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Abstract: The study of ultramafic rocks in Western Yunnan is of great significance for an under-
standing of the tectonic evolution of the Neo-Tethys Ocean. The zircon U-Pb data indicated that
the Santaishan serpentinized pyroxene peridotite (SSPP) was formed 186-190 Ma, and the Yingjiang
hornblende pyroxenite (YHP) was formed 182-183 Ma. The content of MgO in the SSPP is relatively
high, but the SiO;, Al,O3, CaO and TiO; content and ~REE are low, while the YHP has opposite
characteristics. The samples from the SSPP and YHP have similar distribution patterns of trace
elements, both being enriched in large ion lithophile elements (LILEs) such as Rb, Ba and Th and
depleted in high field strength elements (HFSEs) such as Ti, P and Nb. These characteristics are
consistent with the supra-subduction zone (SSZ) type and mid-ocean ridge basalt (MORB) type of
ophiolite in the Bangong-Nujiang suture zone. The SSPP rocks have relatively high (875r /80Gr); ratios
(0.7091-0.7131) and positive Hf(t) values (11.2-13.8), with eNd(t) values varying from —1.1 to 9.4.
The YHP has relatively low eHf(t) values (3.5 to 6.9), with the Nd-Hf isotopic model ages ranging
from 610 to 942 Ma. The signatures of Sr-Nd and Lu-Hf isotopes indicate that the SSPP and YHP
were derived from the depleted mantle, and the crustal material in the magma source may have
originated from the Neoproterozoic Rodinia supercontinent. In the early Middle Jurassic (190 Ma), the
Tengchong Block was in the setting of an active continental margin induced by the subduction of the
Bangong-Nujiang Ocean, where the SSZ-type SSPP with ophiolite characteristics was formed. With
the continuous subduction of the Bangong—-Nujiang Ocean, the slab retreated and induced mantle
convection, which resulted in the gradual thinning of the continental crust. Meanwhile, the Yingjiang
back-arc basin was formed 183 Ma. Under the influence of the upwelling of the asthenosphere and
the mixture of crustal materials, the MORB-type YHP was formed.

Keywords: western Yunnan; ultramafic rock; Bangong-Nujiang suture zone; zircon U-Pb age;
Neo-Tethys Ocean

1. Introduction

The Tethys tectonic domain, with a total length of about 15,000 km, starts from north-
eastern Australia in the east; crosses successively to southeast Asia, the Indo-Myanmar
Mountains, the southern Qinghai-Tibet Plateau and the Iranian Plateau; and ultimately
extends to western Europe through the Mediterranean Sea [1]. The Tethys tectonic domain
has attracted substantial attention because of its abundant geological phenomena and
mineral resources. A systematic study of it may not only reveal the evolutionary history of
the crust but also guide exploration for mineral resources [2-7].

On the basis of plate tectonics, previous works have proposed a division of the Paleo-
Tethys and Neo-Tethys Oceans and argued that the southern subduction of the Paleo-Tethys
Ocean led to the splitting and expansion of the northern margin of the Gondwana continent,
resulting in the formation of the Neo-Tethys Ocean. In China, the Neo-Tethys Ocean is
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composed of two main ocean basins, the Bangong—-Nujiang Ocean and the Yarlung Tsangpo
Ocean [1-3]. The Tengchong Bloc is located between the Yarlung Tsangpo suture zone and
the Bangong-Nujiang suture zone, which is the southern extension of the Lhasa Block. It is
separated from the Baoshan Block by the Nujiang fault in the east and connects with the
Burma Block along the Myitkyina ophiolite belt in the west (Figure 1) [8-11]. The Bangong-
Nujiang ophiolite belt is cut by the Karakoram fault at its westernmost and passes eastward
from Bangong Lake to Gaize, Dingqing and other places in Tibet. Thereafter, the Bangong—
Nujiang ophiolite belt enters Yunnan, which is covered by the Gaoligong thrust belt, and
finally arrives in northern Myanmar and extends into the Andaman Sea along the Saging
fault [12,13]. The exact subduction time of the Bangong—Nujiang Ocean is still controversial.
Qiu et al. believed that the Bangong-Nujiang Ocean began to subduct southward in the
Middle Jurassic and closed in the Early Cretaceous [14]. Mo et al. supposed that the opening
time of the Neo-Tethys Ocean should be at the Late Triassic or earlier, the subduction started
before 170 Ma, and the closure time might be in the Late Jurassic (ca. 159 Ma) to the end of
the Early Cretaceous (ca. 99 Ma) [3]. With the closure of the Neo-Tethys Ocean, the Lhasa
Block collided with the Qiangtang Block. Shi et al. studied Bangong Lake’s ophiolite and
found that the maximum age of the gabbro was 177 Ma, suggesting that the subduction of
the Bangong—-Nujiang Ocean was earlier than 177 Ma [15].
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Figure 1. Simplified geological map of the Eastern Tethys (modified from [16]). Abbreviations: BNS—
Bangong-Nujiang Suture; YTS—Yarlung Tsangpo Suture; BSB—Baoshan Block; BNF—Bangong-
Nujiang Fault; ASRR—Ailao Shan-Red River shear zone; SCT—South China Terrane; EHS—Eastern
Himalayan Syntaxis; SH—Shillong plateau; SEZ—Sagaing Fault Zone; TPFZ—Three Pagodas Fault
Zone; MPFZ—Mae Ping Fault Zone; PEZ—Paung Laung Fault Zone.

Small amounts of ultramafic rock are exposed in Santaishan Village, Tengchong Block,
and the rocks are generally serpentinized. Previous studies have had different under-
standings of the genesis and tectonic settings of the ultramafic rocks in Santaishan. The
attribution of the ultramafic rocks in the Santaishan has always been controversial, with the
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main viewpoints being that (1) they are remnants of the oceanic lithospheric mantle, (2) they
belong to the ancient continental basement and (3) they are part of the Bangong-Nujiang
ophiolite belt. The Yunnan Bureau of Geology and Mineral Resources Exploration found
that the Middle Jurassic coarse clastic rocks exposed around the Santaishan ultramafic
rocks contained chromite fragments, indicating that the Santaishan ultramafic rocks were
formed before the Middle Jurassic. Zhang et al. believed that the ultramafic rocks in San-
taishan were formed in the Late Triassic to Early Jurassic and experienced strong tectonic
deformation [12]. Zhong et al. supposed that there was no ophiolite in Santaisan because
no record of an oceanic crust was found in this area [8,17]. Liu et al. believed that the San-
taishan ultramafic rocks may represent rootless ophiolite fragments, and the Longling—Ruili
fault represents the suture zone between the Tengchong and Baoshan Blocks [18]. Through
Os isotope studies, Chu et al. concluded that the Santaishan ultramafic rocks were derived
from the enriched lithospheric mantle, rather than part of the Bangong-Nujiang ophiolite
belt [13]. Wang et al. speculated that the peridotite underwent 25%-35% partial melting at
the mid-ocean ridge in the early stage and was modified by the subducted oceanic crust,
which has similar characteristics to the ophiolite in the Yarlung Tsangpo suture zone [19].

Previous studies on ultramafic rocks in western Yunnan have mainly focused on
Santaishan and have defined the evolution of the Neo-Tethys Ocean through isotopic
chronology studies. However, systematic studies on the magma sources, petrogenesis, and
the formation of the tectonic setting of these ultramafic rocks are still scarce, although these
are vital to understanding the evolution of western Yunnan [12-19].

In this study, a small number of ultramafic rock outcrops were found in Luluo Village,
Yingjiang County, and there has been no systematic research on them. We assumed
that there is some degree of relationship between the ultramafic rocks of Santaishan and
Yingjiang in western Yunnan, which is of great significance for understanding the evolution
of the Neo-Tethys Ocean. On the basis of a detailed field geological survey and previous
studies, the ultramafic rocks of the two regions were systematically studied through zircon
U-Pb dating, whole-rock geochemical analysis, zircon Hf isotope analysis and whole-rock
Sr—-Nd isotope analysis to define the formation of these ultramafic rocks and the evolution
of the Neo-Tethys Ocean in the Middle Jurassic.

2. Geologic Background and Petrography

The western Yunnan experienced frequent tectono-magmatic activities and has a
complex geological background. The strata, structures and magmatic rocks in this region
are arc-shaped. The main tectonic zones from west to east are Binlangjiang fault (BJF),
Dayingjiang-Guyong fault (DGF), Qipanshi-Tengchong fault (QTF) and Bangong—-Nujiang
fault (BNF) (Figure 2), and the sedimentary strata outcrops are mainly a series of Late
Paleozoic and Early Mesozoic carbonates and clastic rocks. The crystalline basement of
the Tengchong Block is composed of the Paleoproterozoic Gaoligong Mountain Group,
which consists of amphibolite, feldspathic gneisses, quartzite, migmatite and marble [20].
The Early Paleozoic strata are dominated by the lower Ordovician carbonate rocks and
miss the middle to upper Ordovician and Silurian strata. The Late Paleozoic strata are a
set of clastic and carbonate rocks formed in a continental margin environment, and the
Devonian—Permian is mainly clastic rocks containing minor basic volcanic and carbonate
rocks, which were covered by Mesozoic and Cenozoic volcanic activity. The Mesozoic
strata are less distributed and were mainly deposited in the Triassic and Middle Jurassic;
their lithology is composed of clastic rocks and limestone. The lithology in the Cenozoic is
complex, including coal-bearing clastic rocks and conglomerates, pyroclastic rocks and a
small amount of basic to intermediate volcanic rocks [20].

There have been four periods of magmatic activity: the Cambrian-Ordovician, Triassic—
Early Jurassic, Early Cretaceous and Late Cretaceous—Early Palaeogene [20-22]. Ultramafic
rocks are mainly distributed in Luxi and Yingjiang. The SSPP is located at the western
margin of the Nujiang-Bangong—Ruili fault, occurring as a lens-like shape in the NEE
direction along the shear zone. The SSPP is in fault contact with the Jurassic—Cretaceous
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red thick layer of clastic rocks. The YHP is distributed near the BJF and has an intrusion
relationship with the Cenozoic volcanic rocks. The ultramafic rock samples in this study
were collected from Santaishan Village in Luxi County and Luluo Village in Yingjiang
County (Figure 2).
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Figure 2. Simplified geological map showing the major geologic units of the Tengchong Block (TCB),
the spatial-temporal distribution of the ultramafic and sample localities in this study (modified
from [16]). Abbreviations: BNF—Bangong-Nujiang Fault; QTF—Qipanshi-Tengchong Fault; DGF—
Dayingjiang-Guyong Fault; BJF—Binlangjiang Faul.

The SSPP rocks have a vein-like appearance and a grayish-to-black color (Figure 3a).
The main mineral composition is olivine and pyroxene, with spinel as a secondary mineral.
The rocks exhibit lamellar and massive structures (Figure 3b). Olivine content accounts
for about 65% of the total mineral, and its highest interference color is grade III green.
The serpentinization of the olivine along the cleavage. A small amount of magnetite
is the product of olivine dissociation during serpentinization. Pyroxene accounts for
about 25% of the total mineral content, with the main grain size being 0.5-2 mm. Bastite
takes the place of pyroxene and assumes its appearance with a metasomatic structure.
Spinel makes up about 2% of the total minerals; the main particle size is 0.2-0.5 mm
(Figure 4a,b). Strong serpentinization and sericitization are obvious in the rocks. Therefore,
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we supposed that the original rock was pyroxene peridotite, and, under the subsequent
metamorphism, the peridotite and pyroxene strongly metamorphosed into serpentine,
presenting a metasomatic structure.

Figure 3. Santaishan ultramafic outcrops and hand specimens (a,b), Yingjiang ultramafic outcrops
and hand specimens (c,d).

Figure 4. Single-polarized (a,c), cross-polarized (b,d). Light photomicrographs of ultramafic rocks in
Santaishan (a,b) and Yingjiang (c,d). Px—pyroxene, Pl—plagioclase, Hbl—hornblende, Ol—olivine,
Spl—spinel, Bas—Bastite, Srp—serpentine.
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The YHP rocks have a vein-like occurrence with a weak alteration. The fresh rocks
are gray-green, with high hardness (Figure 3c). Most pyroxene and hornblende can be
observed in hand specimens. The rocks have a hypidiomorphic granular texture and a
massive structure (Figure 3d). The main mineral components are pyroxene and hornblende.
The secondary minerals are spinel and plagioclase. The pyroxene content is about 60%, for
which the main particle size is 0.5-2 mm. This is mainly clinopyroxene pyroxene, followed
by orthopyroxene. Orthopyroxene precipitates iron oxides to various degrees. Hornblende
makes up 25% of the total minerals and has a principal grain size of 0.5-2 mm. The content
of plagioclase is about 7%, and it often contains hornblende, spinel and magnetite inclusions.
The content of spinel accounts for about 6% of the total minerals and is filled between
pyroxene and hornblende grains; the main particle size is 0.1-0.5 mm (Figure 4c,d). The
Yingjiang ultramafic rocks contain clinopyroxene, indicating that the degree of melting was
lower than that of the Santaishan ultramafic rocks without clinopyroxene.

3. Methods
3.1. Sample Collection

On the basis of detailed field profile observations, fresh rock samples were collected at
fixed points along the profiles. The coordinates of where the Santaishan ultramafic rocks
were sampled are 24°20'33” N, 98°23'35” E, and 20 samples in total were collected. The
coordinates of where the ultramafic rocks from Yingjiang were sampled are 24°56'18.61"' N,
98°7'44.79" E, and 6 samples were collected in total. After the sampling was completed, a
system was organized, including classification labels, cleaning and taking photographs.

3.2. LA-ICP-MS Analyses of Zircon

Twenty-eight kilograms of fresh ultramafic rocks were collected to extract the zircons.
The surface of the sample was first washed clean with water and dried naturally. Then we
crushed the sample to pass through an 80-mesh sieve. After coarse washing with water,
strong magnetic separation, electromagnetic separation and fine washing with alcohol, the
zircons were hand-picked under a double microscope.

U-Pb analyses of the zircon were conducted at the Laboratory of Continental Dynam-
ics, Institute of Geology, Chinese Academy of Geological Sciences. The abundance of U-Pb
was measured using the latest Neptune Plus multiple collectors (ICP-MS) from Thermo
Fisher Co., Ltd., Waltham, MA, USA. The laser ablation system used in the measurement
was the GeoLasPro 193 nm system developed by U.S. Coherent Co., Ltd., Santa Clara, CA,
USA. Helium was used as a carrier gas to enhance the efficient transport of the ablated
material. The spot size of the laser ablation beam was 25 um. The LA-ICP-MS operating
conditions were optimized on the basis of measurements of the reference material, zircon
91,500. The accuracy of the data was verified by using GJ-1 as an auxiliary standard. The
LA-ICP-MS measurements were carried out using a time-resolved analysis operated in
fast peak-hopping and DUAL detector mode with a short integration time. The Harvard
standard zircon 91,500 and GJ-1 were measured after every 5-10 samples to ensure no drift
was occurring. The data were analyzed in the ICPMSDataCal program [23] and the Isoplot
program [24].

3.3. Lu—Hf Isotopic Analyses of Zircon

The Lu-Hf isotope test of zircon was completed at the Continental Dynamics Lab-
oratory of the Institute of Geology, Chinese Academy of Geological Sciences, and the
Lu-Hf isotope test was based on the zircon U-Pb age, using a multi-receiver plasma mass
spectrometry instrument (Neptune) and a laser ablation system (LA-MC-ICP-MS). We also
performed a secondary test on the origin of the zircon U-Pb microregion. The carrier gas of
the ablative material used in the Continental Dynamics Laboratory was the rare gas He,
the diameter of ablation was 30 pum, and the international general zircon standard GJ-1 was
used as the standard reference for calibration [25].
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3.4. Major and Trace Element Analyses

The bulk-rock major and trace element compositions of the samples were measured
at the Testing Center of Rocks and Minerals in Henan province. The major elements
were analyzed using a ZSX100e X-ray fluorescence spectrometer (XRF) on fused glass
beads. The trace elements, including rare earth elements, were measured by inductively
coupled plasma mass spectrometry (ICP-MS) with an XSERIES2 instrument. Details of the
methodology of the analytical procedures can be found in Gao [26]. The analyses of the
international standards returned values that agreed with their published values. Analyses
of the international rock standards indicated that the precision and accuracy were better
than 1.5% for all elements.

3.5. Whole-Rock Sr—Nd Isotopic Analyses

The Sr-Nd isotope analyses were carried out at the Laboratory of Tianjin Institute of
Geology and Mineral Resources, Ministry of Land and Resources. Powdered bulk-rock
samples were first spiked with mixed isotope tracers and then dissolved in a solution of HF
and HNOs in Teflon capsules before undergoing Rb—Sr and Sm-Nd isotope analyses. Rb,
Sr, Sm and Nd were separated using conventional ion exchange procedures, as described
by Yan [27]. The Sr-Nd isotopic data were measured on a VG Axiom mass spectrometer.
The Nd and Sr ratios were normalized to 1#6Nd/1#4Nd = 0.7219 and 86Sr/88Sr = 0.1194,
respectively. The BCR-2 standards, which were 3Nd /#4Nd = 0.512633 + 0.000017 (25) and
87Gr /86Gr = 0.705013 =+ 0.000019 (20), respectively, were used to assess the analytical precision.

4. Results
4.1. Zircon U-Pb Dating

In this study, two samples were selected separately from the SSPP and YHP for zircon
dating. The data for the YHP are listed in Table S3, and the data for the SSPP are listed
in Table S7. Zircons in the SSPP mainly had a broad tabular shape, with elongation ratios
ranging from 1:1 to 2:1. In the cathodoluminescence diagram, the zircon grains were
gray-black with low transparency. Some zircons had clear oscillating zoning, implying a
magmatic origin (Figure 5a,c). Zircons in the YHP mainly had a broad plate-like shape, with
lengths of 60-180 um, a width of 40-100 um and elongation ratios ranging from 1.2:1 to 2:1.
In the cathodoluminescence diagram, the zircon grains were gray with high transparency.
Explicit oscillating zoning could be seen in some of the zircon grains, and no inherited
cores were seen (Figure 5e,g).

The Th and U contents of zircons in the SSPP were 247.5-3964.3 ppm and 701.3-3043.6 ppm,
respectively, with Th/U ratios ranging from 0.26 to 1.95. Thirteen spots of Sample STS-01
were analyzed, and the 2%°Pb /23U ages ranged from 180.1 to 188.2 Ma (Figure 4b), with a
weighted mean age of 186.2 & 2.3 Ma (MSWD = 0.15). The 2°°Pb /238U ages of 35 spots in
Sample STS-02 ranged from 184.1 to 195.7 Ma (Figure 5d), with a weighted mean age of
190.5 &+ 1.3 Ma (MSWD = 0.57).

The Th and U contents of zircons in the YHP samples ranged from 23.0 to 4556.0 ppm
and 53.3 to 1890.5 ppm, respectively, with Th/U ratios varying from 0.22 to 2.41. Sample
YJLL-01 had 2°°Pb /238U ages ranging from 175.1 to 190.2 Ma in 32 spots (Figure 5f), with a
weighted mean age of 183.7 + 1.8 Ma (MSWD = 0.7). The 2%Pb /23U ages in 32 spots of
Sample YJLL-02 ranged from 173.8 to 189.4 Ma (Figure 5h), with a weighted mean age of
182.0 &+ 1.4 Ma (MSWD = 1.06).

All of the 232Th /238U ratios were greater than 0.1. Combined with the development of
oscillating zonal zones on the zircon’s structure and CL image analysis, it could be shown
that these zircons were all magmatic zircons. The high content of Th and U may have been
caused by alterations.

In conclusion, almost all the ages of single zircon grains are in accordance with the
concord line and are relatively concentrated, indicating that the U-Pb system of these
zircons remained closed after their formation. The rocks of the SSPP and YHP were formed
186.2-190.5 Ma and 182.0-183.7 Ma, respectively.
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Figure 5. CL images of representative zircon grains (a,c,e,g), zircon U-Pb Concordia diagrams (b,d,f,h).

4.2. Lu—Hf Isotopic Analyses of Zircon

On the basis of the zircon U-Pb dating, one sample from the SSPP and two samples
from the YHP were used for Lu-Hf isotope analyses, referring to the CL image. The data
for the YHP are listed in Table 54, and the data for the SSPP are listed in Table S8. The initial
Hf isotopic ratios for all the samples were corrected to their zircon U-Pb ages.

Fourteen spots were tested for Sample STS-01 of the SSPP. The results were as follows:
176Yb /177Hf = 0.016427-0.159872; 76Lu /77 Hf = 0.000620-0.005208; initial 76Hf /177 Hf =
0.282559-0.282722; eHf(t) = 11.2-13.8. The single-stage Hf model ages of zircon (Tpp;)
ranged from 268 to 375 Ma.

Thirty-two spots of Sample YJLL-01 from the YHP were tested. The 7¢Yb/177Hf,
176Lu/177Hf and initial 7Hf /177Hf ratios were 0.001985-0.016247, 0.000081-0.000492 and
0.282773-0.282865, respectively. The Tpy; ages ranged from 535 to 664 Ma, with the eHf(t)
values varying from 3.6 to 6.9. The results for Sample YJLL-02 in 31 spots were as follows:
176yb /177Hf = 0.002010-0.010545; 7Lu/177Hf = 0.000091-0.000456; e Hf(t) = 3.5-6.5; initial
76Hf /177Hf = 0.282772-0.282854. The Tpyy1 ages ranged from 552 to 667 Ma.
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4.3. Whole-Rock Geochemistry

Eight samples from the YHP and 20 samples from the SSPP were used for whole-rock
analyses. The results are listed in Tables S1 and S5. The analyses of the mineral composition
of the CIPW standard are listed in Tables S2 and S6. All the samples had a low oxide
content, a high mafic content and a low total alkali content. The SSPP showed strong
alteration with a high loss on ignition (LOI) (12%-15%). The LOI of the YHP was low
(1.18-2.62%, the average value was 1.86%), indicating that the samples were fresh. In
order to eliminate the effect of the alteration on the original components and to facilitate
comparison, the normalized values after deducting the volatile components are used to
discuss the main elements. In the TAS diagram of igneous rocks (Figure 6a), the samples
from the SSPP and YHP were distributed in the Picrite basalt area. In the TFeO/MgO-5iO,
diagram (Figure 6b), the YHP samples were distributed in the tholeiitic series, and the SSPP
samples were distributed in the calc-alkaline series.
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Figure 6. (a) SiO,—NayO + KO diagram (modified from [28]); (b) SiO,—TFeO/MgO diagram (modified
from [29]).

The content of MgO (37.57-45.06 wt.%) in the SSPP samples was relatively high, but
the content of Si0, (39.42-46.80 wt.%), Al,O3 (0.40-10.53 wt.%), CaO (0.07-3.49 wt.%), TiO,
(0.001-0.126 wt.%), TFe,O3 (7.39-11.37 wt.%), MnO (0.12-0.20 wt.%) and P,Os (0.007-0.013
wt.%) was low. In contrast, the content of MgO (23.62-27.43 wt.%) in the YHP samples
was relatively low, but the content of 5iO, (43.25-45.29 wt.%), Al,O3 (3.89-4.65 wt.%), CaO
(2.45-4.84 wt.%), TiO, (0.92-1.15 wt.%), TFe;O3 (16.90-19.85 wt.%), MnO (0.20-0.28 wt.%)
and P05 (0.019-0.056 wt.%) was high.

The total rare earth elements (XREE) in the SSPP samples (1.14-10.65 ppm) were
much lower than that in the YHP samples (28.19-174.86 ppm). The ratios of LREE/HREE
(5.88-14.28) and (La/Yb)y (4.26-15.74) in the SSPP samples were higher than those in the
YHP samples (LREE/HREE =2.22-2.93, (La/Yb)n = 1.49-5.28). In the chondrite-normalized
diagram of REE (Figure 7a), the SSPP rocks showed a U-type enriched curve, while the
YHP rocks exhibited a flat distribution. 8Eu = Eu/Eu* =2 x Eu/(Sm + Gd) is calculated
based on the Akimasa-Collier diagram, where Eu, Sm and Gd are all standardized values
for chondrites. The 6Eu values of the SSPP rocks were 0.26-3.85, showing negative to
positive Eu anomalies, while the SEu values in the YHP rocks varied from 0.98 to 1.80
(mean: 1.31), and the Eu anomaly was not obvious. The (La/Sm)y and (Gd/Yb)y values in
the SSPP rocks were 5.06-11.37 and 0.7-2.9, respectively, showing obvious differentiation of
the LREE and inconspicuous differentiation of the HREE. The differentiation of LREE and
HREE in the YHP rocks was not significant, with the (La/Sm)y ratios varying from 1.63 to
4.27 and the (Gd/Yb)y ratios ranging from 1.05 to 1.73. In the primitive-mantle-normalized
trace element diagram (Figure 7b), large ion lithophile elements (LILEs) such as Rb, Ba and
Th were enriched in the SSPP and YHP, while high field strength elements (HFSEs) such
as Ti, P, U and Nb were depleted. Strong K, P and Ti negative anomalies are displayed by
the majority of the ultramafic rocks. The K anomaly could be related to the rock alteration,
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whereas P and Ti anomalies could be produced respectively by apatite and titanium oxides
fractionation during the partial melting process.
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Figure 7. (a) Chondrite-normalized rare earth elements pattern. (b) Primitive mantle normalized
trace elements pattern. Normalization and OIB values followed [30].

4.4. Sr-Nd Isotopic Geochemistry

In this study, six samples were selected from the SSPP rocks for analysis of the Sr-Nd
isotopes. The test data are listed in Table S9. The initial Sr-Nd isotopic ratios and eNd(t)
values for all the samples were calculated using the zircon U-Pb ages obtained in this
study. The age of the depleted mantle model was calculated according to the DePaolo
method [31,32], and all (87Sr / 86Sr)i values were calculated during the crystallization of magma.
The initial Sr/56Sr was 0.70910-0.71310, the initial *Nd /***Nd was 0.512339-0.512874 and
eNd(t) was —1.1-9.4. The calculated Tpys ages ranged from 610 to 942 Ma.

5. Discussion
5.1. Isotopic Chronology

The distribution of mafic and ultramafic rocks in western Yunnan is limited. The
age of Yingjiang’s ultramafic rocks has not been studied, and only a few studies have
been reported on Santaishan’s ultramafic rocks [13-19]. Many scholars believe that the
Santaishan ultramafic rocks represent ophiolite, which is connected to the Bangong-Nujiang
ophiolite belt to the north and the Myitkyina-Mogok ophiolite belt in Myanmar to the
south [3,17,33,34]. Qi et al. [34] reported that the pyroxenite in Santaishan has zircon U-Pb
ages of 183-185 Ma and believed that these ages represent the initial subduction of the
Bangong-Nujiang Ocean. The ages of the SSPP rocks in this study varied from 186.2 to
190.5 Ma, which is close to those in previous research. In order to facilitate the comparison,
we collected the chronological data of some ultramafic rocks (Table 1).

Table 1. Chronological data of ultramafic rocks in western Yunnan, Bangong-Nujiang, and Myitkyina-
Mogok.

Tectonic Zone Region Sample Zircon U/Pb Age (Ma) Data Sources

Santaishan Serpentinized pyroxene peridotite = 186.2 4+ 2.3-190.5 + 1.3 This article

Western .Yurman Yingjiang Spinel hornblende dipyroxene 182.0 +1.4-183.7 + 1.8 This article
Ultrabasic Rocks Santaishan Pyroxene dikes 183.0 £ 1.7-185.0 + 1.7 [34]
Bangong Lake Gabbro 167.0 £ 1.4 [15]
Rutog Gabbro 169.0 = 2.0 [35]
Bangong-Nujiang Dongco Gabbro 167.0 2.0 [35]
Ophiolite Belt Donggiao Gabbro 187.0 £ 2.0 [35]
Amdo Gabbro 184.0 2.0 [35]
Denggen Gabbro 1670+ 14 [35]
Myitkyina andesitic basalt 166.0 £ 3.0 [36]
Myitkyina-Magok Myitkyina Gabbro 177.0 £ 1.0 [36]
Ophiolite Belt Myitkyina Olivine pyroxenolite 171.0 £ 2.0 [36]
Myitkyina Plagioclase granite 180.3 £ 1.6 [36]
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Table 1. Cont.

Tectonic Zone Region Sample Zircon U/Pb Age (Ma) Data Sources
G Myitkyina Gabbro 171.6 £2.0 [37]
Mgtlﬁ)’}i;\gzﬁ"k Myitkyina Diorite 173.0 £ 1.5 [37]
P Mogok Plagioclase granite 176.0 £ 1.0 [33]

The Bangong—Nujiang ophiolite belt formed 167.0-187.0 Ma and was connected to the
Greek and Albanian ophiolite belts to the west [15,34]. The ages of the Greek Vourinos
ophiolite belt, the Pindos ophiolite belt and the Albanian Mirdita ophiolite belt are 179.0 Ma,
172.0-181.0 Ma and 160.0-174.0 Ma, respectively [38-40]. The Myitkyina—-Mogok ophiolite belt
in Myanmar that formed in the forearc subduction zone was the southward extension of the
Bangong-Nujiang ophiolite belt [36,37,41-44]. Yang et al. proposed that the ages of gabbro
and olivine pyroxenite in the Myitkyina ophiolite belt were 177.0 & 1.0 Ma and 171.0 = 2.0 Ma,
respectively [36]. Liu et al. reported that the gabbro and diorite in the Myitkyina ophi-
olite belt had zircon U-Pb ages of 171.6 &+ 2.0 Ma and 173.0 £ 1.5 Ma, respectively [37].
Wei et al. supposed that the plagioclase granite in the Mogok ophiolite belt was formed
176.0 £ 1.0 Ma [33]. As discussed above, the formation age of the Myitkyina-Mogok ophi-
olite belt is 171.6-177.0 Ma, which is similar to the Bangong-Nujiang ophiolite belt.

The studies above indicated that the ultramafic rocks in the western Yunnan have the
same age as the western Tethys ophiolite belt, the Bangong-Nujiang ophiolite belt and the
Myitkyina—-Mogok ophiolite belt in Myanmar. The formation of these rocks was related to
the evolution of the Neo-Tethys Ocean. Mo et al. [3] believed that the opening time of the
Neo-Tethys Ocean was in the Late Triassic or earlier, and the subduction started at about
170 Ma. Shi et al. [15] studied the SSZ-type ophiolite in Bangong Lake and found that the
maximum age of gabbro was 177.1 &= 1.4 Ma, suggesting that the subduction time of the
Bangong-Nujiang Ocean was earlier than 177.1 Ma. The formation age of the Santaishan
ultramafic rocks obtained in this study was 186.2-190.5 Ma, and the formation age of the
Yingjiang ultramafic rocks was 182.0-183.7 Ma, indicating that the SSPP and the YHP
were formed at the end of the Early Jurassic, belonging to the dissociation of the ancient
united continent during Yanshanian’s orogeny. This corresponds to the subduction of the
Bangong-Nujiang Ocean, which was a branch of the Neo-Tethys Ocean.

A histogram of the age distribution of ultramafic rocks was made from these data
(Figure 8). These rocks are mainly found in the Bangong-Nujiang ophiolite belt and the
adjacent Neo-Tethys ophiolite belt. As can be seen in Figure 8a, the subduction of the
Bangong-Nujiang Ocean in western Yunnan lasted for a long time, with ages ranging from
190.5 Ma to 160 Ma. The peak age appeared 170-180 Ma, indicating that the subduction
process was most intense during this period. In view of the above (Figure 8b), the SSPP and
the YHP are different products of subduction in the same period and tectonic environment.
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Figure 8. (a) Age distribution of the ultramafic rocks. (b) Summary of the ages for ultramafic rocks.
The ages are listed in Table 1, data from Bangong-Nujiang ophiolite belt and the adjacent Neo-Tethys
ophiolite belt.
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5.2. Petrogenesis

The characteristics of the trace elements in the SSPP and the YHP are similar (Figure 7b),
indicating that they may have derived from the same magma source. Both samples are
enriched in LILEs such as Rb, Ba and Th, and depleted in HFSEs such as Ti, P and Nb, indi-
cating that the rocks experienced some extent of crustal mixing or subduction melting /fluid
metasomatism. The ratios of NayO/K,O in the ultramafic rocks of Santaishan and Yingjiang
were 0.20-0.22 and 0.15-0.27, respectively, indicating that the provenance of these two rocks
may have been the mantle. In addition, the contents of highly compatible elements such
as Cr, Ni and Co in the SSPP and the YHP were similar to those in the primitive mantle
(Table 2) [45]. The solidification index (SI) can indicate the degree of magma differentiation
and crystallization. Higher SI values indicate a lower degree of magma differentiation
and vice versa. The SI values of the ultramafic rocks in Santaishan ranged from 76.24 to
85.26 (mean: 83.87) (Table S6), and those of the Yingjiang ultramafic rocks ranged from
52.67 to 59.75 (mean 56.99) (Table S2), indicating that the degree of differentiation of the
ultramafic rocks in Santaishan is lower than that of Yingjiang ultramafic rocks. According
to these findings, combined with isotopic chronology characteristics, the ultramafic rocks
of Santaishan and Yingjiang come from the same mantle source and have experienced
different degrees of evolution.

Table 2. Content of highly compatible elements. The Primitive Mantle values are from [46].

Region Cr (ppm) Ni (ppm) Co (ppm)
Santaishan 1481.7-2911.4 724.2-2406.0 84.3-113.7
Yingjiang 806.6-1177.0 1597.6-2505.6 112.1-142.4
Primitive Mantle 300.0 2000.0 100.0

The depleted mantle is the remnant of the primitive mantle after partial melting,
during which Si, Al, Ca, K, Na and other elements that tend to enter the liquid phase
migrated out of the mantle source and into the magma. Compared with the primitive
mantle, the depleted mantle lost KO, NayO, CaO, Al;O3, TiO, and other oxides, while the
content of MgO increased significantly. The content of MgO in the mantle’s peridotite can
indicate the degree of partial melting in the magma source, and the higher the content of
MgO, the higher the degree of partial melting [47]. The content of MgO in the Santaishan
ultramafic rocks (32.94-39.20 wt.%) was much higher than that in the Yingjiang ultramafic
rocks (22.89-27.20 wt.%), indicating that the source area of the Santaishan ultramafic rocks
had a higher degree of partial melting than that of the Yingjiang ultramafic rocks. The
ultramafic rocks in Santaishan had low total REE concentrations (1.14-10.65 ppm), relatively
enriched LREEs and depleted HREEs, indicating a high degree of melting. The distribution
pattern of REEs in the Yingjiang ultramafic rocks was flat, and the difference between
LREEs and HREEs was not obvious, indicating that the degree of melting was low. In terms
of mineral composition, no clinopyroxene was found in the Santaishan ultramafic rocks,
indicating that the degree of partial melting of the magma source was higher than that of
the Yingjiang ultramafic rocks, which contained clinopyroxene. In addition, the Ti content
can also indicate the degree of partial melting, and its content is negatively correlated with
the degree of melting. The Ti content in the Santaishan ultramafic rocks (0.001-0.110 wt.%)
was significantly lower than that in the Yingjiang ultramafic rocks (0.91-1.11 wt.%), which
indicated that the degree of partial melting of the Santaishan ultramafic rocks was higher
than that of the Yingjiang ultramafic rocks. It is commonly believed that the content of
incompatible elements is high in magma with a low degree of melting, and low in magma
with a high degree of melting because these elements easily enter the molten rock. In
the initial stage of melting, these elements tend to enter the molten rock; therefore, their
proportion is larger when the degree of melting degree. With an increase in the degree
of melting, the proportion of incompatible elements is diluted and reduced [48,49]. The
content of incompatible elements in the Santaishan ultramafic rocks was considerably



Minerals 2023, 13, 536

13 of 21

lower than in the Yingjiang ultramafic rocks, indicating that the degree of melting of the
Santaishan ultramafic rocks is higher than that of the Yingjiang ultramafic rocks.

The influence of the magma’s evolution is limited to the fractionation of isotopes. Thus,
the Sr-Nd and Lu-Hf isotopes can be used to trace the magma source [30,50,51]. Generally
speaking, a positive eHf(t) value indicates that the magma originated from the depleted
mantle or newly formed crust, while a negative ¢Hf(t) value indicates that the magma
source was mainly the crustal materials or enriched mantle [52-54]. The eHf(t) values
of the SSPP and the YHP were 11.2-13.8 and 3.5-6.9, respectively. The ultramafic rocks
of Santaishan and Yingjiang are distributed between the depleted mantle and chondrite
evolution lines in Figure 9a, indicating that the ultramafic rocks of Santaishan are mainly
derived from the depleted mantle.

20 15 ®)
[] Tengehong [ sanTaishan DM
15 | M 10}
0 /\ Yingliang MOR! L]
5
: i O
~ 0|08 —

-0 =< \) il
2 o
W 5| sl PM 0

10 | 0O U 0O

10f
15 |
-15F
220 F
25 201 EM1~E| ~~
EM2
0 25 . . : . : :
0 500 1000 1500 2000 2500 3000 0.701 0.703 0.705 0.707 0.709  0.711 0.713  0.715
T/Ma "Sr/Sr) ;

Figure 9. (a) Zircon T/Ma—¢Hf(t) diagram (modified from [55]). (b) (¥”Sr/80Sr);—eNd(t) dia-
gram (modified from [56]). DM—depleted mantle, PM—primitive mantle, EM—enriched mantle,
MORB—mid-ocean ridge basalt, OIB—ocean island basalts. Data are listed in Table S9.

The samples of the Yingjiang ultramafic rocks were close to the evolution line of the
lower crust, indicating that the magma source may have been affected by crustal mixing.
For mantle-derived magmas, if zircon originated from the uncontaminated depleted mantle,
the zircon’s crystallization age should be similar to the Hf model’s age. The zircon Hf
model’s age (TDM1) of the YHP was 535-667 Ma, which is much older than the zircon
crystallization age (183.6 Ma), suggesting that the magma source of Yingjiang ultramafic
rocks may have been affected by mixing with crust materials.

Dupre and Allegre studied the MORB in the Indian Ocean. They found a mantle
with abnormally enriched Sr isotopes ((8Sr/%Sr); > 0.705) in the Indian Ocean, which was
called the Dupal anomaly [55-59]. In this study, the (8Sr/%Sr); values of the SSPP were
0.7091-0.7123, indicating that the magma of the Santaishan ultramafic rocks originated from
the Dupal anomaly’s mantle domain. Zindler and Hart divided the mantle’s end-members
into four types, namely DM, HIMU, EM1 and EM2, and believed that additional mantle
end-members evolved from the mixed evolution of these four basic end-members [60,61].
In the (¥Sr/80Sr);—eNd(t) diagram (Figure 9b), the ultramafic samples from Santaishan
were distributed in the depleted mantle area. Tengchong ultramafic rocks were found
to have high (#Sr/86Sr);, and these isotopic data were recalculated to 190.5 Ma, and the
(#7Sr /86Sr); value range was 0.7103~0.7137 (Table S9), which is consistent with the results
of this study. However, eNd(t) values range from —5.3~—8.7, reflecting the heterogeneity
of the mantle in the study area. Previous studies have shown that the Zhagabu mantle
peridotites in the Yarlung Tsangpo ophiolite belt have large variability in both whole-rock
and mineral compositions and may be derived from a heterogeneous mantle [62].

Island arc volcanic rocks are generally formed by partial melting of the mantle wedge’s
metasomatism by subduction fluids, which are usually depleted in HFSEs (such as Nb, Ta,
Ti, etc.) [63]. The HFSEs mainly exist in the accessory minerals. When the oceanic crust
subducted, the sediments and surface basalt were subducted along with them. Both the
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sediments and the surface basalts in the ocean are rich in fluid. With the subduction of
the oceanic crust, dehydration led to precipitation of the active elements in the sediments
and the surface basalts, while the elements such as Nb and Ta stayed in the accessory
minerals. The released fluid migrated upward into the mantle wedge. During this process,
metasomatism occurred between the fluid and the mantle wedge. At the same time, the
solidus curve of the mantle’s rocks decreased due to the increase in the water content in the
mantle wedge, which resulted in partial melting of the mantle wedge and the enrichment
of Rb, Sr, Th and other extremely active elements in the melt. However, the HFSEs, such
as Nb and Ta, were relatively depleted [63-65]. Aqueous fluid can enhance the activity
of LILEs, and the participation of fluid led to the relative enrichment of LILEs and the
depletion of HFSEs [65]. The higher (®7Sr /88Sr); values (0.7091-0.7123) in the Santaishan
ultramafic rocks indicate the characteristics of enrichment. Wang et al. analyzed the
mineral components of ultramafic rocks in Santaishan using the single mineral electron
probe method and believed that they were derived from 25%-35% partial melting of the
depleted mantle [19]. Experimental petrology has proven that such a high degree of partial
melting usually requires the participation of fluids in the subduction zone. The fluids
normally come from the dehydration of the slab in-depth, and the migration of fluids
is beneficial to the partial melting of the mantle wedge. In the Nb/YB-Th/Yb diagram
(Figure 10a), the Santaishan ultramafic rocks had high Th/Yb ratios (1.12-25.31), and the
samples were distributed away from the MORB-OIB evolutionary line. This indicated that
the ultramafic rocks in Santaishan were influenced by more subduction components than
the Yingjiang ultramafic rocks. In the Rb/Y-Nb/Y diagram (Figure 10b), the ultramafic
rocks in Santaishan showed a trend of fluid metasomatism enrichment, indicating that the
magma source was enriched by fluid metasomatism during subduction of the oceanic crust.
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Figure 10. (a) Nb/Yb-Th/YDb diagram (modified from [66]); (b) Nb/Y-Rb/Y diagram (modified
from [67]).

The Santaishan ultramafic rocks had a wide range of eNd(t) values (—1.1 to 9.4), which
were similar to the modern MORB (7-12) from partial melting of the depleted mantle [68].
The Middle Jurassic basalts in this area (—0.6 to 2.6) [69] and the adjacent Myitkyina basalts
(4.0-5.3) [40] also showed a similar distribution. The Sm—-Nd isotopes of the Santaishan
ultramafic rocks have been reported by previous studies [13,34]. In this study, these isotopic
data were recalculated as 190.5 Ma, and the eNd(t) values ranged from —8.7 to 5.1 (Table S9).
The results reflect the mantle’s heterogeneity in the study area, which may be related to the
crust-mantle recirculation of material during the early oceanic crust subduction [34,70-72].
The TDM of Nd mainly reflects the separation time of the crustal material or source rock
from the depleted mantle, so the age distribution properties of the TDM can be used to trace
the growth characteristics of the crust. The TDM1 ages of the Santaishan ultramafic rocks
are concentrated in two phases: 942-909 Ma and 650-610 Ma. These two stages correspond
to the formation of the Neoproterozoic Rodinia supercontinent (1000-900 Ma) and the
Pan-African tectonic period of the Gondwana supercontinent (750-530 Ma), respectively.
The Tengchong Block, located in the front of the subduction zone, experienced intense
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tectonic compression and transformation, and formed the heterogeneous mantle source
region during the evolution of the Proto-Tethys Ocean. Under the subduction of the Neo-
Tethys Ocean, this heterogeneous mantle partly melted and then formed the Santaishan
and Yingjiang ultramafic rocks with different geochemical characteristics [34,73,74].

5.3. Tectonic Setting

The tectonic setting of the ultramafic rocks in Santaishan is controversial. In recent
years, the viewpoints regarding the tectonic setting of ultramafic rocks in Santaishan can be
divided into two types: the active continental margin [18,19,34] and the mid-ocean ridge
setting [8,9,12,13]. Wang et al. believed that the peridotites in Santaishan had two tectonic
settings: the mid-ocean ridge and the subducted continental margin [19]. Qi et al. believed
that the serpentinized peridotite of Santaishan belonged to the SSZ-type ophiolite, which
was formed in a fore-arc tectonic setting [34].

As shown in the Hf /3-TH-TA diagram (Figure 11a), the Santaishan ultramafic rocks
were distributed in the CAB area, indicating the active continental margin setting, while the
Yingjiang ultramafic rocks were mainly distributed in the WPA area, showing a within-plate
setting [75].
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Figure 11. (a) Hf/3-Ta-Th diagram (modified from [76]); (b) Ta/Yb-Th/Yb diagram (modified
from [65]). CAB: calc-alkaline basalt, WPB: within plate basalt, MORB: mid-ocean ridge basalt, IAT:
island arc tholeiite, IAB: island arc basalt, ICA: island calcic alkali, SHO: Shoshone, TH: tholeiitic, TR:
transition, ALK: alkali.

Moreover, in the Th/Yb-TA/Yb diagram (Figure 11b), the Santaishan ultramafic rocks
were distributed in the continental margin arc area, and the Yingjiang ultramafic rocks
were mainly distributed in the TH area, which has MORB characteristics. The active
continental margin is the convergence margin of oceanic and continental plates formed by
the subduction of oceanic plates, which is constantly accompanied by a series of volcanic
arc magmatic assemblages. The dehydration of the lower inserted plate in the subduction
zone leads to partial melting of the mantle wedge, and the HFSEs such as Nb, Ta and Ti are
stable during dehydration, while the LILEs such as Rb, Sr and Ba are active, resulting in
the enrichment of LILEs and depletion of HFSEs in the island arc or back-arc basin [77-79].

The retraction of the slab during subduction led to the upwelling of the asthenosphere,
which, in turn, caused mantle convection and extension of the crust beneath the back-arc
basin. Zhou et al. supposed that the friction heat generated by the subducting oceanic slab
caused the mantle to overcome the viscous resistance and the diapir to rise [80]. The gener-
ation of a high heat flow caused the rapid extension of the surface, leading to the expansion
of the back-arc crust. The emplacement of the melt formed by partial melting of the olive
mantle induced the formation of a MORB-type low-potassium tholeiitic melt in the back-arc
basin. When studying the Bangong-Nujiang ophiolite, Shi found that the SSZ-type ophi-
olite was characterized by relatively high MgO and S5iO,, and low Al,O3, CaO and TiO,,
and it did not contain clinopyroxene [81]. The MORB-type ophiolite was characterized by
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relatively low MgO and SiO;, and high Al,O3, CaO and TiO, contents. The ultramafic rocks
in Santaishan are characterized by high MgO (32.94-39.20 wt.%); low Al,O3 (0.35-9.23 wt.%),
CaO (0.06-2.94 wt.%) and TiO, (0.001-0.110 wt.%); and no clinopyroxene, while the Yingjiang
ultramafic rocks are characterized by relatively low MgO (22.89-27.20 wt.%), and high Al,O3
(3.83-4.59 wt.%), CaO (2.41-4.79 wt.%) and TiO; (0.91-1.11 wt.%) contents. These charac-
teristics indicate that the Santaishan ultramafic rocks belong to the SSZ-type ophiolite and
Yingjiang ultramafic rocks belong to the MORB-type ophiolite.

The petrographic characteristics showed that there is no plagioclase in the Santaishan
ultramafic rocks, while plagioclase exists in the Yingjiang ultramafic rocks. In terms of the
REE characteristics, the Eu anomaly (8Eu = 0.26-3.85) in the Santaishan ultramafic rocks is
obvious and that in the Yingjiang ultramafic rocks is unobvious (8Eu = 0.98-1.80), indicating
the significant fractional crystallization of plagioclase in the evolution of the magma of
the Santaishan ultramafic rocks. Because rapid magma supply and rise are not conducive
to the crystallization of plagioclase [82], the magma supply rate and rising velocity of the
Santaishan ultramafic rocks were higher than those of the Yingjiang ultramafic rocks, which
conforms to the trend of evolution from the Santaishan island arc to the Yingjiang back-arc
basin [79].

Neumayr and Suess proposed that there was a trans-Eurasian ocean near the equa-
tor, namely the Tethys Ocean, according to the distribution of the fauna during the
Jurassic [83,84]. The Tethys Ocean divided the continent into two parts: Laurasia in the
north and Gondwana in the south. Since the concept of the Tethys Ocean was put forward,
numerous scholars have gradually put their focus on the Tethys tectonic belt and enriched
its global tectonic meanings [1-4,7,10,20,85-90]. Numerous scholars believe that the Tethys
Ocean can be divided into at least two periods before the final collision between Gondwana
and Laurasia, the Paleo-Tethys Ocean and the Neo-Tethys Ocean; some scholars believe
that the Middle Tethys Ocean also existed [87,88]. During the Carboniferous to Permian
period, there was a wedge-shaped oceanic basin in Pangaea with an east-west orienta-
tion. Mo et al. believed that this was the Paleo-Tethys Ocean, which triggered different
understandings of the origin and evolution of the Tethys Ocean [3]. During the Middle to
Late Triassic, the microcontinent between Lowa and Gondwana kept drifting; for example,
the Sibumasu terrane and the Lhasa terrane separated from northern Gondwana in the
Southern Hemisphere, drifted northward and spliced into the Paleo-Asian plate, eventually
forming the giant Tethys orogenic belt [1-6]. The closure of the Tethys Ocean induced the
collision of Laurasia and Gondwana and formed a giant orogenic belt stretching from the
European Alps in the west to the Asian Himalayas in the east.

After comparing the geological and geophysical characteristics of the north and south
sides of the Bangong-Nujiang suture zone, Pan et al. [91] suggested that the Bangong-
Nujiang suture zone represented the northern boundary of the ancient continent of Gond-
wana. The Tengchong Block was located in the west of the Bangong—Nujiang suture zone
and was a microplate that separated from the margin of Gondwana. During the Early Juras-
sic, the Tengchong Block and Baoshan Block were separated by the branch trough of the
Bangong-Nujiang Ocean basin. The combination of ophiolite and volcanic arc magmatic
rocks is a typical sign of subduction [92-94]. The Bangong-Nujiang ophiolite belt and
the north Gangdisi ophiolite belt represent the same suture zone. The Bangong-Nujiang
Oceanic crust subducted southward, while the Nujiang Ocean subducted westwards under
the Tengchong Block in the Sanjiang area. Qiu et al. believed that the Bangong—Nujiang
Ocean began to subduct southward in the Middle Jurassic and closed in the Early Creta-
ceous [14]. Mo et al. believed that the opening time of the Neo-Tethys Ocean should be
the Late Triassic or earlier, and the subduction time started at about 170 Ma [3]. When Shi
et al. studied the Bangong Lake ophiolite, they found that the maximum age of gabbro was
177 Ma, suggesting that the subduction of the Bangong-Nujiang Ocean was at least earlier
than 177 Ma [15].

The Bangong-Nujiang Oceanic crust subducted beneath the Tengchong Block 190.5 Ma
in the early Middle Jurassic and formed the Santaishan continental margin arc. The S5Z-
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type calc-alkaline pyroxene peridotite was formed under the dual effects of heating by plate
compression and modified by the subduction fluid. With the continuous subduction of the
Bangong-Nujiang Ocean, the slab retreated and further induced convection of the mantle
and lithospheric extension. The crust in Yingjiang thinned, and the Yingjiang back-arc basin
formed 183.7 Ma due to lithospheric extension. In this extensional setting, MORB-type
tholeiitic dipyroxene was generated due to the decompression melting of the lithospheric
mantle (Figure 12).

Santaishan SSZ type

Volcanic arc
Yingjiang MORB type Accretionary wedge
Back-arc Basin

Tengchong Crust

Continental lithosphere

Uneven mantle

/ Uneven mantle

Figure 12. Tectonic setting model diagram of ultrabasic rock formation in Santaishan and Yingjiang.

6. Conclusions

Through a combination of geochronological, petrological and geochemical studies of
the ultramafic rocks in western Yunnan, the following conclusions can be drawn.

The zircon U-Pb results show that the SSPP formed 186.2-190.5 Ma, and the YHP
formed 182.0-183.7 Ma. Both correspond to the subduction of the Bangong-Nujiang
Ocean branch.

The SSPP and YHP have similar trace elements; are enriched in LILEs such as Rb, Ba
and Th; and are depleted in HFSEs such as Ti, P and Nb. The isotopic characteristics of
Sr-Nd and Lu-Hf indicated that the SSPP and the YHP originated from a depleted mantle.
The Tpyy age of SSPP indicated that the crustal material in the magma source may have
come from the Neoproterozoic Rodinia supercontinent.

The subduction of the Bangong-Nujiang Ocean started 190.5 Ma, and the Tengchong
Block was influenced by the subduction. The SSPP has SSZ-type characteristics, and the
YHP shows MORB-type characteristics. The Santaishan area was in a continental margin
arc environment, and the Yingjiang area was in an extensional setting where a back-arc
basin formed.
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compositions; Table S5: Santaishan ultramafic rock major element (%) and trace element (ppm);
Table S6: Santaishan ultramafic rock CIPW standard minerals (%); Table S7: Santaishan ultramafic
rock Zircon U-Pb contents; Table S8: Santaishan ultramafic rock Lu-Hf isotopic compositions;
Table S9: Santaishan ultramafic rock Sr-Nd isotopic compositions.
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