.72 61.86 66.28

Cu 48.47 48.61 48.90 55.64 50.04 68.95 75.61

Zn 106.03 109.10 109.41 112.39 113.88 81.96 88.89

Ga 20.00 20.13 19.37 19.34 20.17 18.93 19.50

Rb 4.28 6.47 8.23 8.06 8.25 3.98 12.01

Sr 196.30 184.27 131.38 145.64 198.45 104.02 124.07

Y 50.28 47.38 49.32 50.80 52.05 27.46 27.52

Zr 175.28 175.65 164.53 170.40 177.46 97.19 98.34

Nb 14.35 14.55 14.62 15.26 15.68 9.02 9.23

Cs 0.88 1.38 0.94 1.40 0.77 0.37 1.19

Ba 19.73 29.75 51.38 40.73 50.93 21.32 50.06

La 14.03 14.08 13.01 12.75 15.91 9.56 8.01

Ce 31.02 31.80 29.43 29.45 34.78 21.54 19.72

Pr 4.18 4.20 3.95 4.04 4.66 2.87 2.80

Nd 19.22 19.15 17.92 18.12 21.52 13.51 13.17

Sm 5.23 5.37 5.15 5.28 6.01 3.93 3.90

Eu 1.76 1.66 1.63 1.70 1.86 1.32 1.30

Gd 6.77 6.73 6.77 6.66 7.24 4.89 4.65

Tb 1.25 1.20 1.26 1.24 1.28 0.78 0.75

Dy 8.03 7.75 8.28 8.45 8.44 4.73 4.67

Ho 1.72 1.76 1.77 1.83 1.84 0.94 0.99

Er 4.62 4.39 4.46 4.72 4.80 2.66 2.73

Tm 0.71 0.69 0.69 0.73 0.74 0.38 0.38

Yb 4.94 4.84 4.87 5.05 5.21 2.54 2.35

Lu 0.68 0.66 0.65 0.73 0.72 0.40 0.39

Hf 4.69 4.74 4.56 4.65 4.79 2.50 2.66

Ta 0.97 1.01 0.99 1.02 1.02 0.53 0.54

Pb 1.46 1.31 0.98 1.12 2.97 6.87 4.24

Th 1.69 1.69 1.67 1.57 1.80 1.05 1.08

U 0.53 0.51 0.43 0.48 0.97 0.28 0.24

∑REE 104 104 100 101 115 70 66

(Continued on following page)
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Results

Whole-rock major and trace elements

The major and trace elements in the Bangbing eclogites

are listed in Table 1. The eclogites show losses of volatiles on

ignition (LOI) ranging from 0.01 to 1.33 wt% with an average

value of 0.62 wt%, indicating variable alteration of the rocks.

All the eclogites samples have SiO2 contents ranging from

45.92 to 50.59 wt%, averaging 47.83 wt%, with characteristics

of basaltic. These samples are characterized by low MgO

(5.25–6.76 wt%) contents, relatively high Al2O3

(14.53–15.60 wt%) and CaO (11.35–112.14 wt%) contents.

K2O/Na2O ratios of 0.06–0.19 <1 and low all-alkaline

(Na2O+K2O) contents (2.82–3.09 wt%) in the eclogites

show compositional features corresponding to tholeiite

basalt.

The total rare earth contents (∑REE) in the samples ranged

from 66.00 to 115 ppm with an average of 94 ppm, which is

higher than the typical E-MORB total REE (49.09 × 10−6) and

lower than the OIB total REE (Sun and McDonough, 1989). The

chondrite normalized REE diagrams show that all the eclogites

samples exhibit REE patterns characterized by light REE (LREE)

enrichment, heavy REE (HREE) depletion and low degrees of

LREE and HREE fractionation ((La/Yb)N=1.81–2.70, averaging

2.17 (La/Sm)N = 1.32–1.73, averaging 1.60), and no significant

negative Eu anomalies (δEu=0.84–0.93, averaging 0.88)

(Figure 3A).

Normalized to primitive mantle, all the eclogites are

characterized by a wide range of large ion lithophile elements

(LILEs, e.g., Rb, Ba, K, U and Sr), a narrow range of high field-

strength elements (HFSEs, e.g., Nb, Ta, Zr and Hf). The Ti in the

samples has a slight negative anomaly, possibly affected by

subduction fluids (Zheng, 2012). The trace elements are not

FIGURE 3
Chondrite-normalized rare earth element patterns (A) and primitive mantle-normalized trace element patterns (B) for Bangbing eclogites.

TABLE 1 (Continued) Major, trace elements and Sr-Nd isotopes for the Bangbing eclogites.

Sample D2810-1H1 D2810-1H2 D2810-1H3 D2810-1H4 D2810-1H5 D2810-1H6 D2810-1H7

δEu 0.90 0.84 0.85 0.88 0.86 0.92 0.93
(La/Yb)N 2.04 2.08 1.92 1.81 2.19 2.70 2.45

(La/Sm)N 1.73 1.69 1.63 1.56 1.71 1.57 1.32

Sr-Nd-Pb isotopes

87Sr/86Sr 0.705,797 0.711922 0.707300 0.712837 0.708815

143Nd/144Nd 0.512773 0.512764 0.512731 0.512746 0.512750

(87Sr/86Sr)t 0.705392 0.711269 0.706136 0.712126 0.707016

(143Nd/144Nd)t 0.512287 0.512263 0.512218 0.512227 0.512221

εNd(t) 4.49 4.02 3.14 3.32 3.20

(143Nd/144Nd)t (206Pb/204Pb)t, ƐNd(t) Values are calculated from t = 451 Ma. Parameters used for samples calibration (143Nd/144Nd)t=(143Nd/144Nd)sample(147Sm/144Nd)m×(eλt−1), ƐNd(t)=
[(143Nd/144Nd)t/(143Nd/144Nd)CHUR(t)−1]×104 (143Nd/144Nd)CHUR(t)=0.512,638–0.1967×(eλt−1), λSm–Nd=6.54×10−12a−1.
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obviously depleted or enriched and show nearly flat distribution

patterns. These characteristics fall between E-MORB and OIB,

and tend to be more in line with the former (Figure 3B).

Zircon U-Pb geochronology

Zircon grains were analysed from eclogite D2810-1 and its

surrounding Grt-Ph-Qz schist D2810-2, separately. The CL

images are presented in Figure 4. The U–Pb age data are

listed in Table 2 and present in Figure 4.

In sample D2810-1, zircon grains are subhedral to euhedral

crystal of plate. The lengths range from 60 to 150 μmwith the aspect

ratios of 1:1 to 1.5:1. (Figure 4). Some of them exhibit clear core–rim

structures in cathodoluminescence (CL) images. The cores are zoned

with dark or light grey oscillatory bands. The other part of the

zircons show no core–rim structure or oscillating bands. The grains

are more homogeneous internally and surrounded by narrow and

bright overgrowths, indicative of a metamorphic origin. Forty spot

analyses show 206Pb/238U ages ranging from 220 to 2,470Ma and can

be divided into three groups. Group I, 206Pb/238U ages, vary over a

wide range from 256 to 2,470 Ma. The zircons obtained from this

data group majority have core-rim structures with wide ranges of

variation in Th and U content and high Th/U ratios (Th/

U=0.12–6.91, Figure 5B), indicating magmatic zircon

characteristics and may be captured. The second and third data

groups are from zircons that show no rims, no cores and no

oscillating rings. Group Ⅱ 206Pb/238U ages range from 235 to

241Ma, with U and Th contents of 43×10−6–304 and

0.15–2.83 ppm, having low Th/U ratios of 0.004–0.01, much less

than 0.1 (Figure 5B), indicative of a metamorphic origin. All twenty-

five data spots in this group cluster on or near the harmonic line

(Figure 5A), with a weighted mean of 238 ± 2Ma (MSWD = 1.6).

Discussion of this group of age data will be continued later. GroupⅢ
of age data contains three spots. The zircon 206Pb/238U ages range

from 220 to 229Ma and, similar to the second group, have lowTh/U

ratios of 0.004–0.009, much less than 0.1 (Figure 5B), likely to

represent much later ages of metamorphism.

In sample D2810-2, the morphology of the zircon grains

appears to be more various than in the eclogites. The zircon

grains are in long and short columns, 100–200 μm long. In the

CL images, some grains show clear core-rim structure with an

irregular, weakly luminescent, broad band in the core; some

grains show homogeneous, undivided structure; while the other

grains have distinct oscillatory bands of magmatic origin

(Figure 4B). A total of 89 analyses on these zircons show high

Th/U ratios ranging from 0.06 to 1.63 (only 4 spots less than 0.1),

which generally correspond to the ranges of Th/U ratios of

Group I capture- origin zircons from sample D2810-1

(Figure 5B). The ages range from 454 to 3,591 Ma (>1,000 Ma

follow the 207Pb/206U age, the rest follow the 206Pb/238U age), and

they have excellent harmonics (all >90% and most above 95%),

all falling on or near the harmonic line (Figure 5C). In the zircon

U-Pb age frequency histograms there are three dominant groups

of age peaks, the youngest of which is around 450–600 Ma, with

the rest at 700–1,200 Ma and 1,250–1800 Ma (Figure 5D).

Zircon trace elements

The zircon trace element content of the eclogite (sample

D2810-1) is shown in Table 3. In the chondrite normalized REE

FIGURE 4
Zircon cathodoluminescence images and U-Pb ages, Hf isotope test spots for eclogites (A) and Grt-Ph schists (B). Blue circles represent zircon
analysis spots and green circles represent Hf isotope analysis spots. Data greater than 1,000 Ma follow 207Pb/206U ages, the rest follow 206Pb/238U
ages.
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TABLE 2 Zircon LA-ICP-MS U-Pb age analysis results for Bangbing eclogites and their surrounding Grt-Ph schists.

Sample
spot

Content
(×10−6)

Th/
U

Isotope ratio Age/Ma

Th U 207Pb/
206Pb

1sigma 207Pb/
235U

1sigma 206Pb/
238U

1sigma 207Pb/
206Pb

1sigma 207Pb/
235U

1sigma 206Pb/
238U

1sigma

D2810-1 Eclogites

D2810-

1-01

0.82 162 0.005 0.0551 0.0045 0.2779 0.0194 0.0377 0.0007 417 179 249 15 238 4

D2810-

1-02

2.05 206 0.010 0.0506 0.0029 0.2654 0.0150 0.0380 0.0006 220 131 239 12 240 4

D2810-

1-03

0.46 110 0.004 0.0563 0.0048 0.2826 0.0205 0.0377 0.0008 465 191 253 16 239 5

D2810-

1-04

2.83 304 0.009 0.0524 0.0028 0.2692 0.0133 0.0371 0.0005 306 122 242 11 235 3

D2810-

1-05

158 240 0.659 0.0527 0.0024 0.5426 0.0238 0.0744 0.0010 317 104 440 16 463 6

D2810-

1-06

0.65 127 0.005 0.0531 0.0044 0.2736 0.0209 0.0375 0.0008 332 155 246 17 238 5

D2810-

1-07

0.34 70 0.005 0.0532 0.0060 0.2606 0.0252 0.0371 0.0008 339 257 235 20 235 5

D2810-

1-08

2.44 260 0.009 0.0498 0.0028 0.2415 0.0126 0.0348 0.0006 187 130 220 10 220 4

D2810-

1-09

0.22 43 0.005 0.0496 0.0055 0.2512 0.0222 0.0378 0.0011 176 241 228 18 239 7

D2810-

1-10

77 663 0.116 0.0669 0.0020 1.4614 0.0427 0.1574 0.0016 835 63 915 18 942 9

D2810-

1-11

0.22 54 0.004 0.0535 0.0054 0.2585 0.0198 0.0377 0.0009 350 228 233 16 238 6

D2810-

1-12

1 171 0.006 0.0499 0.0034 0.2546 0.0163 0.0374 0.0006 187 159 230 13 237 4

D2810-

1-13

0.25 70 0.004 0.0485 0.0046 0.2536 0.0208 0.0382 0.0008 124 207 229 17 241 5

D2810-

1-14

0.73 76 0.010 0.0486 0.0046 0.2464 0.0202 0.0379 0.0009 128 211 224 16 240 6

D2810-

1-15

244 677 0.360 0.0690 0.0016 1.4340 0.0333 0.1494 0.0015 899 48 903 14 898 9

D2810-

1-16

106 394 0.270 0.0686 0.0022 1.3945 0.0471 0.1461 0.0017 887 66 887 20 879 10

D2810-

1-17

0.37 57 0.006 0.0549 0.0059 0.2698 0.0235 0.0380 0.0010 406 241 243 19 240 6

D2810-

1-18

1.02 78 0.013 0.0529 0.0049 0.2645 0.0223 0.0380 0.0009 328 211 238 18 240 5

D2810-

1-19

1.18 180 0.007 0.0509 0.0036 0.2519 0.0162 0.0361 0.0007 239 165 228 13 229 4

D2810-

1-20

2.34 240 0.010 0.0476 0.0024 0.2458 0.0115 0.0379 0.0005 80 115 223 9 240 3

D2810-

1-21

0.51 85 0.006 0.0494 0.0048 0.2444 0.0210 0.0376 0.0007 165 211 222 17 238 5

D2810-

1-22

1,517 220 6.909 0.0603 0.0027 0.6598 0.0300 0.0788 0.0011 617 96 514 18 489 7

D2810-

1-23

213 157 1.357 0.0566 0.0026 0.6338 0.0281 0.0812 0.0010 476 102 498 17 503 6

D2810-

1-24

171 564 0.302 0.0693 0.0021 1.3974 0.0423 0.1451 0.0015 909 56 888 18 873 8

D2810-

1-25

0.30 82 0.004 0.0526 0.0053 0.2648 0.0258 0.0373 0.0007 309 230 239 21 236 4

D2810-

1-26

0.33 76 0.004 0.0504 0.0057 0.2520 0.0250 0.0370 0.0007 213 244 228 20 235 5

D2810-

1-27

62 103 0.603 0.1069 0.0041 4.4798 0.1601 0.3009 0.0036 1747 70 1727 30 1,696 18

D2810-

1-28

0.42 89 0.005 0.0520 0.0046 0.2522 0.0192 0.0374 0.0008 287 199 228 16 237 5

D2810-

1-29

0.41 74 0.006 0.0543 0.0044 0.2763 0.0191 0.0379 0.0008 383 181 248 15 240 5

D2810-

1-30

616 305 2.018 0.0544 0.0026 0.3063 0.0139 0.0406 0.0005 387 112 271 11 256 3

D2810-

1-31

134 167 0.805 0.0575 0.0036 0.5664 0.0304 0.0722 0.0010 522 144 456 20 449 6

(Continued on following page)
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TABLE 2 (Continued) Zircon LA-ICP-MS U-Pb age analysis results for Bangbing eclogites and their surrounding Grt-Ph schists.

Sample
spot

Content
(×10−6)

Th/
U

Isotope ratio Age/Ma

Th U 207Pb/
206Pb

1sigma 207Pb/
235U

1sigma 206Pb/
238U

1sigma 207Pb/
206Pb

1sigma 207Pb/
235U

1sigma 206Pb/
238U

1sigma

D2810-

1-32

0.79 146 0.005 0.0499 0.0036 0.2566 0.0177 0.0376 0.0007 191 167 232 14 238 4

D2810-

1-33

1.12 153 0.007 0.0468 0.0034 0.2422 0.0157 0.0380 0.0006 43 163 220 13 241 4

D2810-

1-34

238 358 0.664 0.0766 0.0021 1.8410 0.0524 0.1731 0.0018 1,122 54 1,060 19 1,029 10

D2810-

1-35

82 245 0.333 0.1673 0.0051 10.8362 0.3519 0.4669 0.0070 2531 50 2509 30 2470 31

D2810-

1-36

2.65 265 0.010 0.0517 0.0027 0.2668 0.0134 0.0377 0.0005 272 119 240 11 238 3

D2810-

1-37

0.15 44.2 0.003 0.0570 0.0059 0.2857 0.0240 0.0381 0.0010 500 231 255 19 241 6

D2810-

1-38

0.40 110 0.004 0.0485 0.0036 0.2388 0.0165 0.0360 0.0006 120 180 217 14 228 4

D2810-

1-39

1.11 171 0.006 0.0510 0.0029 0.2629 0.0135 0.0376 0.0006 243 131 237 11 238 4

D2810-

1-40

0.49 103 0.005 0.0544 0.0037 0.2811 0.0172 0.0380 0.0007 387 152 252 14 241 4

D2810-2 Grt-Ph schist

D2810-

2-01

187 448 0.42 0.0704 0.0021 1.2245 0.0401 0.1253 0.0022 940 66 812 18 761 13

D2810-

2-02

216 319 0.67 0.0735 0.0022 1.4090 0.0484 0.1381 0.0026 1,028 62 893 20 834 15

D2810-

2-03

60 191 0.32 0.0638 0.0028 0.8387 0.0381 0.0947 0.0019 744 93 618 21 583 11

D2810-

2-04

314 416 0.75 0.0636 0.0019 1.0692 0.0323 0.1216 0.0015 728 64 738 16 740 9

D2810-

2-05

616 1,119 0.55 0.0723 0.0015 1.4092 0.0347 0.1402 0.0022 994 42 893 15 846 12

D2810-

2-06

235 561 0.42 0.0599 0.0017 0.7163 0.0204 0.0866 0.0011 611 31 548 12 536 7

D2810-

2-07

184 541 0.34 0.0656 0.0016 1.1324 0.0293 0.1242 0.0014 794 58 769 14 754 8

D2810-

2-08

221 311 0.71 0.0625 0.0019 0.8808 0.0276 0.1017 0.0013 692 71 641 15 624 8

D2810-

2-09

333 430 0.78 0.0577 0.0018 0.5809 0.0180 0.0730 0.0010 517 66 465 12 454 6

D2810-

2-10

72 594 0.12 0.0586 0.0018 0.6826 0.0245 0.0832 0.0015 554 69 528 15 515 9

D2810-

2-11

346 316 1.10 0.0698 0.0021 1.5852 0.0460 0.1645 0.0023 920 61 964 18 981 13

D2810-

2-12

311 633 0.49 0.0691 0.0019 1.1746 0.0366 0.1224 0.0023 902 61 789 17 745 13

D2810-

2-13

680 1,163 0.58 0.0767 0.0018 1.8710 0.0452 0.1752 0.0026 1,115 14 1,071 16 1,041 14

D2810-

2-14

349 282 1.24 0.0723 0.0027 1.2518 0.0469 0.1245 0.0019 994 108 824 21 756 11

D2810-

2-15

231 375 0.62 0.0713 0.0020 1.6784 0.0513 0.1688 0.0027 965 64 1,000 19 1,006 15

D2810-

2-16

129 481 0.27 0.0748 0.0021 1.8317 0.0505 0.1768 0.0025 1,065 57 1,057 18 1,049 14

D2810-

2-17

563 383 1.47 0.0609 0.0020 0.7019 0.0232 0.0833 0.0014 635 72 540 14 516 8

D2810-

2-18

117 545 0.22 0.0754 0.0021 1.3526 0.0402 0.1286 0.0019 1,080 57 869 17 780 11

D2810-

2-19

221 508 0.43 0.0727 0.0022 1.3126 0.0449 0.1290 0.0023 1,006 62 851 20 782 13

D2810-

2-20

295 367 0.80 0.1059 0.0023 4.1912 0.0939 0.2839 0.0032 1729 34 1,672 18 1,611 16

D2810-

2-21

191 565 0.34 0.0665 0.0018 0.9087 0.0247 0.0987 0.0015 833 54 656 13 606 9

D2810-

2-22

170 650 0.26 0.0777 0.0018 1.8882 0.0447 0.1748 0.0022 1,140 45 1,077 16 1,039 12

D2810-

2-23

102 291 0.35 0.0796 0.0023 2.0262 0.0553 0.1847 0.0025 1,187 57 1,124 19 1,093 14

(Continued on following page)

Frontiers in Earth Science frontiersin.org10

Fu et al. 10.3389/feart.2022.982037

132

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.982037


TABLE 2 (Continued) Zircon LA-ICP-MS U-Pb age analysis results for Bangbing eclogites and their surrounding Grt-Ph schists.

Sample
spot

Content
(×10−6)

Th/
U

Isotope ratio Age/Ma

Th U 207Pb/
206Pb

1sigma 207Pb/
235U

1sigma 206Pb/
238U

1sigma 207Pb/
206Pb

1sigma 207Pb/
235U

1sigma 206Pb/
238U

1sigma

D2810-

2-24

92 323 0.28 0.1021 0.0025 3.5831 0.0904 0.2527 0.0032 1,665 46 1,546 20 1,452 16

D2810-

2-25

150 232 0.65 0.0684 0.0027 1.1885 0.0475 0.1260 0.0020 880 84 795 22 765 11

D2810-

2-26

523 1,075 0.49 0.0613 0.0019 0.6698 0.0205 0.0791 0.0011 650 69 521 12 491 7

D2810-

2-27

339 664 0.51 0.0750 0.0022 1.5477 0.0458 0.1488 0.0020 1,133 58 950 18 894 11

D2810-

2-28

397 386 1.03 0.0831 0.0025 1.9986 0.0693 0.1720 0.0028 1,272 59 1,115 23 1,023 15

D2810-

2-29

77 1,378 0.06 0.0732 0.0019 1.2824 0.0358 0.1263 0.0017 1,020 54 838 16 767 10

D2810-

2-30

577 1701 0.34 0.0687 0.0016 1.1302 0.0265 0.1188 0.0015 889 81 768 13 724 9

D2810-

2-31

468 668 0.70 0.1041 0.0022 3.7809 0.0808 0.2630 0.0037 1,698 40 1,589 17 1,505 19

D2810-

2-32

524 412 1.27 0.1638 0.0034 8.7129 0.1962 0.3831 0.0052 2495 35 2308 21 2091 24

D2810-

2-33

224 931 0.24 0.0863 0.0017 2.7471 0.0597 0.2289 0.0028 1,346 39 1,341 16 1,329 15

D2810-

2-34

89 918 0.10 0.0913 0.0019 2.5343 0.0573 0.2002 0.0030 1,454 39 1,282 16 1,176 16

D2810-

2-35

487 508 0.96 0.0588 0.0019 0.7151 0.0227 0.0879 0.0012 561 70 548 13 543 7

D2810-

2-36

486 1,051 0.46 0.0680 0.0016 1.1623 0.0289 0.1231 0.0016 878 50 783 14 748 9

D2810-

2-37

211 302 0.70 0.0674 0.0022 1.3508 0.0442 0.1455 0.0023 850 64 868 19 875 13

D2810-

2-38

151 258 0.58 0.0707 0.0019 1.7297 0.0504 0.1759 0.0026 950 56 1,020 19 1,045 14

D2810-

2-39

329 535 0.61 0.1024 0.0023 4.1094 0.0945 0.2887 0.0037 1,678 42 1,656 19 1,635 18

D2810-

2-40

947 746 1.27 0.0823 0.0021 2.0991 0.0565 0.1832 0.0026 1,254 18 1,149 19 1,084 14

D2810-

2-41

226 287 0.79 0.0978 0.0027 3.7252 0.1074 0.2740 0.0043 1,583 51 1,577 23 1,561 22

D2810-

2-42

444 400 1.11 0.0807 0.0022 2.1071 0.0590 0.1893 0.0033 1,215 59 1,151 19 1,118 18

D2810-

2-43

230 284 0.81 0.0706 0.0021 1.6494 0.0481 0.1695 0.0026 946 61 989 18 1,009 14

D2810-

2-44

186 394 0.47 0.0689 0.0023 1.1767 0.0405 0.1236 0.0021 895 67 790 19 751 12

D2810-

2-45

351 622 0.56 0.0740 0.0019 1.7915 0.0552 0.1742 0.0037 1,043 55 1,042 20 1,035 20

D2810-

2-46

387 782 0.50 0.0728 0.0017 1.5746 0.0376 0.1558 0.0022 1,009 46 960 15 933 12

D2810-

2-47

419 1,109 0.38 0.0985 0.0019 3.2800 0.0664 0.2398 0.0030 1,596 36 1,476 16 1,386 15

D2810-

2-48

873 775 1.13 0.0700 0.0017 1.3251 0.0340 0.1363 0.0019 929 49 857 15 824 11

D2810-

2-49

430 552 0.78 0.0722 0.0017 1.4216 0.0346 0.1425 0.0020 991 49 898 15 859 11

D2810-

2-50

453 560 0.81 0.0823 0.0022 2.1536 0.0630 0.1884 0.0028 1,254 19 1,166 20 1,113 15

D2810-

2-51

212 605 0.35 0.0711 0.0017 1.4084 0.0332 0.1432 0.0017 961 49 892 14 863 10

D2810-

2-52

98 1,218 0.08 0.0659 0.0016 1.1829 0.0271 0.1301 0.0017 1,200 51 793 13 789 10

D2810-

2-53

176 635 0.28 0.0716 0.0018 1.6708 0.0476 0.1686 0.0031 976 55 998 18 1,004 17

D2810-

2-54

176 222 0.79 0.0675 0.0024 1.4834 0.0506 0.1605 0.0025 854 68 924 21 960 14

D2810-

2-55

199 463 0.43 0.0773 0.0020 1.6585 0.0450 0.1552 0.0022 1,128 58 993 17 930 12

673 909 0.74 0.3240 0.0068 31.1132 0.7165 0.6936 0.0102 3,591 32 3,523 23 3,396 39

(Continued on following page)
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TABLE 2 (Continued) Zircon LA-ICP-MS U-Pb age analysis results for Bangbing eclogites and their surrounding Grt-Ph schists.

Sample
spot

Content
(×10−6)

Th/
U

Isotope ratio Age/Ma

Th U 207Pb/
206Pb

1sigma 207Pb/
235U

1sigma 206Pb/
238U

1sigma 207Pb/
206Pb

1sigma 207Pb/
235U

1sigma 206Pb/
238U

1sigma

D2810-

2-56

D2810-

2-57

97 1,553 0.06 0.0591 0.0016 0.6282 0.0182 0.0767 0.0012 569 62 495 11 476 7

D2810-

2-58

442 479 0.92 0.0639 0.0020 0.9305 0.0289 0.1059 0.0017 739 264 668 15 649 10

D2810-

2-59

623 682 0.91 0.1002 0.0023 3.9074 0.0982 0.2820 0.0043 1,628 43 1,615 20 1,601 22

D2810-

2-60

119 209 0.57 0.0882 0.0024 2.7151 0.0733 0.2234 0.0031 1,387 19 1,333 20 1,300 17

D2810-

2-61

701 815 0.86 0.0606 0.0019 0.6961 0.0230 0.0835 0.0015 633 73 536 14 517 9

D2810-

2-62

185 278 0.66 0.0711 0.0021 1.5028 0.0474 0.1539 0.0023 961 61 932 19 923 13

D2810-

2-63

75 124 0.61 0.1147 0.0034 4.5940 0.1365 0.2911 0.0041 1876 54 1748 25 1,647 21

D2810-

2-64

131 359 0.37 0.0681 0.0019 1.4591 0.0410 0.1553 0.0020 872 57 914 17 930 11

D2810-

2-65

904 1,018 0.89 0.0806 0.0017 2.1972 0.0482 0.1967 0.0023 1,213 41 1,180 15 1,158 13

D2810-

2-66

847 853 0.99 0.0730 0.0018 1.4341 0.0336 0.1430 0.0019 1,013 48 903 14 862 10

D2810-

2-67

326 395 0.83 0.0932 0.0024 2.3825 0.0702 0.1849 0.0033 1,492 49 1,237 21 1,094 18

D2810-

2-68

212 626 0.34 0.0695 0.0018 1.1808 0.0312 0.1234 0.0019 922 53 792 15 750 11

D2810-

2-69

187 190 0.98 0.0630 0.0025 1.0185 0.0451 0.1158 0.0019 709 84 713 23 706 11

D2810-

2-70

145 376 0.38 0.0876 0.0023 2.1524 0.0576 0.1781 0.0024 1,373 56 1,166 19 1,057 13

D2810-

2-71

43 436 0.10 0.2729 0.0053 24.1833 0.5147 0.6403 0.0083 3,323 30 3,276 21 3,190 33

D2810-

2-72

93 1,171 0.08 0.0673 0.0018 1.1045 0.0318 0.1182 0.0016 856 54 756 15 720 9

D2810-

2-73

186 690 0.27 0.1643 0.0037 9.3819 0.2442 0.4134 0.0072 2502 38 2376 24 2230 33

D2810-

2-74

301 582 0.52 0.1043 0.0026 3.7635 0.0947 0.2618 0.0036 1702 45 1,585 20 1,499 18

D2810-

2-75

126 374 0.34 0.0648 0.0021 1.1655 0.0436 0.1300 0.0024 769 69 785 20 788 14

D2810-

2-76

140 219 0.64 0.0747 0.0027 1.5589 0.0567 0.1521 0.0023 1,061 79 954 23 913 13

D2810-

2-77

375 573 0.66 0.1007 0.0022 3.7950 0.0861 0.2723 0.0033 1,639 41 1,592 18 1,553 17

D2810-

2-78

252 255 0.99 0.0618 0.0025 0.7277 0.0292 0.0863 0.0014 733 82 555 17 534 9

D2810-

2-79

90 153 0.58 0.0757 0.0028 1.7338 0.0645 0.1670 0.0027 1,087 74 1,021 24 995 15

D2810-

2-80

796 866 0.92 0.0857 0.0018 2.6439 0.0608 0.2226 0.0030 1,331 36 1,313 17 1,296 16

D2810-

2-81

113 168 0.67 0.0820 0.0024 2.3465 0.0722 0.2073 0.0030 1,256 58 1,226 22 1,215 16

D2810-

2-82

171 355 0.48 0.0732 0.0020 1.8535 0.0537 0.1843 0.0031 1,020 56 1,065 19 1,090 17

D2810-

2-83

555 1,114 0.50 0.0769 0.0018 1.9594 0.0510 0.1839 0.0027 1,120 46 1,102 18 1,088 15

D2810-

2-84

126 249 0.50 0.0736 0.0021 1.6877 0.0463 0.1672 0.0025 1,031 58 1,004 18 997 14

D2810-

2-85

822 514 1.60 0.0759 0.0020 1.7696 0.0472 0.1689 0.0023 1,094 54 1,034 17 1,006 13

D2810-

2-86

244 149 1.63 0.0754 0.0028 1.9517 0.0705 0.1899 0.0033 1,080 73 1,099 24 1,121 18

D2810-

2-87

234 176 1.33 0.0665 0.0032 0.7933 0.0370 0.0870 0.0015 833 100 593 21 538 9

93 227 0.41 0.0717 0.0028 1.3924 0.0583 0.1404 0.0026 989 81 886 25 847 15
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TABLE 2 (Continued) Zircon LA-ICP-MS U-Pb age analysis results for Bangbing eclogites and their surrounding Grt-Ph schists.

Sample
spot

Content
(×10−6)

Th/
U

Isotope ratio Age/Ma

Th U 207Pb/
206Pb

1sigma 207Pb/
235U

1sigma 206Pb/
238U

1sigma 207Pb/
206Pb

1sigma 207Pb/
235U

1sigma 206Pb/
238U

1sigma

D2810-

2-88

D2810-

2-89

311 491 0.63 0.0763 0.0022 1.7947 0.0518 0.1702 0.0025 1,102 51 1,044 19 1,013 14

TABLE 3 Zircon LA-ICP-MS trace element (ppm) analyses for Bangbing eclogites.

Sample
spot

Y Nb Ta La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Ti T°C δEu

D2810-1-01 63 0.11 0.01 dd 0.13 dd 0.02 0.45 0.48 4.77 1.50 9.80 2.04 5.18 0.84 5.73 1.13 4.15 670 1.01

D2810-1-02 54 0.22 0.05 dd 0.17 dd dd 0.06 0.16 2.51 0.86 7.34 1.77 4.64 0.70 4.78 0.82 1.26 582 1.19

D2810-1-03 47 0.16 0.03 dd 0.09 dd dd 0.14 0.45 3.72 1.01 7.52 1.52 3.92 0.58 4.45 0.97 3.29 651 1.88

D2810-1-04 69 0.23 0.03 dd 0.26 dd dd 0.06 0.28 3.18 1.11 10.08 2.18 6.06 0.81 5.42 0.98 2.55 632 1.98

D2810-1-05 1,187 2.64 0.92 0.01 12.51 0.05 1.05 2.73 1.01 17.47 6.58 92.52 40.07 192.52 44.45 436.93 99.06 11.73 761 0.45

D2810-1-06 85 0.19 0.03 dd 0.18 dd 0.08 0.12 0.35 3.49 1.23 11.42 2.93 9.01 1.36 10.52 1.99 4.08 668 1.68

D2810-1-07 52 0.09 0.02 0.01 0.08 dd dd 0.18 0.43 5.18 1.26 8.96 1.65 4.22 0.60 5.10 0.87 1.14 576 1.39

D2810-1-08 50 0.13 0.01 0.15 dd 0.03 0.12 0.28 3.53 0.96 7.57 1.75 4.51 0.67 5.39 0.99 0.03 2.49 630 1.33

D2810-1-09 33 0.09 dd 0.07 dd dd 0.24 0.20 2.62 0.85 5.19 1.01 2.72 0.39 3.42 0.72 0.04 1.15 576 0.79

D2810-1-10 826 1.90 1.23 dd 2.37 0.03 0.88 3.20 0.11 17.38 6.99 80.47 28.43 118.49 24.72 220.97 45.09 15.24 787 0.04

D2810-1-11 60 0.10 0.03 dd 0.14 dd dd 0.33 0.32 4.04 1.16 8.32 1.94 5.58 0.84 6.25 1.26 0.84

D2810-1-12 56 0.16 0.04 dd 0.16 dd dd 0.40 0.32 3.52 1.15 7.82 1.68 4.81 0.69 4.02 0.99 3.92 665 0.83

D2810-1-13 49 0.17 0.02 dd 0.11 dd 0.02 0.26 0.27 3.20 1.01 6.83 1.44 4.29 0.79 6.14 1.19 5.68 695 0.93

D2810-1-14 92 0.12 0.01 dd 0.09 dd dd 0.15 0.34 2.67 1.16 11.06 2.85 8.65 1.40 9.48 2.08 2.90 642 1.65

D2810-1-15 1,327 9.90 4.75 dd 15.95 0.05 1.43 3.91 0.09 24.84 9.30 117.87 47.57 218.91 44.78 395.07 76.69 5.07 686 0.03

D2810-1-16 124 1.23 0.67 0.01 1.07 0.02 0.86 2.25 0.05 11.08 2.81 20.08 4.22 11.84 1.97 14.16 2.68 9.24 739 0.03

D2810-1-17 47 0.12 0.02 dd 0.08 dd dd 0.08 0.09 1.96 0.56 5.22 1.49 4.42 0.61 4.59 0.83 1.31 585 0.70

D2810-1-18 83 0.18 0.02 dd 0.14 dd 0.05 0.20 0.20 2.96 1.21 9.78 2.46 7.98 1.19 7.72 1.67 3.51 656 0.78

D2810-1-19 54 0.20 0.04 dd 0.13 dd 0.06 0.20 0.37 2.82 1.05 7.57 1.80 5.15 0.79 5.58 1.16 2.24 622 1.50

D2810-1-20 66 0.14 0.04 dd 0.25 dd 0.03 0.26 0.36 3.31 1.11 9.00 2.00 5.82 0.78 4.62 0.82 4.10 669 1.19

D2810-1-21 100 0.12 0.02 dd 0.13 dd 0.05 0.24 0.32 3.62 1.38 12.34 3.36 9.18 1.32 9.45 1.88 0.63 539 1.04

D2810-1-22 1773 3.58 0.71 0.51 254.02 3.04 43.30 47.69 20.37 130.58 28.29 231.55 64.65 226.15 39.67 317.48 57.89 19.15 811 0.79

D2810-1-23 699 1.97 0.97 0.01 36.25 0.16 3.26 5.87 1.05 24.10 6.71 73.64 24.10 101.67 20.24 170.90 33.55 3.14 647 0.27

D2810-1-24 771 0.78 0.63 0.04 2.28 0.19 3.07 6.73 0.20 38.93 10.63 93.69 26.46 95.00 16.47 129.91 24.27 6.44 706 0.04

D2810-1-25 120 0.16 0.04 dd 0.12 dd dd 0.18 0.40 3.86 1.59 14.26 3.77 11.59 1.67 11.89 2.38 1.57 597 1.47

D2810-1-26 84 0.13 0.03 dd 0.07 dd 0.02 0.26 0.28 3.12 1.19 10.25 2.48 8.21 1.21 8.50 1.83 3.02 645 0.94

D2810-1-27 469 1.12 0.68 dd 12.83 0.02 0.91 2.21 0.61 8.65 3.20 40.36 15.25 72.07 16.01 158.15 36.29 6.42 706 0.42

D2810-1-28 65 0.17 0.05 dd 0.10 dd 0.05 0.27 0.26 2.91 0.96 8.28 2.11 5.97 0.85 6.87 1.37 1.64 601 0.90

D2810-1-29 71 0.13 0.04 dd 0.11 dd 0.02 0.22 0.27 3.25 1.09 8.56 2.14 6.49 0.89 6.89 1.44 3.34 652 0.97

D2810-1-30 1,460 3.69 0.81 0.01 119.81 0.21 4.22 7.49 3.32 42.78 12.71 140.35 50.56 220.25 43.95 398.08 81.64 3.98 666 0.57

D2810-1-31 677 1.10 0.68 dd 14.94 0.06 0.95 2.15 0.46 12.98 4.83 56.58 22.54 104.40 21.69 197.62 41.57 10.52 751 0.27

D2810-1-32 70 0.11 0.05 0.01 0.11 dd 0.02 0.22 0.30 3.85 1.10 9.23 2.27 6.78 0.95 5.62 1.24 1.96 613 0.98

D2810-1-33 58 0.20 0.03 dd 0.13 dd dd 0.22 0.23 3.00 0.85 7.93 1.91 5.17 0.68 4.96 0.91 1.73 604 0.85

D2810-1-34 596 2.66 1.84 0.02 15.38 0.11 1.27 3.00 0.11 14.39 4.62 54.40 21.21 91.76 18.81 17dd 32.86 3.78 662 0.05

D2810-1-35 374 0.83 0.47 0.02 7.51 0.07 1.06 1.41 0.39 8.49 2.86 31.20 12.43 57.22 12.42 119.74 28.06 4.48 676 0.35

D2810-1-36 62 0.27 0.05 0.01 0.21 dd 0.02 0.13 0.30 2.60 0.94 8.74 1.97 5.90 0.70 4.33 0.80 3.87 664 1.53

D2810-1-37 27 0.10 0.03 dd 0.06 dd dd 0.23 0.29 2.45 0.71 3.87 0.84 1.82 0.33 2.52 0.57 2.53 631 1.19

D2810-1-38 56 0.19 0.03 0.01 0.14 dd dd 0.41 0.31 3.46 1.12 7.40 1.72 4.60 0.68 5.15 1.06 1.75 605 0.79

D2810-1-39 74 0.12 0.03 dd 0.12 dd 0.06 0.35 0.37 4.78 1.41 12.13 2.44 6.69 0.96 7.20 1.54 4.23 671 0.88

D2810-1-40 113 0.09 0.03 dd 0.08 dd 0.02 0.31 0.27 4.18 1.44 13.19 3.58 10.62 1.48 11.42 2.19 0.19 474 0.73

dd indicates below detection limits. T°C according to Ferry and Watson, 2007, by assuming that αTiO2=αSiO2.
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FIGURE 6
REE patterns (A) and Nb-Ta contents (B) of zircons from Bangbing eclogites.

FIGURE 5
Zircon U-Pb ages (A,C,D) and Th/U ratios (B) for eclogites and Grt-Ph schists.
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diagrams, the sample shows a general pattern of LREE depletion and

HREE enrichment gradually (Figure 6A). However, there are

obvious differences in REE patterns between the core-rim and

non-core-rim structures test spots. (1) ∑REE: high and variable

for those with core-rim structures (73–1,465 ppm) and low for those

without core-rim structures (14–52 ppm). (2) Enrichment of HREE:

HREEs are significantly more abundant in core-rim structures

(69–1,096 ppm), with high degrees of fractionation (1.28–25.01).

Comparatively, HREEs in non-core-rim structures range from 13 to

51 ppm, with low degrees of fractionation of 0.85–3.55. (3) Eu and

Ce anomalies: Eu negative anomalies are more strongly apparent in

the non-core-rim than in the core-rim structures (0.03–0.79, mean

0.27; 0.70–1.98, mean 1.14). Conversely, Ce positive anomalies are

more obvious in the core-rim structures.

The Y, Nb and Ta contents vary considerably in the zircons with

different structures. The Nb and Ta contents and ratios of the test

spots in the core-rim structures are much higher than those in the

non-core-rim structures. Ti contents range 3.14–19.15 ppm and

0.19–5.68 ppm, respectively, corresponding to formed temperatures

of 647–811°C (mean 716°C) and 447–695°C (mean 629°C, excluding

447°C) (calculated after Ferry and Watson, 2007).

Whole-rock Sr-Nd isotope

The results of whole-rock Sr-Nd isotope analysis are shown

in Table 1. The eclogite samples have 87Sr/86Sr ranging from

0.705797 to 0.712837, mean=0.709334.143Nd/144Nd range from

0.512731 to 0.512773, mean=0.512753 (87Sr/86Sr)t range from

0.705392 to 0.712126, mean=0.708387 (143Nd/144Nd)t range from

0.512218 to 0.512287, mean=0.5122432. εNd(t) values range from
3.14 to 4.49, mean=3.63 (t=451 Ma, Wang et al., 2019).

Zircon Lu-Hf isotope

The locations of the analyzed spots for the single grain zircon

Lu-Hf isotope are shown in Figure 4 and their results are

FIGURE 7
Zr/TiO2-Nb/Y (A) and AFM (B) illustration for Bangbing eclogites.

TABLE 4 Zircon Lu-Hf isotope analysis results for Bangbing eclogites.

Sample
spot

Age
(Ma)

176Yb/
177Hf

1σ 176Lu/
177Hf

1σ 176Hf/
177Hf

1σ εHf(0) εHf(t) tDM1

(Ma)
tDM2

(Ma)
fLu/
Hf

D2810-1

06 451 0.000539 0.000021 0.000017 0.000001 0.282946 0.000012 6.16 16.10 422 404 −1.00

09 451 0.000420 0.000008 0.000014 0.000001 0.282929 0.000012 5.57 15.51 443 442 −1.00

11 451 0.000426 0.000015 0.000013 0.000001 0.282947 0.000014 6.20 16.14 421 402 −1.00

37 451 0.000407 0.000007 0.000012 0.000001 0.282917 0.000011 5.13 15.07 463 470 −1.00

39 451 0.000521 0.000012 0.000017 0.000001 0.282,905 0.000014 4.70 14.64 480 498 −1.00
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presented in Table 4. Five analyses show low 176Hf/177Hf and
176Lu/177Hf values of 0.282905–0.282947 and 0.000012 to

0.000017, respectively. εHf(t) values range from 14.64 to 16.14,

mean 15.49 (t = 451 Ma, Wang et al., 2019), and their stage II

model ages range from 402 to 498 Ma, mean 443 Ma, which is

older than zircon U-Pb metamorphic ages.

Discussion

Timing of HP metamorphism

Currently, the eclogites geochronology research in western

Yunnan is mainly concentrated in Mengku and Qianmai areas.

Sun et al. (2018) concluded from zircon U-Pb chronology of the

retrograde eclogites from Daizhai, Kongjiao and Dijie in the

Mengku area that 801 Ma is its protolithic age, which is

consistent with Rodinia supercontinent initial breakup, and

447 Ma, 291 Ma and 229–227 Ma, respectively, represent the

ages at different stages of metamorphism the eclogites have

undergone. Wang et al. (2019) proposed 451 Ma as the

protolithic age in this area, and 245–246 Ma as the peak

metamorphic age. Wang et al. (2021) published the peak

metamorphic age of 234–233 Ma for the eclogites in Qianmai

area, which represents the timing of continental subduction

(Zhao et al., 2021). Previous studies on zircon U-Pb

geochronology from the Suyi blueschists yielded protolith ages

of 279–260 Ma, and peak metamorphic ages of 214 Ma–242 Ma

(Zhao et al., 1994; Fan et al., 2015). The eclogite-facies

metamorphism in the LLSZ, which underwent a similar

tectonic evolution as CMSZ, occurred at 237, 230 Ma, while

continental collision and exhumation occurred at ~220 Ma (Li

et al., 2006; Zhang et al., 2010; Zhai et al., 2011, 2017). In the

Pianshishan area of central Qiangtang, the eclogites have a

FIGURE 8
Discrimination diagrams of tectonic settings for Bangbing eclogites. (A) Hf/3-Th-Ta (after Wood, 1980). (B) V-Ti/1,000 (after Shervais, 1982)
(C,D) Th/Yb-Nb/Yb, and TiO2/Yb-Nb/Yb (after Pearce, 2008). Other eclogites (after Sun et al., 2017; Wang HN. et al., 2021). N-MORB, normal ocean
ridge basalts; E-MORB, enriched mid ocean ridge basalts; OIB, oceanic island basalts; WPA, within-palte alkali basalts; WPT, within-plate tholeiites;
WPA, within-plate basalts; IAT, island arc tholeiites; CAB, calc alkaline basalts.
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protolithic age of 238 Ma, a peak metamorphic age of ~233 Ma

and an outcrop age of ~220 Ma, which is considered to be a rare

rapid subduction and exhumation evolution.

As shown above, the morphology and cathodoluminescence

of the zircons in the Bangbing eclogites are consistent with a

metamorphic origin (Figure 4A, Wu and Zheng, 2004).

Twenty-five analyses (Group Ⅱ) in the zircon yield

concentrated ages from 235 to 241 Ma, with 206Pb/238U

weighted mean ages of 238 ± 2 Ma (MSWD=0.23). U and

Th in zircons show low values of 0.15–2.83 and 43 ×

10−6–304 ppm, respectively, with Th/U ratios of 0.004–0.01,

much less than 0.1. Zircons REE distribution patterns exhibit

excellent agreement (Figure 6A). The above characteristics all

suggest that these zircons were grown in the same environment.

Enrichment of HREE relative to LREE, slight positive Ce

anomaly, and weak Eu anomaly suggest the absence of

feldspar, and support that these zircons was not produced

from magmatic conditions (Rubatto, 2002; Sun et al., 2002).

The high enrichment of HREE in the garnets causes a reduction

in the zircons formed simultaneously with these garnets.

Accordingly, metamorphic zircons grown in equilibrium

with garnets are characterized by low ∑REE, with their

HREE contents showing depletion compared to zircons of

other origins (Wu et al., 2002; Hofmnn, 1988). Rutile, a

widespread UHP-HP metamorphic mineral in eclogites, is

highly enriched in HFSEs, especially Nb and Ta, and has

high Nb/Ta ratios (Rudnicketal., 2000). Thus, low Nb and

Ta content characteristics in metamorphic zircons are the

FIGURE 10
La/Sm-La (A) and Sm/Yb-La/Sm (B) diagrams for Bangbing eclogites. Numbers refer to percentages of melts. DMM, depleted MORB mantle;
N-MORB, normal MORB; E-MORB, ecriched MORB; PM, primitive mantle.

FIGURE 9
TiO2 vs Nb (A) and Nb vs Nb/U (B) diagrams for Bangbing eclogites. (A), High-Nb basalt and Nb-enriched data form Sajona et al., 1993, 1996;
intra-oceanic arc basalts after Martin et al., 2005; (B), arc volcanic rocks data and Nb-enriched basalts (NEB) data form Kepezhinaskas et al., 1996.
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result of equilibrium crystallization with rutile (Li et al., 2004).

In this study the zircons show this typical REE distribution

patterns (Figure 6A), while zircons in the samples have low Nb

and Ta contents (0.089–0.27 ppm, 0.012–0.053 ppm) and

significantly lower Nb/Ta ratios than magmatic zircons

(Figure 6B). It is indicated that these zircons all crystallised

in equilibrium with garnets and rutiles and formed during the

eclogite-facies metamorphism, with weighted average ages

most closely matching the peak metamorphic ages. The

zircon Ti thermometer calculations of 539–695°C (mean

629°C, Table 3) are in general agreement with the regional

peak metamorphic temperature of the eclogites (Sun et al.,

2019; Wang et al., 2020b; Wang HN. et al., 2021; Fu et al., 2021).

It further supports that 238 Ma should be the peak

FIGURE 11
Model for the tectonic evolution of the Proto-Paleo Tethys in Changning-Menglian suture zone. (A), Eastward subduction of the Proto-Tethys
Ocean during the Late Paleozoic. (B), Extended and subducted of the Paleo-Tethys Ocean during the Devonian and Early Carboniferous-Late
Permian periods. (C), Large-scale subduction of the Paleo-Tethys Ocean during the Early-Middle Triassic. (D), the Changning-Menglian Ocean
closed and the arc-continent and continent-continent collision orogeny in the Late Triassic. And final uplift of HP/UHP rocks.
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metamorphic age. 220–229 Ma are probably the ages of

exhumation. Other older values are captured ages.

The general characteristics of zircons in the surrounding Grt-

Ph-Qz schists differ from those in the eclogites, with the youngest

group of ages peaking around 450–600 Ma, suggesting that the

metasedimentary rocks may have been deposited as recently as

Early Paleozoic (Wang et al., 2018; Peng et al., 2020b).

Origin of protolith

The eclogite protoliths have undergone multi-phase complex

metamorphic alteration, subject to fluids, recrystallization and

accountings, resulting in large variations in the LILEs such as Sr

and Pb (Becker et al., 1999). The HFSEs (e.g., Na, Ta, Ti, Hf, etc.)

and some major elements (e.g., TiO2, P2O5, Al2O3) remain less

mobile during metamorphism and are believed to reflect their

protolith compositions (Hou et al., 1996). SiO2 contents of the

Bangbing eclogites range from 45.92 to 50.59%, showing basaltic

characteristics. TiO2 values of 1.28%–2.01% (mean 1.61%) are

higher than those of intraplate basalts (1.00%, Condie, 1989) and

ocean island basalts (OIBs, 0.64%, Condie, 1989), and similar to

normal mid-ocean ridge basalts (N-MORBs) and mid-ocean

ridge tholeiitic basalts (E-MORB, 1.61%, Hofmann, 1988). As

the samples were altered to some extent, analysis using anti-

alteration elemental diagram (Zr/TiO2-Nb/Y) showed that the

data spots fell in the basaltic-andesite zone and in the subalkaline

basaltic zone (Figure 7A). In the AFM diagram, except for two

spots that fall within the boundary zone between calc-alkaline

and tholeiitic basalts, all data are mainly classified as tholeiite

series (Figure 7B), which is in agreement with the characteristics

of the Qiangtang, and Mengku eclogites. Earlier studies have

suggested that the protoliths of eclogites in the CMSZ are

characterised by E-MORB and also by OIB (Sun et al., 2017;

Wang et al., 2021). The results presented here show that the

samples are similar to the E-MORB geochemistry in either the

total REE and trace element patterns (Figure 3), the Hf/3-Th-Ta,

V/Ti/1,000 diagrams (Figures 8A,B) or the Th/Yb-Nb/Yb, TiO2/

Yb-Nb/Yb diagrams (Figures 8C,D).

The chemical compositions of the samples are consistent

with Nb-enriched basalts in the TiO2-Nb and Nb-Nb/U

diagrams (Figure 9), with high Nb contents (9.02–15.68 ppm,

mean 13.25 ppm), high Nb/U ratios (16.16–39.23) and mantle-

standardised La/Nb ratios <2 (0.84–1.06). In general, Nb-

enriched basalts are the direct product of oceanic plate

subduction, formed by partial melting of mantle wedge

peridotites accounted for by adakite melts (Sajona et al., 1993,

1996). La/Sm-La can be effectively used to differentiate between

partial melting and fractional crystallization of magma (Allegre

and Minster, 1978). La and Sm are not affected by mineral

alteration from the magma sources, and Yb is compatible with

garnet but not with spinel. Sm/Yb ratios are therefore effective in

tracing source minerals, and La/Sm ratios can be valuable in

limiting the composition of the sources (Aldanmaz, 2002; Green,

2006; Sun et al., 2017). In the La/Sm-La diagram, the data from

this study are concentrated along the partial melting line

(Figure 10A). In the Sm/Yb-La/Sm diagram, most of the

points lie on the spinel lherzolite melting curve, except for

two which fall on the garnet lherzolite zone (Figure 10A).

This leads us to believe that the eclogites originated from the

partial melting of lherzolite containing spinel and minor garnet,

which may have been undergone metasomatism by subduction

fluids or melt. It is comparable to the source of Nb-enriched

eclogites in the Heihe area, western Yunnan (Wang W. et al.,

2021).

Sr-Nd isotopes are well traced for the source region, but Sr is

easily affected by seawater or hydrothermal fluids, relatively
143Nd/144Nd is less sensitive to metamorphism (Zindler and

Hart., 1986). In this study, εNd(t) values are positive (mean

3.63, Table 1) and the 143Nd/144Nd ratios is similar to that of

the enriched mantle, implicating it is the magma source of the

protolith.

In high grade metamorphic rocks, metamorphism results in

lower Lu/Hf ratios for metamorphic zircons due to a process in

which the Lu content decreases and the Hf content increases

(Chen et al., 2007). Such ratios are not available to source tracing

of protoliths (Wu et al., 2007). For the study of protolith

chemistry, the only suitable zircon Lu-Hf isotopic data are

those with magmatic crystallization, and the magmatic

crystallization ages are required for the calculation of initial

Hf isotopic values (Zheng et al., 2007). For the Bangbing

eclogites, there are no magma crystallized cores or mantles

retained in the metamorphic zircons. Consequently, it is not

possible to discuss their protolithic origin in terms of Hf isotopes.

Thus, the initial Hf isotope ratios were calculated based on the

magmatic protolith age obtained from the retrograde eclogites

from the Mengku area in the CMSZ (Wang et al., 2019). The

resulting εHf(t) values (mean 15.49) are more than three times

larger than εNd(t), with a positive correlation between Nd and Hf

isotopes. It is inferred that these values cannot characterize the Hf

isotopic content of the source region.

As discussed above, based on the whole-rock geochemical

signatures generally characteristic of tholeiites, rare earth and

trace element patterns, and positive εNd(t), εHf(t) values, we infer

that the original Nb-enriched basalts were produced by partial

melting of the oceanic asthenospheric mantle similar to the

E-MORB sources.

Implication for the tectonic evolution of
the Paleo-Tethys

In the previous studies, the Changning-Menglian Ocean has

begun to subduct at 473–471 Ma (Wang et al., 2013; Liu et al.,

2017). The Middle Ordovician O-type adakitic high-magnesium

tonalite in the Niujingshan area (Wang F. et al., 2016), the
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451–456 Ma volcanism in the Huimin area (Nie et al., 2015; Xing

et al., 2017), and the Early-Middle Ordovician magmatic arc

occurring in the Lincang granitic batholith in the Bangbin area

(Peng et al., 2018; Han et al., 2020) are all products of the

eastward subduction of the Proto-Tethys Ocean. The Late

Silurian (421–419 Ma) island-arc volcanic rocks in the

Dazhonghe area (Mao et al., 2012) represent a continental

margin magmatic arc formed by eastward subduction of the

Proto-Tethys Ocean during the Late Paleozoic (Figure 11A).

With the end of the subduction of the Proto-Tethys Ocean,

the development of the Paleo-Tethys Ocean has initiated. The

latter succeeded and evolved on the basis of the same ocean basin

of the former (Wang et al., 2018). The Paleo-Tethys Ocean

extended and subducted concurrently during the Devonian

and Early Carboniferous-Late Permian periods. Basic-

ultrabasic magmatism associated with the extension of the

ocean basin developed in the Tongchangjie and Niujingshan

area (Wang et al., 2017). The extension of the ocean basin was

coupled with the formation of deep-sea sedimentary rocks

(oceanic islands-seamounts) during the Carboniferous to

Permian (Pan et al., 2020). The Lincang-Menghai magmatic

arc includes a series of magmatic events associated with

subduction (Peng, et al., 2006; Kong, et al., 2012; Nie et al.,

2016). All the above lithological records indicate the occurrence

of eastward subduction of the Paleo-Tethys Ocean during this

period (Figure 11B).

Large-scale subduction of the Paleo-Tethys Ocean occurred in

the Early-Middle Triassic and lasted until the beginning of Late

Triassic. The identified high-pressuremetamorphic protoliths ages in

the CMSZ range from 451 to 260Ma (Zhao et al., 1994; Fan et al.,

2015; Wang et al., 2019), with peak metamorphic ages of

246–233Ma (Wang et al., 2019, 2021). In this study, we obtained

a peakmetamorphic age of 238Ma for the eclogites in Bangbing area.

The 13Ma range in peakmetamorphic ages suggests that continuous

subduction was occurring in the Changning-Menglian Ocean during

this period. With continuous subduction, part of OIB and MORB

oceanic crusts were involved in subduction channels due to tectonic

effects such as shovelling and scraping to depths ofmore than 100 km

(Lisun et al., 2017). Concurrently, arc magmatism associated with

subduction occurred in the Lincang-Menghai area to the east

(254–239Ma; Yu et al., 2003; Peng et al., 2006; Liu DL. et al.,

2008; Hennig et al., 2009). Oceanic crust from various sources and

different epochs migrated and accreted towards active continental

margins (trenches) in response to the subduction (Figure 11C).

After the cessation of Late Triassic subduction, the Changning-

Menglian Ocean closed and proceeded to the arc-continent and

continent-continent collision orogeny. As a result of mantle

upwelling leading to partial melting of crustal material, a

massive Lincang granitic batholith and associated post-

collisional volcanic rocks occurred on the eastern side of the

suture zone (231–215 Ma; Nie et al., 2012; Kong et al., 2012;

Zhao et al., 2018). The 220–229 Ma metamorphic ages obtained in

our study may correspond to such magmatic events. The time

between the peakmetamorphism and exhumation of the UHP/HP

metamorphic rocks was thus <31Ma. This range indicates a rapid

rate of uplift, possibly 3–6 mm/a (Li, et al., 2015), during a

relatively short exhumation. The few eclogites and blueschist

exhumed to the surface occurred as variable-sized lenses within

Grt-Ph-Qz schists in accretionary complex (Figure 11D).

Conclusion

1. The geochemical composition of Bangbing eclogites is similar

to tholeiitic basalts. The samples show E-MORB-like

geochemical affinities, and exhibit isotopic εNd(t) values of

3.14–4.49 and εHf(t) of 14.64–16.41, respectively. The Nb-

enriched mafic protoliths of these samples suggested to be

derived from oceanic crust which were produced by partial

melting of the enriched mantle sources.

2. The youngest group of detrital zircon ages peaking at

450–600 Ma in the metasedimentary rocks, in which the

eclogites were hosted, constrain the maximum depositional

age for the Lancang Group to the Early Paleozoic.

3. The magmatic zircon grains separated from the eclogites

samples yield a wide range of U-Pb ages, which may be

capture zircon ages rather than protolith crystallization.

The metamorphic zircon grains yield a weighted mean age

of 238 ± 2 Ma. This data represents the time when eclogite-

facies metamorphism occurred according to CL images,

zircon trace element analysis. Combined with previous age

results in the CMSZ, we propose that continued subduction of

the Paleo-Tethys oceanic crust occurred during the Early-

Middle Triassic (246–233 Ma), and rapid exhumation in the

Late Triassic (231–215 Ma).

4. The Bangbeng Nb-enriched eclogites are products of oceanic

crustal subduction and occurred as lenses in Grt-Ph-Qz

schists after a rapid evolution. Their presence indicates that

the Changning-Menglian suture zone is a typical oceanic

subduction-accretionary orogeny belt.
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Syn-subduction basins bear significant implications to understand tectonic

evolution of any fossil subduction zone. The late Paleozoic to early

Mesozoic (Paleo-Tethyan) tectonics of the eastern and southeastern Tibetan

Plateau (i.e., the Sanjiang Orogenic Belt) is featured by ocean-continent

subduction systems. A huge pile of volcanic-absent sedimentary succession

developed in the middle segment of the Sanjiang orogenic belt, its age and

tectonic nature remain unclear. Detailed geological mapping and zircon U-Pb

dating results demonstrate that the early Late Triassic volcanic-absent

succession comprises the nonmarine Maichuqing Formation in the lower

part and the shallow marine Sanhedong Formation in the upper part. The

Maichuqing Formation consists of coarse to fine-grained sandstone,

siltstone and mudstone with abundant basal erosional surfaces, trough and

planar cross-beddings, ripples, mudcracks, and plant fragments. The

Sanhedong Formation comprises predominantly bioclastic limestones

interlayered with marl, calcareous-muddy siltstone, and calcareous

sandstone with abundant bivalve fossils. Syn-sedimentation deformation

structures, such as slump folds and associated normal faults are common,

suggesting intense tectonism during deposition. Synthesizing sedimentary data,

paleocurrent and provenance results, combined with other available data,

demonstrate that the volcanic-absent succession deposited within a retro-

foreland basin along the rear part of the Permian-Triassic Jomda-Weixi-

Yunxian arc in response to flat-subduction of the Paleo-Tethyan Ocean

during the early Late Triassic time.

KEYWORDS

sedimentary environment, early Late Triassic, retro-foreland basin, flat subduction, SE
Tibet
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1 Introduction

Subduction of oceanic plate between two continents

commonly ended by collision of these two continents.

Sedimentary basins of different types may develop during

each stage of the process from subduction to collision,

whereas the natures of these basins well reflect tectonic

regimes of each individual stage of the related orogenic belt

(Allen and Allen, 2005; Hu et al., 2016). For example, retro (arc)-

foreland basin commonly develops at leading edge of the folded

part of an arc as a flexural response to crustal shortening in a

compressional setting (Jordan, 1995). As such, identification of a

retro foreland basin (Decelles and Giles, 1996; García-

Castellanos, 2002; Decelles et al., 2011), combined with

geochemistry and structure of arc-volcanic rocks, may much

better constrain subduction dynamics of the related subduction

zone than by evidence from any single principle.

Tectonic facies analysis (e.g., Burchfiel and Chen, 2012; Yang

et al., 2012, 2014; Xin et al., 2018) shows that the late Paleozoic to

Early Mesozoic (Paleo-Tethyan) tectonics of the northern,

eastern, and southeastern Tibetan Plateau (Figure 1A) are

featured by subduction of oceanic plates and subsequent

continental collisions. At present time, less attention has been

paid to any subduction- or collision-related sedimentary basin

(Burchfiel and Chen, 2012). As the result, the Paleo-Tethyan

tectonics of these regions is still hotly debated, on which, our

understanding was derived mainly from geochemical and

geochronological studies of igneous rocks (e.g., Wang et al.,

2011, 2014).

Geological mapping results with scale 1/200,000 (Edit

Committee of the Sanjiang Geological Map, 1986) have

revealed an Upper Triassic volcanic-absent succession in the

eastern Tibetan Plateau, which was termed as the transitional

unit by Burchfiel and Chen (2012). This unit gradually changes

northwestward into the Late Triassic Yushu-Yidun arc belt (Yang

et al., 2012) and southward into the Late Triassic Yunxian arc belt

(Figure 1B). Given most Triassic rocks in the eastern and

southeastern Tibetan Plateau are volcanic-bearing, the forming

of such a volcanic-absent sedimentary unit is still a puzzle.

In this study, we try to document the stratigraphic architecture

of the transitional unit and discuss its sedimentary environments

according to the sedimentary textures and syn-sedimentation

deformation structures. Its depositional time was determined

based on zircon U-Pb age data. These new data and other

available data were used to discuss the forming process and

tectonic nature of the transitional unit.

2 Tectonic background

The Paleo-Tethyan tectonics of the eastern and southeastern

Tibetan Plateau (i.e., the Sanjiang orogenic belt; Figures 1A,B) is

featured by two ocean-continent subduction systems. The major

ocean-continent subduction system consists of the huge early

Permian to late Triassic Jomda-Weixi-Yunxian arc (Yang et al.,

2014) to the northeast or to the east and the Longmu co-Shuanghu-

Changning-Menglian suture (Mo et al., 2001; Li et al., 2006) to the

south or to the west. This system is commonly interpreted as the

results of the northeastward or eastward subduction of the Paleo-

Tethyan Ocean beneath the Eastern Qiangtang Continent (northern

segment) and the Lanping-Simao Continent (southern segment; Xin

et al., 2018). Another ocean-continent subduction system comprises

the Upper Triassic Yushu-Yidun arc to the south and the western

Jinshajiang–Garzê–Litang suture to the north. This system was

formed by southward subduction of the Garzê-Litang Ocean

beneath the Qiantang Continent during the middle to late

Triassic (Yang et al., 2012).

The Jomda–Weixi–Yunxian arc consists of three segments

with different magmatism history (Xin et al., 2018). The northern

segment contains a long-lastingmagmatic evolution from the early

Permian to middle Triassic (Yang et al., 2011). The subduction-

related magmatism of the middle segment is short-lived and

exhibits an early to middle Triassic magmatic flare-up (Xin

et al., 2018). The southern segment contains a long-lasting

magmatic evolution as well, consisting of several pulses of

magmatism from middle Permian to late Triassic (Yang et al.,

2014). The Triassic volcanic-absent transitional unit is spatially

coinciding with the middle segment of the Jomda–Weixi–Yunxian

arc. Its northern and southern boundaries with the Late Triassic

Yushu–Yidun arc volcanoclastic rocks and the Late Triassic

volcanoclastic rocks of the southern segment of the

Jomda–Weixi–Yunxian arc, respectively, are both gradual. The

eastern boundary of the transitional unit is not very clear, where

Late Triassic sedimentary rocks are conformable with the

underlain shallow marine platform sedimentary rocks of the

Yangtze Block (Burchfiel and Chen, 2012). On contrary, its

western boundary is an unconformity, along which the

volcanic-absent rocks overlie the middle segment of the

Jomda–Weixi–Yunxian arc, where the subduction-related

volcanoclastic rocks are tightly folded (Yang et al., 2012; Liang

et al., 2015; Tang et al., 2016; Xin et al., 2018). This spatiotemporal

relationship between these tectonic units (Figure 1B) makes it hard

to understand tectonic nature of the basin represented by volcanic-

absent sedimentary rocks of the transitional unit (Burchfiel and

Chen, 2012). Widespread Mesozoic and Cenozoic basins, such as

the Cretaceous Lanping basin (Liang, 2017 and references therein)

and the Eocene Jianchuan basin (Liao et al., 2020) as well as the

crustal deformation induced by the India–Eurasia collision (Yang

et al., 2021; Liang et al., 2022) worse the situation.

This paper focuses on the tectonic nature of the transitional

unit. On basis of geological mapping with scale 1/50,000 in the

Lanping and Madeng areas (Figure 2A; Liang et al., 2022), we

conducted detail sedimentary studies along the Misha–Xiangtu

profile and in the open mining pits of the supergiant Jinding

Zn–Pb deposit (Song et al., 2020). The locations of the study areas

are marked in Figure 2A.
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FIGURE 1
(A) Tectonic framework of China mainland showing the location of the Sanjiang orogenic belt. (B) Simplified geological map of the Sanjiang
orogenic belt showing the tectonic framework and the locations of the Transitional Unit (thick dash-line) and the study area (the solid polygon)
(modified after ECSGM, 1986; Burchfiel and Chen, 2012; Yang et al., 2014, 2021). The two blue dashed lines are the approximate boundaries
separating the northern, middle, and southern segments of the Jomda–Weixi–Yunxian arc belt, respectively.
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3 Sedimentary facies and depositional
environments

The Late Triassic sedimentary rocks of the Lanping and

Madeng areas are exposed as numerous isolated patches of

irregular outlines setting in a groundmass of Cretaceous red-

beds. These Triassic sedimentary rocks were initially defined as

the Maichuqing Formation (T3m) in the lower part and the

Sanhedong Formation (T3s) in the upper part based on their rock

assemblages and associated fossils by YBGMR (1974). Both

FIGURE 2
(A) Geologic map of Jinding–Madeng–Misha–Xiangtu area in the northwest Yunnan Province, China. Its location was marked in Figure 1B. (B)
Cross-section showing the structures and contact relationships between the Upper Triassic and underlain strata along the Misha to Xiangtu profile.
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FIGURE 3
Measured sedimentary logs of the Maichuqing and Sanhedong formations. See Figure 2A for the locations of each section. From east to west,
the three sections (A–C) along the Misha–Xiantu profile show successive variation in sedimentary features of the Maichuqing and Sanhedong
formations, whereas the Jinding sections (D–F) show the lower, middle and upper part of the Sanhedong Formation. Note that the paleocurrent data
of the Jinding section are not used to discuss because of the uncertainty in rotation of the related small fragments (see Figure 2A).

Frontiers in Earth Science frontiersin.org05

Liang et al. 10.3389/feart.2022.957337

151

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.957337


FIGURE 4
Field photographs showing typical sedimentary features of the Maichuqing Formation. (A) The Maichuqing Formation nonconformably overlies
the early Triassic low-grade metamorphic rocks (GPS: 99.38′17″, 26.16′33″); (B) Peats in the high level of the lower segment of the Maichuqing
Formation; (C) Plant fragments in siltstone; (D)Conglomerate; (E) and (F) Syn-sedimentation faults and folds in siltstone andmudstone; (G) Ripples in
siltstone; (H) Planar cross-beddings of sandstone.
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formations are well exposed in the Madeng–Misha area and the

open pits of the supergiant Jinding Pb–Zn deposit. In the

Misha–Xiangtu profile (Figure 2B), they folded and exhibited

two open synclines and an open anticline. As such, the repeating

of any stratigraphic units (see the sections MX-1 to 3 of Figure 3)

shows the changes in thickness, sedimentary textures, and rock

assemblage of the related units.

3.1 The Maichuqing formation

The ca. 1,100~1,650-m-thick Maichuqing Formation

noncomfortably overlies the volcanoclastic rocks of the

Jomda–Weixi–Yunxian arc (Figure 2A). This formation

contains three segments according to the rock assemblages

and associated sedimentary structures. In addition, the

thickness, rock assemblage, and sedimentary texture of these

three segments are variable from east to west, showing a

westward thickening sequence (Figures 3A–C).

3.1.1 Lower segment
The lower part of the Maichuqing Formation consists of

conglomerate, sandstone, siltstone, mudstone and lenticular peats.

In the MX-1 section, it is ca. 270 m thick and nonconformably

overlies the volcanoclastic rocks of the Jomda–Weixi–Yunxian arc

(Figure 3A). Ca. 12-m-thick conglomerates exist at the bottom. They

are matrix-to clast-supported and dominated by slate, phyllite,

mudstone and sandstone clasts. These clasts originated from the

underlain rocks of the Jomda–Weixi–Yunxian arc (Figure 4A) based

on their same lithology. The conglomerate graded upward into an

assemblage of siltstone, mudstone and sandstone with coalbeds or

peats on the topmost (Figure 4B). Both sandstone and siltstone

contain abundant plant fragments (Figure 4C).

To the west, the lower part of the Maichuqing Formation has

a thickness of >900 m, where the underlain rocks and associated

unconformity are not exposed (Figures 3B,C). In the MX-2

section, the equivalent consists of coarse-grain sandstone,

siltstone, and mudstone; mud clasts common occur within

siltstone and sandstone. Mud-cracks and ripple cross-

laminations as well as normal grading and ripples are

common, whereas slumped folds and syn-sedimentary normal

faults were widely developed (Figures 4E,F).

To the west further in the MX-3 section, a suite of

conglomerate (Figure 4D), pebbly coarse-grained sandstone,

sandstone and siltstone with a thickness of ca. 150 m develops

in the middle part of the lower segment. Other rocks both below

and above the suite are the assemblages of sandstone and

mudstone. Thinner siltstone, mudstone, and lenticular

sandstone with several interbedded peats occur in the high

level of the lower segment. These rocks are characterized by

abundant burrows, plant fragments, ripple laminations. These

characters demonstrate that they should deposit in a swamp

environment. In addition, mud-cracks also occur in the

mudstones, indicating that these fine-grained sediments

experienced subaerial exposure. Conspicuous irregular basal

erosional surface and imbricated clasts are easily observed in

the outcrops of the conglomerate-bearing suite, indicating a

channel environment (Miall, 1985). These observations

demonstrate that the lower portion of the Maichuqing

Formation deposited in channel, levee, and swamp

environments of a delta plain (Miall, 1985).

3.1.2 Middle segment
The middle segment of the Maichuqing Formation consists

of dark-gray sandstone, dark siltstone, and dark-gray calcareous

mudstone with minor lenticular pebbly sandstone, showing a

decreasing total thickness from 350 m in the east to 200 m in the

west. Sandstones are massive, thin-to medium-bedded, and fine-

to medium-grained, showing normal grading with distinct

erosional base. Reverse grading also occurs locally. Siltstone is

thinner and has parallel laminations, showing rhythmic sequence

with mudstone. Conglomerate lenses occur in the high level with

a thickness of <5 m, which extends laterally into the sandstone

with distinct basal erosion surface. They are characterized by

imbricated clasts comprising carbonaceous mudstone and mica-

bearing medium-grained sandstone. Symmetrical ripples and

trough cross-beddings widely occur in the thick, fine-grained

sandstone (Figure 4G). Planar and trough cross-beddings are

common within the sandstones in the upper level (Figure 4H);

load casts are also observed locally. Slump folds occur near top of

this part. We interpreted these sedimentary rocks as channel

deposits of the delta plain (Miall, 1985).

3.1.3 Upper segment
The upper segment of the Maichuqing Formation has a

variable thickness of ca. 260–450 m, which is dominated by

interlayers of grey mudstone and siltstone. Lenticular

sandstones and minor peats also occur locally in different

sections. Abundant plant leaves fossils exist within the

siltstone and mudstone at the lower level, and some

lamellibranch fossils, including Burmesia lirata Healey,

Cuspidaria sp., Prolaria sollasii Healey, and Nuculanna cf.

perlonga (Mansuy), also exist at the upper level (YBGMR,

1974). Spatially, abundance and thickness of siltstone and

sandstone increase vertically and to the west. Lenticular, ripple

and parallel laminations are common in the sandstone and

siltstone, and slump folds and normal faults also occur within

mudstone. These characters demonstrate that the upper part of

the Machuqing Formation deposited in a transitional

environment from terrestrial to marine setting (Reading, 1996).

3.2 The Sanhedong Formation

The exposed thickness of the Sanhedong Formation

is >300 m (Figure 3). This formation conformably overlies the
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Maichuqing Formation (Figure 5A) and can be subdivided into

three segments based on its rock assemblages. Halobia

pluriradiata Reed and H. cf. yunnanensis Reed in the upper

part and some ammonoid, brachiopoda, lamellibranchiate in the

lower part of this formation (YBGMR, 1974) indicate a shallow

marine environment of depositional setting.

FIGURE 5
Field photographs showing the typical sedimentary features of the Sanhedong Formation. (A) Conformable contact between the Sanhedong
Formation and the Maichuqing Formation (GPS: 99°25′37″, 26°24′51″); (B) Herringbone cross-beddings and chert nodules within micrite; (C)
Burrows within thick limestone; (D) Gastropod fossil in micrite; (E) Thinly bedded micrite and marl with minor calcareous mudstone; (F) Brecciated
limestone; (G) Slumped folds of thinner calcareous mudstone and micrite and associated brecciated limestone; (H) Tabular cross-beddings of
sandstones.
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The lower segment of the Sanhedong Formation consists of

chert nodules-bearing micrite (Figure 5B) and bioclastic

limestone with interbedded calcareous mudstone. It was

crosscut by 220.0 ± 7.7 Ma diabase sheet (see the following) in

the outcrops. The micrite and bioclastic limestone are thinly

bedded with abundant euhedral pyrites. Locally, some brecciated

limestones are associated with slump folded limestone. Burrows

occasionally exist in thick limestone and thinner mudstone

(Figure 5C). Bivalves, gastropods (Figure 5D), and crinoids

within limestone have a good shape. Herringbone cross-

beddings (Figure 5B) and ripples can be easily observed in the

outcrops of micrite. These observations demonstrate they

deposited in an intertidal environment (Reading, 1996).

The middle segment comprises thinly bedded micrite and

marl with minor calcareous mudstone and siltstone interlayers.

The thickness of any single bed of micrite varies from 10 cm in

the lower part to 3 cm in the upper part in association with an

upward increasing of the abundance of mudstone and siltstone

(Figure 5E). Micrites are similar to those in the lower segment,

both have been heterogeneously brecciated. Laterally, abundance

and thickness of brecciated limestone increases dramatically

from Xiangtu in the east to Jinding in the west (Figure 2).

The brecciated limestone is characterized by numerous

angular fragments of micrite with a variable length of

1.5–10 cm (Figure 5F). These fragments are cemented by

calcic sands or muds. Alternatively, slumped folds developed

in the interlayers of thinner calcareous mudstone (Figure 5G).

Irregular bituminous veins occur within the micrite.

Conspicuous basal erosion surfaces are common at the

bottom of the micrite and brecciated limestone. In addition,

wavy and flaser beddings (Figure 5E) exist locally in the marl.

Planar cross-beddings occur in the lower level and lenticular

conglomerates occur in the high level. These characters

demonstrate that these rock assemblages belong to channel

deposits of the intertidal setting (Reading, 1996).

The upper segment of the Sanhedong Formation was mainly

exposed in the Xiangtu (Figure 3C) and Jinding lead-zinc mining

areas (Figures 3D–F). It consists of calcareous conglomerate,

coarse-grained calcareous sandstone, calcarenite, brecciated

limestone and minor micrite and mudstone. The conglomerates

consist of angular-subrounded limestone pebbles with distinct

large-scale-scoured basal surface. Size of clasts and thickness of

the conglomerates increase upward. The sandstone is thick and

made of subrounded quartz, chert fragments, and minor feldspar.

Slumped folds and associated normal faults are common in the

Xiangtu area. Ripples, wave and flaser laminations are common in

calcarenite, while mudcracks occur in mudstone. These

observations indicate that these rocks deposited in a supratidal

environment and experienced subaerial exposure (Reading, 1996),

where the sandstones with tabular cross-beddings (Figure 5H) and

associated lenticular conglomerates represent channel deposition.

4 Paleocurrent data

We measured 522 planar cross-beddings, ripple laminations,

ripples, and imbricated clasts at suitable outcrops so as to provide

information for source location and basin paleogeography of the

FIGURE 6
Equal angle stereonet projections of planes of syn-sedimentation normal fault and axial planes of slump folds. See text for detailed discussions.
“N” means total number of measured altitudes of related structural elements.

Frontiers in Earth Science frontiersin.org09

Liang et al. 10.3389/feart.2022.957337

155

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.957337


Maichuqing and Sanhedong formations (Figure 3). All data were

corrected for local dip but not for possible later rotation because of

lack of any regional rotation data to use as reference. However,

geological mapping results demonstrate that 90 of the

522 measurements were located in some small blocks where

available structural analysis results (Liang et al., 2022) show

that these small blocks experienced heterogeneously rotation by

thrust-and-tear fault associations. The remnant 432measurements

were conducted in the Misha–Xiangtu profile, along which the

Late Triassic sedimentary rocks expose as a relatively complete

block. Their results display that lower part of the Maichuqing

Formation has a paleocurrent azimuth from 35° to 65°, but the

lower and high levels of the middle part have two paleocurrent

azimuths of 55°–100° and 275°–310°, respectively.

Syn-sedimentation deformation refers to sedimentary

instabilities when the sediments in a slope were not solidified

(Allen, 1982; Postma, 1983; Steen andAndresen, 1997;Moretti and

Sabato, 2007). Abundant syn-sedimentation deformation

structures in the Late Triassic rocks of the Misha-Xiangtu

profile can also help us to infer basin paleogeography (Ortner,

FIGURE 7
(A–C) Probability histograms of detrital zircon U-Pb ages of sandstone samples of the Maichuqing Formation. (D) Zircon U-Pb concordia
diagram for the diabase dyke that intrudes the Sanhedong Formation. Relative probability of zircon U-Pb ages for igneous rocks of the middle
Jomda–Weixi–Yuanxian arc (E) and for the western Yangtze Block (F) data sources: Sun et al., 2009 and Wang et al., 2012).
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2007; Lee and Phillips, 2008; Alsop andMarco, 2011; Lunina et al.,

2012). Normal fault in high levels of the lower part of the

Maichuqing Formation indicate 190°~200°-directed sliding of

sediments (Figures 6A,B), Geometry of the recumbent slump

folds supports this suggestion (Figure 6C). Intraformational

reverse faults and overturned fold in the middle part of the

Sanhedong Formation suggests 170°~190°-directed movement

along the slipping plane (Figure 6D). Intraformational reverse

faults and associated overturned folds in the middle part of the

Sanhedong Formation suggest SSW-directed movement along the

slipping plane (Figures 6D–F).

5 Zircon U-Pb ages of sandstones and
diabase

In order to determine the timing of sedimentation and to

reveal the provenance of the Triassic sedimentary rocks, three

sandstone samples (D1011-1, D1012-1, and D1028-1) were

collected from the middle portion of the Maichuqing

Formation for detrital zircon U-Pb dating and one diabase

dyke sample (DXT601-2) was collected to separate zircons for

U–Pb dating, which intruded into the Sanhedong Formation.

The locations of these samples are marked on Figure 2.

Zircons were separated using standard crushing, heavy liquid,

and magnetic techniques. Exception for sample DXT601-2 that

only 40 zircon grains were obtained, 150 to 200 zircon grains were

hand-picked from the >25 μm non-magnetic fraction of each

sandstone sample. Zircon grains were then mounted and cast

in epoxy resin discs for photographing under reflected and

transmitted light, obtaining cathodoluminescence (CL) images,

and performing laser ablation LA-ICP-MS U-Pb dating. The U-Pb

analyses of zircon were undertaken at the University of Science and

Technology of China in Hefei, China, using an ArF excimer laser

system (GeoLas Pro, 193 nm wavelength) and a quadrupole ICP-

MS (PerkinElmer Elan DRCII). Analyses involved an ablation

pulse rate of 10 Hz, beam energy of 10 J/cm2, and a spot diameter

of 32 μm. Procedures were described by Yuan et al. (2004).

Standard zircon 91,500 (Wiedenbeck et al., 1995) was used for

mass discrimination and elemental fractionation corrections, and

U-Pb ratios were determined using the Excel program LaDating@

Zrn. Common Pb was corrected by ComPb corr#3-18 (Anderson,

2002). Final statistics and age calculations were processed using

Isoplot/EX ver. 4.15. We used 206Pb/238U and 207Pb/206Pb ages for

zircons younger and older than 1.0 Ga, respectively (Griffin et al.,

2004). Grains with >10% age discordance were discarded. Detailed

procedures of zircon age determinations and trace-element

analyses are followed Liu et al. (2007). Zircon U-Pb results are

shown in Supplementary Table 1 with 1σ uncertainties.

5.1 Sample D1011-1

Sixty-three zircon grains with well-developed growth zonings

yielded sixty concordant U–Pb ages of 2604–246 Ma. These spots

can be grouped into two age populations of 246-963 Ma and

FIGURE 8
Cartoons show the development of the early Late Triassic retro-foreland basin, SE Tibet. See text for detail discussion.
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1,794–2,604 with a main peak at ca. 250 Ma, a secondary peak at

ca. 1,870 Ma, and several minor peaks at ca. 369, ca. 802 and ca.

2,521 Ma (Figure 7A). They have a variable U content of

8–401 ppm and Th/U ratio of 0.06–4.09.

5.2 Sample D1012-1

Sixty-six zircon grains with well-developed growth zonings

were analyzed and 64 of which yielded a concordant U–Pb age,

ranging from 2,686 Ma to 246 Ma. They have a variable U

content of 5–393 ppm and 0.02–3.15. These ages can be

grouped into two age populations of 246–573 Ma and

1,248–2,686 Ma with a main peak at ca. 261 Ma, a secondary

peak at ca. 1,866 Ma, and two minor peaks at ca. 439 and

2,523 Ma (Figure 7B).

5.3 Sample D1028-1

Sixty-eight spots of 70 analyzed zircon grains yielded a

concordant age of 2,785–243 Ma, with a variable U content of

12–1,244 ppm and Th/U ratio of 0.05–2.44. These spots can be

grouped into three age populations of 243–469 Ma, 606–941 Ma,

and 1,020–2,785 Ma. They have a main peak at ca. 254 Ma, two

secondary peaks at ca. 1,908 Ma and 457 Ma, and two minor

peaks at 942 Ma and 2,545 Ma (Figure 7C). These data are similar

to the sample D1011-1 and D1012-1.

5.4 Sample DXT601-2

Fourteen relatively large zircons from the diabase sample

DXT601-2 were analyzed, yielding concordant ages ranging

from 1,470 to 210 Ma. They have a variable U content of

65–3,105 ppm and high Th/U ratio of 0.22–0.87. Four long

prismatic grains of which with broad oscillatory zoning in CL

images yielded Late Triassic ages between 210 and 225 Ma, with a

weightedmean age of 220.0 ± 7.7 Ma (MSWD= 0.86) (Figure 7D).

This age probably represents the crystalline age of the diabase.

6 Discussion

6.1 depositional age of the Maichuqing
and Sanhedong Formations

Fossil data, for example Burmesia lirata Healey, Cuspidaria

sp., Prolaria sollasii Healey, and Nuculanna cf. perlonga

(Mansuy) derived from the Maichuqing Formation and

Halobia pluriradiata Reed and H. cf. yunnanensis Reed and

ammonoid, brachiopoda, and lamellibranchiate fossils in the

Sanhedong Formation indicate these formations deposited

during the Late Triassic (YBGMR, 1974). This is consistent

with our new detrital zircon U–Pb dating results, in which the

32 youngest zircons yielded 206Pb/238U age of 243–312 Ma with

the peak at ca. 254 Ma (Supplementary Table 1).

Our zircon U–Pb dating results show that the Sanhedong

Formation was intruded by diabase dyke at 220.0 ± 7.7 Ma. This

value provides an upper limitation for deposition time of these two

formations. Accordingly, the Maichuqing and Sanhedong

Formation deposited during the earliest stage (Carnian) of the

Late Triassic.

6.2 possible sources of the Maichuqing
and Sanhedong formations

The Maichuqing and Sanhedong formations distribute in an

area that astride the Jomda–Weixi–Yuanxian arc in the west and

western margin of the Yangtze Block in the east (Figure 1B). Our

paleocurrent data demonstrate that the detritus of the

Maichuqing Formation is mainly derived from the SW or W

(215°–280°) (Figure 3). In addition, some detritus of the upper

level of middle portion of this formation originated from NE-SE-

ward (85°–130°) sources.

We do not consider paleocurrent data derived from the

Jinding deposit (Figures 3D,E) because uncertainty in local

block rotation. As such, no sedimentary data are available to

constrain paleocurrent of the Sanhedong Formation. As

mentioned earlier, syn-sedimentation structures (Figures

6D–F) indicates an SSW-ward slope for the related basin

when the Sanhedong Formation deposited. Thus, we suggest

that detritus of the Sanhedong Formation was mainly sourced

from an area of NNE, where platform limestones of the Yangtze

Block are common. These limestones likely have provided

calcareous materials for the Sanhedong Formation.

In summary, the detritus of the Maichuqing Formation was

mainly derived from the Jomda–Weixi–Yunxian arc in SSW with

minor from the Yangtze Block. Detrital zircon U–Pb dating results

support this suggestion. The Jomda–Weixi–Yunxian arc rocks

contain many 273–248 Ma magmatic zircons as well as numerous

Early Paleozoic, Late and Middle Proterozoic zircons (Figure 7E;

Yang et al., 2014; Liang et al., 2015; Tang et al., 2016; Xin et al.,

2018), whereas the western Yangtze Block contain voluminous

Neoproterozoic and Paleoproterozic magmatic rocks (Figure 7F,

e.g., Sun et al., 2009;Wang et al., 2012). On contrary, the detritus of

the Sanhedong Formation probably come predominantly from the

Yangtze Block in the NNE.

6.3 Tectonic evolution of Late Triassic
retro-foreland basin

As mentioned earlier, the volcanic-absent Upper Triassic

strata (Burchfiel and Chen, 2012) including the Maichuqing and
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Sanhedong formations developed exclusively in the middle

segment of the Jomda–Weixi–Yunxian arc. Structural

analyses (Yang et al., 2014; Tang et al., 2016; Xin et al.,

2018) have shown that Permian to Middle Triassic

volcanoclastic rocks of the middle Jomda–Weixi–Yunxian

arc are tightly folded. This, combined with geochemistry of

volcanic rocks and granites (Xin et al., 2018) suggests that the

middle segment of the Jomda–Weixi–Yunxian arc formed in

responding to eastward flat subduction of Paleo-Tethys. The

intensely shortened Permian to Middle Triassic volcanoclastic

rocks were covered by early Late Triassic sedimentary rocks; the

latter are only slightly shortened evidenced by open folds

(Figure 2B). This tectonic scenario is highly comparable to

the Miocene Andean retro-foreland basin in the NW Argentina

(del Papa et al., 2021), where the Nazca plate flatly subducted

beneath the southern American continent (e.g., Gutscher et al.,

2000; Farias et al., 2008). Therefore, we infer that the basin

represented by the lower Upper Triassic Maichuqing and

Sanhedong Formations is a retro (arc) foreland basin

corresponding the flat subduction of Paleo-Tethyan Ocean,

during which the upper plate was successively shortened

(Espurt et al., 2008). Meanwhile, some rocks of the basement

of the upper plate were tectonically eroded as evidenced by the

extremely enriched isotopic geochemistry (including zircon Lu-

Hf isotopic, i.e., Yang et al., 2014; Xin et al., 2018) and the

widespread inherited Yangtze-affinity zircons of the

subduction-related volcanic rocks (Tang et al., 2016; Liang,

2017; Xin et al., 2018). The 220 Ma diabase dyke intruded the

Sanhedong Formation probably represents the last pulse of arc-

volcanism.

Available geochronological data show that, from northwest

to southeast, the cessation of magmatism in the

Jomda–Weixi–Yunxian arc varies from the Middle Triassic

(ca. 235 Ma) to the Late Triassic (ca. 210 Ma), whereas the

onset of magmatism appears to have been in the Early

Permian throughout the arc (Yang et al., 2014). Different

segments of the diachronous Jomda–Weixi–Yunxian arc seem

to have formed due to subduction of different tectonic regimes

indicated by the different type of subduction-related basins:

back-arc basins developed in both the northern and southern

segments (Yang et al., 2014 and references therein), whereas

retro-foreland basin is solely identified in the middle segment

(this study).

Paleocurrent data and syn-sedimentation structures can

help to reconstruct the palaeography of the retro-foreland

basins (Allen and Allen, 2005). Our paleocurrent data

(Figure 3) demonstrate that a major NEE-facing slope

should have been existed during deposition of the

Maichuqing Formation (Figure 8A), which then shifted into

a southwestward-facing one during deposition of the

Sanhedong Formation (Figure 8B). We infer that, at the end

of deposition of the Maichuqing Formation, the northern

segment of the Paleotethyan Ocean was closed (Yang et al.,

2014) and subduction along the middle segment became weak

(Figure 8B). The subsequent continent-continent collision in

the northern segment would have inevitably led to a higher

landscape than its middle and southern equivalents whereas the

oceanic subduction continued. This well explains the S- or SW-

wards sliding of unsolidified sediments indicated by the syn-

sedimentation structures in the upper segment of the

Maichuqing Formation and in the Sanhedong Formation.

Rock assemblages and associated sedimentary structures

demonstrate that the Maichuqing Formation deposited

predominantly in a delta plain setting and transitional setting

of the marine and terrestrial environments (Figure 8A), which

evolved upward into a tide environment of costal setting for

deposition of the Sanhedong Formation (Figure 8B). In addition,

the thickness of the lowest part of the Maichuqing Formation

rapidly increases westward (Figures 3A–C), indicating that

depocenter of the retro-foreland basin should be adjacent to

the west at its earliest stage (Figure 8A). On contrary, the largest

accumulation of the upper segment of the Maichuqing

Formation occurred in the east (Figures 3A–C). This suggest

the depocenter shifted to the east immediately before the

transition from the terrestrial to marine environments

(Figure 8B). For other stages, the shifts of depocenter are not

very clear. The depocenter shift as well as the transition in

sedimentary setting probably corresponds to a significant

tectonic event. The Late Triassic continental collision in the

northern segment of the Jomda–Weixi–Yunxian arc (Yang

et al., 2014) is an appreciate candidate.

7 Conclusion

(1) The volcanics-absent transitional unit in the SE Tibetan

Plateau developed solely on the middle segment of the

Jomda–Weixi–Yunxian arc owing to flat-subduction of

the Paleo-Tethyan oceanic plate.

(2) The volcanics-absent transitional unit in SE Tibetan

Plateau deposited within a retro-foreland basin in

responds to the flat subduction during the early Late

Triassic (Carnian Stage).

(3) This retro-foreland basin was filled initially by coarse-grain

sediments of a delta environment, which was then gradually

changed to a tidal environment of shallow marine.

(4) Syn-sedimentation structures widely developed in the retro-

foreland basin, suggesting intense tectonism during

sedimentation of the retro-foreland basin.
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