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Abstract: Our detailed geological, geochemical and geochronological investigations indicate the coexistence of late Paleozoic
(270-265 Ma) normal middle ocean ridge basalt (N-MORB)-type and suprasubduction-zone (SSZ)-type ophiolites in the Babu
area (SW China). Metaperidotite samples from the Babu ophiolites show high Os concentrations and low Re/Os, '870s/!880s
and '87Re/!80s ratios, and represent residual upper mantle. Metagabbro and metabasalt samples show light rare earth element
(LREE)-depleted REE patterns and N-MORB-like primitive mantle-normalized spider diagrams without Nb—Ta and Zr-Hf
anomalies, and depleted Sr—Nd isotopic compositions (enqg() =+6.9 —+8.3). These geochemical and Re—Os—Sr—Nd isotopic
data show that the Babu ophiolites are derived from a depleted mantle source and represent ancient N-MORB-like oceanic crust.
In addition, peridotites, basalts and boninites with SSZ signatures (e.g. Nb—Ta negative anomalies) were also reported in the
Babu ophiolites consistent with their generation in a forearc or arc setting. In combination with the arc-related high-Mg*
limburgite, basalt and andesite, these late Paleozoic ultramafic—mafic rocks are genetically related to Paleotethyan subduction,
rather than being Emeishan mantle plume related. The coexisting N-MORB- and SSZ-type ophiolites in the Babu area show
similar geochemical and geochronological characteristics to the Jinshajiang—Ailaoshan—Song Ma ophiolites.

Supplementary material: A description of the geology of the Babu ultramafic—mafic complex, sample descriptions, detailed
analytical methods and results, and a summary of previously published age data for late Paleozoic magmatic rocks along the

China—Vietnam border are available at https:/doi.org/10.6084/m9.figshare.c.4007569
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During the late Paleozoic to early Mesozoic, a significant
Paleotethyan ocean extended from the Alps through Afghanistan
and southwestern China to Peninsular Malaysia (Yin & Harrison
2000; Metcalfe 2011; Zi et al. 2012; Zaw et al. 2014; Zhang et al.
2016). In SE Asia, the Paleotethyan ocean and/or back-arc basins
developed along the Bentong—Raub—Chiang Mai—Changning—
Menglian suture and Jinshajiang—Ailaoshan—Song Ma suture,
which separate the Simao—Indochina block from the Sibumasu
block to the west and South China block to the east, respectively
(Fig. la; Wang et al. 2000a; Sone & Metcalfe 2008; Jian et al.
2009a,b; Fan et al. 2010; Metcalfe 2011; Hara et al. 2012; Lai et al.
2014a). However, the exact location of the southeastern extension
of the Jinshajiang—Ailaoshan—Song Ma suture (i.e. the boundary
between the Simao—Indochina and South China blocks) is still
highly disputed. Different locations, including the Song Ma belt
(Trung et al. 2006; Zhang et al. 2013b; Ngo et al. 2016), the Song
Da fault (Sengor & Hsu 1984), the Dien Bien fault (Roger et al.
2014), the Dian—Qiong belt (Cai & Zhang 2009) and the Truong
Son belt (Usuki ez al. 2013; Shi et al. 2015), have been reported in
the literature. Along the Jinshajiang—Ailaoshan—Song Ma suture,
previous work has been focused more commonly on the Jinshajiang
(Wang et al. 20005b; Jian et al. 2008; Zi et al. 2012), Ailaoshan
(Wang et al. 2000q; Jian et al. 2009b; Lai et al. 2014a,b) and Song

Ma igneous belts (Zhang et al. 20135, 2014; Ngo et al. 2016), but
much less attention has been paid to the late Paleozoic ultramafic—
mafic rocks in the adjacent area of SW China and NE Vietnam
(Fig. 1b). Different perspectives have been proposed for their
petrogenesis as (1) a part of the Emeishan large igneous province
(Hanski et al. 2010; Li et al. 2016), (2) an expression of the Song Da
rift (Polyakov et al. 1998; Balykin et al. 2010), (3) dismembered
ophiolites formed in an arc and/or back-arc oceanic basin (Thanh
et al. 2014), or (4) relics of the Paleotethyan oceanic crust and arc
magmatic rocks (Wu et al. 1999). This pending problem not only
hampers our understanding of the spatial and temporal distributions
of the Jinshajiang—Ailaoshan—Song Ma Paleotethyan branch ocean
and/or back-arc basin, but also results in controversy on its closure
processes (Lan et al. 2003; Lepvrier et al. 2004; Zi et al. 2012; Faure
et al. 2014; Liu et al. 2015).

The main reason for this controversy is the lack of systematical
geological studies on the late Paleozoic ultramafic—mafic rocks in
the adjacent area of China and Vietnam. We carried out field
investigations and new zircon U-Pb geochronological, whole-rock
elemental and Sr—Nd-Re—Os isotopic analyses on the metaper-
idotite, metagabbro and metabasalt from the Babu area (NE Yunnan
province, China; Fig. 2). Our observations show the coexistence
of Permian (265-270 Ma) normal middle ocean ridge basalt
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Fig. 1. (a) Tectonic outline of SE Asia (Wang er al. 2013) and (b) sketch structural map of the adjacent region between South China, Indochina, Simao and
Sibumasu, showing the main tectonic units and sutures (modified from Fan ez al. 2010). ASRR, Ailaoshan-Red River.

(N-MORB)-type and suprasubduction-zone (SSZ)-type ophiolites
in the Babu area. Ophiolites represent fragments of upper mantle
and oceanic crust, and play an important role in identifying the
suture zone and unveiling the evolutionary history of fossil ocean
and/or back-arc basins (Dilek ez al. 2008; Zhang et al. 2008; Dilek
& Furnes 2011). Thus, these data, together with neighbouring back-
arc or arc igneous rocks, allow us to investigate the spatial and
temporal distributions of the Jinshajiang—Ailaoshan—Song Ma suture.

Regional geological background

SE Asia is composed of four major tectonic blocks: West Burma,
Sibumasu, Indochina and South China (Fig. 1a). West Burma is
separated from Sibumasu by a Meso-Tethys suture stretching along
the Shan Boundary Fault (Deng ef al. 2014a). The Changning—
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Menglian—Inthanon suture lies between the Sibumasu and West
Simao—Indochina blocks (Metcalfe 2002, 2011). East of the
Changning—Menglian—Inthanon suture are the Simao-Indochina
and South China blocks, which are separated by the Jinshajiang—
Ailaoshan—Song Ma suture (Faure et al. 2014; Xia et al. 2016). The
oldest rocks of the Simao—Indochina block are represented by the c.
2.9 Ga (zircon U-Pb age) protolith of the orthogneiss complex in
northern Vietnam (Nam ez al. 2003). Lower Paleozoic sequences of
the Simao—Indochina block are unconformably overlain by Middle
Devonian basal conglomerates and shallow-marine sedimentary
rocks and/or Carboniferous to Permian shallow-marine, paralic and
continental successions (Metcalfe 2006). The upper Paleozoic
sequence is unconformably overlain by the upper Triassic
Gaoshanzhai and Waiguchun Formations (Yunnan BGMR 1990).
The western margin of the South China block consists of Archean to
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Fig. 2. (a) Geological map showing the stratigraphic and igneous components of the Babu area (modified from Xu ez al. 2008a). (b) Cross-section of the

Babu ophiolites (modified from Zhang et al. 2013a).

Paleoproterozoic crystalline basement and Neoproterozoic to lower
Paleozoic and upper Paleozoic marine assemblages (Cawood ef al.
2013; Wang et al. 2013). Approximately 260 Ma Emeishan
continental flood basalts, Triassic limestones and fine-grained
clastic rocks, and Late Mesozoic terrestrial red beds overlie the pre-
Triassic stratum (Zhang et al. 2006; Lepvrier et al. 2008; Deng et al.
2014b; Li et al. 2016).

Neoproterozoic volcanic arc rocks in the western margin of the
South China block indicate that the amalgamation of the South
China and Simao-Indochina blocks occurred in the Mid-
Neoproterozoic (860730 Ma; Cai er al. 2014, 2015; Qi et al.
2014; Wang et al. 2016). The Proterozoic metamorphic rocks, pre-
Early Devonian sedimentary cover and Middle Devonian conglom-
erate in the Simao—Indochina block lithologically resemble those of
the South China block and suggest a Cambrian—Silurian linkage
between the two blocks (Yunnan BGMR 1990; Zhong 1998; Faure
et al. 2014; Wang et al. 2014b; Xia et al. 2016). The existence of
Silurian rift-related amphibolite xenoliths (439—404 Ma) in the
Jinshajiang ophiolitic rocks indicates that the South China—
Indochina initial break-up may be traced to Early Silurian times
(Jian et al. 2009b). Then a branch ocean or back-arc basin along the
Jinshajiang—Ailaoshan—-Song Ma suture slowly spread and
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commenced its closure after reaching its maximum expansion
(Jian et al. 2009a,b; Fan et al. 2010; Zi et al. 2012; Liu et al. 2014,
2015, 2017a,b).

A description of the geology of the Babu ultramafic—mafic
complex and sample descriptions are given in the supplementary
material. In this study, we collected serpentinite, diabasic—gabbroic
amphibolite and greenschist samples from the Babu complex for in
situ U-Pb dating and geochemical analyses. Detailed analytical
methods and results are given in the supplementary material.

Analytical results
Geochronology

To determine the formation age of the Babu ophiolite, samples
10YN-01 (metabasalt) and 10YN-10 (metagabbro) were selected
for secondary ionization mass spectrometry (SIMS) zircon U-Pb
dating (Fig. 3). Cathodoluminescence (CL) imaging reveals that all
zircon grains from the gabbro and basalt samples are transparent or
translucent with a minority displaying a green tinge along grain
boundaries. They are typically subhedral and fragmentary (Fig. 3b
and d) and are very similar in terms of morphology and zonation to
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Fig. 3. SIMS zircon U-Pb concordia diagrams for the metabasalt (a; 10YN-01) and metagabbro (¢; 10YN-10). Cathodoluminescence (CL) images of
representative zircon grains (b, d). Red circles on CL images mark analytical site on each grain.

the zircons separated from a diabase sample of the Ailaoshan
ophiolite (Jian er al. 2009b). Most of the zircons contain well-
defined, broad sector zones, which become thinner from core to rim.
Cores are dark, indicating a high U concentration relative to rims,
which is verified by Figure 3 (Whattam et al. 2006). These
backscatter electron (BSE) and CL images show typical features of
igneous zircon (Hanchar & Watson 2003). Zircon U-Pb dating
results are presented on concordia plots in Figure 3.

Thirty analyses were performed on 30 zircons from sample
10YN-01. Twenty-one of them are inherited grains, with 2°°Pb/238U
apparent ages ranging from 505 to 2655 Ma. These crustally derived
zircons may have been introduced into the metabasalts after
obduction via microscopic melt networks, as happened in the
Tumut ophiolitic mélange of the Lachlan fold belt (southeastern
Australia; e.g. Belousova et al. 2015). The remaining nine spots
have Th/U ratios varying from 0.36 to 0.94, consistent with an
igneous origin (Wu & Zheng 2004), and yield a weighted mean
206pb/2381 age of 265+ 5 Ma (MSWD =2 4, Fig. 3a).

Sixteen analyses were performed on 16 zircon grains from sample
10YN-10. These analyses document Th/U ratios ranging from 0.18
to 2.40, consistent with an igneous origin (Wu & Zheng 2004).
Cores, rims, and high and low U concentration regions all yield the
same age within the uncertainties. They yield 2°°Pb/?*8U apparent
ages ranging from 258 to 279 Ma, with a weighted mean 2°°Pb/238U
age of 270+ 3 Ma (n=16, MSWD = 1.5, Fig. 3c).
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Geochemical characteristics

We carried out major and trace elemental, and Sr-Nd isotopic
analyses for the metabasalt, metagabbro and metaperidotite
samples, and Re—Os isotopic analyses for the metaperidotite
samples. The whole-rock major oxide data for the studied samples
are given in Figure 4, the Re—Os isotopic data in Figure 5, and the
whole-rock trace element data in Figure 6. The initial Sr—Nd
isotopic ratios were recalculated to their crystallization ages of 265—
270 Ma and the results are given in Figure 7.

Metaperidotite

The protolith of our metaperidotite samples is mainly harzburgite
and pyroxenite. They show low SiO, (38.7—40.1 wt%), TiO,
(c. 0.01 wt%), Al,O3 (0.89-1.34 wt%), CaO (0.05-1.39 wt%),
K,0 (0.01 wt%) and Na,O (<0.1 wt%) contents, and extremely
high MgO (37.6-38.5 wt%) content. The metaperidotites have
variable incompatible element contents, and exhibit U-type
chrondrite-normalized rare earth element (REE) patterns and
random primitive mantle-normalized spider diagrams (Fig. 6). In
studying formation of the ultramafic-mafic complex, one of our
concerns is how to distinguish the residual mantle rocks from partial
melts of primary mantle (Saal ef al. 2001; Gao et al. 2002; Shi et al.
2012b; Uysal et al. 2012). During melting processes of the upper
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mantle, in lithophile isotopic systems such as Rb—Sr, Sm—Nd and
U-Pb both elements are incompatible, and will not become
fractionated (Shi ef al. 2012b); thus they cannot be used to trace
the upper mantle melting processes. However, the Re—Os isotope
system is different. Os behaves as a highly compatible element
whereas the more incompatible Re is partitioned into the melt, and
Re and Os have both chalcophile and siderophile affinities (Shirey
& Walker 1998; Saal ef al. 2001; Shi ef al. 2012a). Consequently,
residual mantle rocks have higher Os concentrations and lower
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Re/Os, '870s/'880s and '3"Re/'®80s ratios than the melts (Fig. 5).
Also, the Re—Os isotope system is generally considered to be more
resistant to late metasomatic disturbances than the Rb—Sr, Sm—Nd
and U-PDb isotopic systems (Luck & Allegre 1991; Roy-Barman
et al. 1996; Burton et al. 1999). To investigate the residual mantle
rocks and partial melts of the Babu ultramafic—mafic complex, we
carried out Re—Os isotopic analyses for the metaperidotite samples.
Our samples show high Os concentrations and lower Re/Os,
18705/1880s and !'87Re/'®80s ratios, and represent residual upper
mantle (Fig. 5).

Metagabbro

The metagabbro samples show Al,O05 =12.50-16.24 wt%, CaO =
10.76-14.37 wt% and Na,0=2.11-3.28 wt%, and plot in the
gabbro field in the total alkalis v. silica (TAS) diagram with calc-
alkaline geochemical compositions (Fig. 4). They show LREE-
depleted REE patterns ((La/Sm)cn = 0.30-0.55, (La/Yb)cn = 0.29—
0.66), suggesting an N-MORB-type affinity. This is further
confirmed by the N-MORB-like primitive mantle-normalized
spider diagrams without negative Nb, Ta, Zr or Hf anomalies
(Fig. 6). These mafic rocks display Nb/La ratios of 0.17-0.34 (<1),
Hf/Ta ratios of 21.17-28.93 (>5), La/Ta ratios of 23.87-34.05
(>15), Ti/Y ratios of 177.66-291.38 (<350), Ti/V of 14.14-30.71
(<30), Ta contents of 0.03—0.08 ppm (<0.7 ppm) and Nb contents
0f'0.11-0.72 ppm (<12 ppm). Furthermore, they show depleted Sr—
Nd isotopic compositions, with (37Sr/36Sr); = 0.70346-0.70563 and
eng(?) =+6.9 —+8.3 (Fig. 7). These geochemical characters resem-
ble those of typical N-MORB (Sun & McDonough 1989; Dilek
et al. 2008).

Metabasalt

The metabasalt samples from the Babu ophiolite show Al,O3 =
2.36-13.31 wt%, CaO =9.40-11.26 wt%, Na,O =1.79-3.08 wt%
and Na,O/K,0 = 19.8-43.6, and plot in the basalt field in the TAS
diagram (Fig. 4). These samples define a typical tholeiite
compositional trend in SiO,~FeO/MgO diagrams. They are
depleted in highly incompatible elements and LREE, and show
left-leaning smooth primitive mantle-normalized spider and
chondrite-normalized REE diagrams ((La/Sm)cy=0.53-0.61,
(La/Yb)cn = 0.54-0.62; Fig. 6). These mafic rocks display Nb/La
ratios of 0.41-0.45 (<1), Hf/Ta ratios of 18.08-22.96 (>5), La/Ta
ratios of 22.91-27.54 (>15), Ti/Y ratios of 200.58-263.13 (<350),
Ti/V ratios of 21.40-24.40 (<30), Ta contents of 0.12-0.16 ppm
(<0.7 ppm) and Nb contents of 1.27-1.77 ppm (<12 ppm). The
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Fig. 5. Re—Os isotopic compositions of the metaperidotite from the Babu area. The data for the primary upper mantle (PUM) and the trend for the residue

and melt are from Shi et al. (2006).
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metabasalt samples have similar depleted Sr—Nd isotopic composi-
tions to the Babu gabbros, with (37Sr/%°Sr); = 0.70330-0.70494 and
ena(t)=+7.5—-+8.0 (Fig. 7). These geochemical characters also
resemble those of typical N-MORB (Sun & McDonough 1989;
Dilek et al. 2008).

Coexistent N-MORB- and SSZ-type ophiolites in the
Babu area

Faure et al. (2014) argued that the Babu ultramafic—mafic rocks are
not ophiolites, but intraplate basalts related to the Emeishan plume.
The voluminous Emeishan large igneous province activity in
southwestern China is generally considered to occur in a short
interval between 260 and 257 Ma (Xu et al. 2001, 2008h; Wang
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et al. 2012). However, Wu et al. (1999) reported a Sm—Nd
isochronal age of 328 + 9 Ma for the basalt of the Babu ultramafic—
mafic complex. Recently, Zhang et al. (2013a) proposed a zircon
U-Pb age of 272+8 Ma for the metagabbro from the Babu
complex. Du ef al. (2014) obtained a zircon U-Pb age of 359 +
6 Ma for the metabasalt. Our dating results (265-270 Ma) are
consistent with these zircon U-Pb ages, and more accurate. The
359-265 Ma age represents the formation age of the Babu
ultramafic—mafic complex. Thus, the Babu ultramafic—mafic
complex is significantly older than the Emeishan large igneous
province activity, and cannot be related to the Emeishan plume. In
the Penrose definition (e.g. Dilek & Furnes 2014, and references
therein), ophiolite is described as a “distinctive assemblage of mafic
to ultramafic rocks’ that includes, from bottom to top, tectonized
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peridotites, cumulate peridotites, and pyroxenites overlain by
layered gabbros, sheeted basaltic dykes, a volcanic sequence and
a sedimentary cover (e.g. Dilek et al. 2008; Dilek & Furnes 2011,
2014; Furnes et al. 2014, 2015; Pearce 2014; Furnes & Dilek 2017).
As shown in Figure 2, the Babu ultramafic-mafic complex is
composed of meta-peridotite, diabases—gabbros and mafic lavas.
Also, Feng & Liu (2002) reported overlying siliceous rocks with
Permian radiolarians. Thus, an alternative plausible scenario based
on the geochronology and similar rock associations is that the Babu
ultramafic—mafic rocks are ophiolites and represent relics of the late
Paleozoic (359-265 Ma) oceanic crust, as proposed by Zhong
(1998).

Dilek et al. (2008) classified the ophiolites into MORB and SSZ
types according to their geochemical affinities to MORB and SSZ
basalt, respectively. Thorium (Th) is a key element in distinguishing
these two types of ophiolites, because Th is enriched in arc-related
lavas and depleted in mid-ocean ridge lavas, and it is immobile
during seawater alteration and metamorphism up to the melting
temperature (Pearce 2003), in contrast to U, which is mobile in
fluids (Hawkesworth et al. 1997). Enrichment in Th relative to Nb
and Ta is indicative of a suprasubduction-zone setting (e.g. Dilek &
Furnes 2014; Pearce 2014; Saccani 2015). Titanium (Ti) is also a
key parameter for investigating subduction-influenced ridges (e.g.
Pearce 2014).

Our metagabbro samples with no cumulate textures are
characterized by relatively high MgO (Mg”=64.5-74.3), Cr
(228-965 ppm) and Ni (74—124 ppm) contents, and could approach
frozen liquids of primary magma (Litvak & Poma 2010). They show
smooth N-MORB-type primitive mantle-normalized spider dia-
grams and chondrite-normalized REE patterns (Fig. 6¢ and d),
without Th enrichment. Our metabasalt samples also show typical
N-MORB-type trace element compositions. In Figure 8, both the
metabasalts and metagabbros plot within the MORB—OIB (ocean
island basalt) array (Fig. 8a) and in the field of N-MORB
(Fig. 8b and c). Their depleted Sr—Nd isotopic compositions with
eng(?) of +7.5—+8.0 and +7.9 — +8.3, respectively, also mimic the
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from Zhu et al. (2011). Symbols for the
Jinshajiang ophiolite, Ailaoshan ophiolite,
Eimeishan high-Ti and low-Ti lavas are
shown in the figure; other symbols are the
same as in Figure 4.

typical N-MORB (Shinjo ef al. 2015). These characteristics suggest
that our Babu samples have N-MORB features and were mainly
derived from an N-MORB-like depleted mantle source.

In the Babu area, Xu et al. (2008a) reported another type of
ultramafic—mafic—intermediate rock association with significant Th
enrichment, which possibly represents the SSZ-type ophiolite.
Major-element chemistry of the samples allowed us to classify them
into peridotite, tholeiite and boninite (Xu er al. 2008a). The
metaperidotites show low and variable incompatible element
contents. Unlike our harzburgite and pyroxenite samples, they
have high CaO (0.11-1.55 wt%) and Na,O (0.04-0.12 wt%)
contents, and significant large ion lithophile element (LILE)
enrichment and Nb-Ta negative anomalies (Nb*=0.17-0.79) on
primitive mantle-normalized spider diagrams. The tholeiites have
high FeO1/MgO ratios and plot in the tholeiite field (Fig. 4b). They
show significant LILE enrichment, high field strength element
(HFSE) depletion (Nb* =0.19-0.96) and flat chondrite-normalized
REE patterns ((La/YDb), =0.63—1.75). The boninites are character-
ized by high MgO (25.5-28.1 wt%), SiO, (52.3-53.1 wt%), Cr
(20362015 ppm) and Ni (1066-1244 ppm) contents, and low
TiO, (0.03—0.07 wt%) contents and Zr/Y ratios (0.09—0.39), similar
to boninite in modern forearc basins (Macpherson & Hall 2001).
The Babu boninites also show low incompatible element contents
((total REE),, =16.5-92.2), significant LILE enrichment and HFSE
depletion (Nb* =0.08-0.09). In Figure 8, they are displaced from
the MORB-OIB array to higher Th/Yb values (Fig. 8a) and plot in
the field of island arc tholeiite (IAT; Fig. 8c). These arc-like
geochemical features suggest an enriched mantle source and slab
subduction-related tectonic setting.

In summary, the N-MORB-type and SSZ-type ophiolites coexist
in the Babu area.

Tectonic affinities

A summary of previously published age data for late Paleozoic
magmatic rocks along the China—Vietnam border is given in the
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supplementary material. For the petrogenesis of the late Paleozoic
ultramafic—mafic rocks in the Babu area, different perspectives have
been proposed; they have been considered to be (1) a part of the
Emeishan large igneous province (Hanski er al. 2010; Li et al.
2016), (2) an expression of the Song Da rift (Polyakov et al. 1998;
Balykin et al. 2010), (3) dismembered ophiolites formed in a back-
arc oceanic and/or intra-continental basin (Thanh ez al. 2014), or (4)
relics of the Paleotethyan oceanic crust and arc magmatic rocks (Wu
et al. 1999).

Emeishan large igneous province related rocks were previously
reported in four areas: (1) the Song Da zone (including the Tule
basin and Phan Si Pan Complex in NE Vietnam and the Jinping area
of China; Wang et al. 2007; Balykin et al. 2010); (2) the Dulong—
Song Chay dome (Hoa et al. 2008a,b); (3) the Song Hien domain in
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NE Vietnam (Hoa et al. 2008a,b); (4) the SW margin of the
Youjiang basin (Zhou et al. 2006; Fan et al. 2008; Huang et al.
2014). Areas (2) and (3) (i.e. the Dulong—Song Chay dome and the
Song Hien domain) were proposed by Hoa et al. (2008a,b) based on
zircon U-Pb ages; no geochemical data have been reported.
However, Hanski ef al. (2010) and Li ef al. (2016) considered that in
northern Vietnam the Emeishan large igneous province related
rocks cropped out only in the Song Da area and late Paleozoic
magmas in the Dulong—Song Chay dome and the Song Hien
domain are not associated with the Emeishan mantle plume. Thanh
et al. (2014) systematically carried out geochemical studies on the
Cao Bang mafic—ultramafic magmas in the Song Hien domain and
suggested a back-arc environment for their petrogenesis. Halpin
et al. (2016) also proposed that the late Paleozoic ultramafic—mafic
rocks are not genetically linked to the Emeishan large igneous
province, and may correlate with the Jinshajiang—Ailaoshan—Song
Ma Paleotethyan branch ocean or back-arc basin. Also, Polyakov
et al. (1998) and Glotov et al. (2001) argued for the development of
a late Paleozoic continental rift in the light of the OIB-like
komatiite—basalt complex in the Jinping—Song Da area. A recent
geochemical study by Tran ef al. (2015) suggested that these OIB-
like komatiite—basalt complexes in the Song Da zone are parts of the
Emeishan large igneous province, and that the Song Da rift did not
exist.

In addition to the Emeishan large igneous province related rocks,
our studies identified coexistent N-MORB- and SSZ-type ophiolites
along the China—Vietnam border. The N-MORB ophiolites are
relics of oceanic crust and the SSZ-type ophiolites represent arc
magmatic rocks. In the nearby Jianshui area, Dong & Zhu (1999)
and Xie (2002) reported another Permian mafic—intermediate rock
association, which mainly includes subalkaline limburgite, basalt
and andesite. The limburgite shows high MgO (21.1-24.2 wt%), Cr
(21452454 ppm) and Ni (827-1123 ppm) contents, and enrich-
ment of LILE and Th over HFSE and LREE (Nb* =0.27-0.39). The
basalts have SiO, =47.5-50.4 wt%, MgO = 6.7-9.3 wt%, TiO, =
0.7-1.1 wt% and CaO =12.1-13.2 wt%. They show depletion of
HFSE over LILE and flat chondrite-normalized REE patterns, with
Nb*=0.35-0.41, Eu*=0.92-0.96 and (La/Yb),=1.23-1.41. The
andesites have SiO, =51.6-55.5 wt%, MgO=7.7-9.2 wt% (Mg"
=65-68), Cr=365-460ppm and Ni=46-57 ppm. These
characteristics are identical to those of the high-Mg” andesite, but
distinctive from the boninite because of its high TiO, contents
(0.66-0.76 wt%). The high-Mg" andesites are characterized by
highly enriched LILE, depleted HFSE (Nb*=0.31-0.33) and
relatively fractionated chondrite-normalized REE patterns ((La/
Yb)e, =2.49-2.71). The volcanic rocks have enriched Sr-Nd
isotopic compositions, with (¥7Sr/%°Sr);=0.70568-0.71147 and
eng(t)=—1.2—+42.0 (Fig. 7). These observations indicate that the
Jianshui mafic—intermediate rocks were generated in an arc or back-
arc setting (Dong & Zhu 1999).

In combination with the coexistence of the N-MORB- and SSZ-
type ophiolites, late Paleozoic ultramafic—mafic rocks in the Babu
area are genetically related to the Paleotethyan subduction, rather
than the Emeishan large igneous province or the Song Da rift.

Comparison with the Jinshajiang—Ailaoshan—Song Ma
ophiolites

In addition to the Babu ophiolites, there are the Jinshajiang,
Ailaoshan and Song Ma ophiolites between the South China and
Indochina blocks (Fig. 1b). The relationship of the Babu ophiolites
to these ophiolites is still a pending problem. Interrogations of
whole-rock geochemistry, geochronology and lithology allow us to
make some petrogenetic comparisons of these ophiolites.

The Jinshajiang—Ailaoshan—-Song Ma ophiolites occur as
tectonic mélanges composed largely of blocks and lenses of
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(often intensely deformed) serpentinized peridotite, gabbros and
dolerites, plagiogranite, (rare) basalt, chert and limestone in a
muddy matrix (Wang et al. 2000a; Yumul et al. 2008; Jian et al.
2009a,b; Lai et al. 2014a), which lack the Penrose-type layered-
cake pseudostratigraphy but are similar to many continental margin-
type Alpine Tethyan ophiolites (e.g. Montanini ez al. 2008). These
ophiolites share the same rock units with Babu ophiolites. Many
previous geochronological studies have been carried out on the
gabbro, basalt and plagiogranite from these ophiolites. For example,
Jian et al. (2009b) reported 439 +4, 404+ 3 and 344 +3 Ma for
amphibolite xenoliths and a cumulate gabbro of the Jinshajiang
ophiolites, and 383+4 and 376+4 Ma for the diabase and
plagiogranite from the Ailaoshan ophiolites. Jian er al. (2008)
reported 338 +6, 329+ 7, 320+ 10 and 285 + 6 Ma for a cumulate
gabbro—anorthosite association, an amphibole gabbro and a
trondhjemite vein from the Jinshajiang ophiolites. Zi e al. (2012)
reported 347 +7 and 283 + 3 Ma for the trondhjemite and tonalite
from the Jinshajiang ophiolites. Wang et al. (2000a) reported 340 +
3 and 294+3 Ma for the plagiogranites from the Jinshajiang
ophiolites, and 362+41 Ma for the plagiogranite from the
Ailaoshan ophiolites. Lai et al. (2014a) reported 365+ 7, 335+ 6
and 351+ 11 Ma for the dolerites from the Ailaoshan ophiolites.
Zhang et al. (2014) reported 340 + 29, 280+ 2 and 315 +4 Ma for
the pyroxenites and plagioclase—amphibole schists from the Song
Ma ophiolites. Vuong ez al. (2013) reported 387 + 6, 313 £32 and
338 +24 Ma for the metagabbros from the Song Ma ophiolites. In
summary, the ages of these ophiolites show a wide range from 439
to 280 Ma, which is broadly synchronous with the Babu ophiolites
(359-265 Ma).

Geochemically, previous studies subdivided the mafic rocks of
the Jinshajiang—Ailaoshan—Song Ma ophiolites into two suites. For
example, Xu & Castillo (2004) proposed that the basalts from the
Jinshajiang ophiolites show enriched (E)-MORB-type geochemical
compositions and the gabbros from the Ailaoshan ophiolites show
N-MORB-type. Lai et al. (2014a) divided the mafic rocks from the
Ailaoshan ophiolite into two groups based on fractionation invariant
Zr/ND ratios; namely, suites DC1 and DC2. The oldest age of DC2
tholeiitic basalts may extend into the Devonian and they were likely
to have formed early in the development of a volcanic passive
margin, and the increased crustal extension led to N-MORB-type
DC1 magmas, which may have occurred throughout the Late
Devonian to Early Carboniferous. Some serpentinite samples of the
Song Ma ophiolites (414 Ma) are highly LREE-enriched (chon-
drite-normalized) approaching continental rift (broadly OIB) basalt
compositions (Trung et al. 2006) and the others are geochemically
similar to Suite DC2 of the Ailaoshan ophiolite defined by Lai ez al.
(2014a). These proposals were redefined by Halpin et al. (2016),
who classified mafic—ultramafic rocks of the Song Ma ophiolites
into the Suites SH-1 (N-MORB-like) and SH-2 (E-MORB-like).
These geochemical characteristics resemble the coexistent
N-MORB- and SSZ-type Babu ophiolites along the China—
Vietnam border. Thus, considering the coincident rock units,
geochemical compositions and synchronous ages, the Babu ophio-
lites may be a part of the Jinshajiang—Ailaoshan—Song Ma ophiolites.

Mid-Neoproterozoic arc magmatism and high-pressure meta-
morphic rocks in the Shigu, Diancangshan and Ailaoshan
complexes indicate that the South China and the Simao—
Indochina blocks amalgamated in the Mid-Neoproterozoic follow-
ing the assemblage of the Rodinia supercontinent (860—-730 Ma; Qi
et al. 2014; Cai et al. 2015; Wang et al. 2016). After that, the
Jinshajiang—Ailaoshan—Song Ma suture zone showed a long period
of quiescence. The Panjiazhai OIB-like basalts (Cheng & Shen
1997), Jinshajiang low-Ti continental flood basalt (443—401 Ma;
Jian et al. 2009a) and the changes in sedimentary facies from
Silurian—Early Devonian siliciclastic rocks to Late Devonian—
Carboniferous pelagic shale-limestone—chert in the Ailaoshan area
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(Xia et al. 2016) suggest that the continental rifting of the Simao—
Indochina block from the South China block may have initiated
from the Silurian. Recent new zircon U-Pb dating results from the
ophiolites along the Jinshajiang—Ailaoshan—Song Ma suture have
revealed a multi-stage history of the ocean or back-arc basin
opening: nonvolcanic rifting (c. 443—401 Ma), resultant sea-floor
spreading (c. 387-377 Ma), volcanic rifting above an upwelling
asthenosphere (c¢. 359-345 Ma), and a late phase of sea-floor
spreading (c. 346265 Ma; Jian et al. 2009a,b; Zi et al. 2012; Lai
et al. 2014a,b; Zhang et al. 2014). After reaching its maximum
expansion during the Late Carboniferous, the Jinshajiang—
Ailaoshan—Song Ma ocean or back-arc basin may have commenced
its closure by westward subduction beneath the Simao—Indochina
block, and generated the Late Carboniferous—Permian Jomda—
Weixi (Yang et al. 2014), Wusu—Yaxuangiao (Fan ef al. 2010),
Truong Son (Liu ez al. 2012; Kamvong et al. 2014; Shi et al. 2015),
Jianshui (Dong & Zhu 1999) and Cao Bang (Thanh et al. 2014;
Halpin et al. 2016) arc or back-arc basin magmatism in the
Jinshajiang, Ailaoshan and Song Ma suture zones.

Conclusions

(1) Detailed geological, geochemical and geochronological
investigations suggest the coexistence of N-MORB- and
SSZ-type ophiolites (270-265 Ma) in the Babu area (SW
China).

(2) The N-MORB-type ophiolites were derived from a
depleted mantle source and the SSZ-type ophiolites were
derived from an enriched mantle source metasomatized by
subducted oceanic sediment- or slab-derived melt or fluid.

(3) The coexistent N-MORB- and SSZ-type ophiolites and
other reported late Paleozoic ultramafic—mafic rocks in the
Babu area are genetically related to the Paleotethyan
subduction, rather than the Emeishan mantle plume.

(4) Babu ophiolites show similar geochemical and
geochronological characteristics to the Jinshajiang—
Ailaoshan—-Song Ma ophiolites and were parts of those
ophiolites.
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