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The formation of the Shiquanhe-Yunzhug-Namu Tso ophiolite mélange zone (SNMZ) within the Lhasa Terrane,
Tibetan Plateau, is key to understanding the Mesozoic tectonic evolution of this terrane, which remains contro-
versial. We show that the Yunzhug ophiolite in the central segment of the SNMZ formed at ~150 Ma, based on
U-Pb dating of zircons from a gabbroic sample in a well-developed sheeted dike complex. Geochemically,
these mafic rocks are dominated by E-MORB-type compositions, along with minor amounts of rocks with
P-MORB-type compositions. The samples also exhibit high eng(t) values and lack negative Nb and Ta anomalies.
Data for all the samples plot within the MORB array on a Th/Yb-Nb/Yb diagram. Therefore, these mafic rocks
most likely formed in either a slow spreading oceanic setting or an embryonic ocean, and not in a back-arc
basin as has been previously assumed. Taking into account the regional geology, we propose that the Yunzhug
ophiolite is part of a distinct ophiolitic belt and represents material formed in an embryonic ocean within the

Lhasa Terrane, which provides new insights into the Jurassic tectonic evolution of the Lhasa Terrane.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The Himalayan-Tibetan Plateau was created by the collision of the
Indian and Eurasian plates, and has been the subject of many studies
of collisional processes (Fig. 1a) (Chung et al., 2005; Ji et al., 2016;
Yin and Harrison, 2000). However, to better understand its collisional
history, it is necessary to reconstruct the pre-collisional geological evo-
lution of the Tibetan Plateau, especially the Mesozoic evolution of the
Lhasa Terrane, which remains debated (e.g., Coulon et al., 1986; Yin
and Harrison, 2000; Kapp et al., 2003, 2007; Zhu et al., 2011; Zhang
et al.,, 2011, 2012; K. J. Zhang et al., 2014; Z. M. Zhang et al., 2014;
Zeng et al., 2016, 2017; Li et al.,, 2017). One point of debate is how an
ophiolitic belt such as the Shiquanhe-Yunzhug-Namu Tso ophiolite
mélange zone (SNMZ) could form within the Lhasa Terrane (Fig. 1b).
As such, any valid model for the Mesozoic tectonic evolution of the ter-
rane needs to explain this ophiolite occurrence. It remains unclear
whether the SNMZ represents: (a) a discrete remnant of an indepen-
dent ophiolitic belt (e.g., Pan et al., 2012; Xu et al., 2014a; Zhu et al.,
2013); (b) a southward-directed nappe of the Bangong-Nujiang
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ophiolites (e.g., Baxter et al., 2009; Girardeau et al., 1985; Kapp et al.,
2003; Y. X. Zhang et al., 2007); or (c¢) an intra-oceanic system within
the Bangong-Nujiang Ocean (e.g., Matte et al., 1996; K. J. Zhang et al.,
2014). However, given the currently limited geochronological and geo-
chemical evidence available, the tectonic setting for the formation of
the SNMZ remains uncertain (Xu et al., 2014a; Zhu et al., 2013). The
Yunzhug ophiolite is found in the central segment of the SNMZ
(Fig. 1b), and preserves a nearly complete ophiolite sequence (Fig. 2).
Therefore, it provides an ideal opportunity to clarify the tectonic environ-
ment of its formation and the origin of the SNMZ. However, previous
studies of this ophiolite have provided either discordant zircon U-Pb
ages for the sheeted dikes or K-Ar ages for the pillow basalts (Wang
et al,, 2005; Zhu, 2004), and none of these ages are reliable due to either
Pb loss or alteration. Our new zircon U-Pb ages for the sheeted dike com-
plex presented herein reveal a Late Jurassic age (ca. 150 Ma) for these
rocks. Moreover, these mafic rocks exhibit typical mid-ocean ridge basalt
(MORB)-like geochemical characteristics without subduction signatures,
which are inconsistent with the conventionally accepted back-arc basin
model for the formation of this ophiolitic belt (e.g., Xu et al., 2014a; Zhu
et al., 2011, 2013). Therefore, the Yunzhug ophiolite has the potential to
provide new insights into the Jurassic tectonic evolution of the Lhasa
Terrane.
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Fig. 1. (a) Simplified geological map of the Tibetan Plateau and (b) general outline of the three ophiolitic belts on the margins and in the interior of the Lhasa Terrane (modified from Xu
etal., 2014a; Yin and Harrison, 2000; Zhu et al., 2011). Abbreviations: IYZSZ = Indus-Yarlung Zangbo Suture Zone; BNSZ = Bangong-Nujiang Suture Zone; JSSZ = Jinsha Suture Zone;
SNMZ = Shiquanhe-Yunzhug-Namu Tso ophiolite mélange zone; LMF = Luobadui-Milashan Fault; SL = southern Lhasa subterrane; CL = central Lhasa subterrane; NL = northern Lhasa
subterrane. The age of the Dongqiao Ophiolite in the BNSZ is from Liu et al. (2016), and those for the ophiolites of the SNMZ are from Zhu (2004), Y. X. Zhang et al. (2007), Zheng et al.

(2006), Wang et al. (2008), Zhong et al. (2015), and He et al. (2006).

2. Geological setting and field occurrence
2.1. Regional geology

The Himalayan-Tibetan Plateau comprises four parts, which from
north to south are the Songpan-Ganzi, Qiangtang, Lhasa, and Himalaya
terranes, separated by three suture zones (Fig. 1a). The Lhasa Terrane is
adjacent to the Qiangtang and Himalayan terranes, and is bounded by
the Bangong-Nujiang Suture Zone (BNSZ) to the north and the Indus-
Yarlung-Zangbo Suture Zone (IYZSZ) to the south (Yin and Harrison,
2000; Zhu et al., 2013; Wu et al.,, 2017) (Fig. 1a). Zircon U-Pb dating of
mafic rocks has revealed that the ophiolites from these two suture
zones mainly formed during Early-Middle Jurassic and Early Cretaceous,
respectively (Liu et al., 2016; Wang et al,, 2016; Xu et al., 2014a). Based
on the zircon Hf isotopic compositions of late Mesozoic to early Tertiary
igneous rocks, the terrane can be further subdivided into the southern,
central, and northern subterranes (Fig. 1b) (Zhu et al., 2011). The main
units exposed in the northern Lhasa subterrane are Middle Triassic to
Cretaceous sedimentary rocks and Early Cretaceous igneous rocks. The
southern Lhasa subterrane is dominated by a Cretaceous-Tertiary batho-
lith and the Paleogene Linzizong volcanic rocks (Ji et al., 2009; Zhu et al.,
2013), along with minor Early Jurassic-Cretaceous volcanic-sedimentary
rocks (e.g., Kang et al., 2014; Zhu et al.,, 2013). The igneous rocks from
these two subterranes provide evidence for the existence of juvenile
continental crust (Ji et al., 2009; Zhu et al,, 2011). In contrast, the central
Lhasa subterrane comprises Proterozoic-Archean basement that is
mainly covered by Paleozoic and Upper Jurassic-Lower Cretaceous sedi-
mentary units that contain abundant volcanic rocks.

The SNMZ is an ophiolitic belt that extends intermittently for
>2000 km, from Shiquanhe in the west to Bomi in the east (Fig. 1b).
In general, the ophiolite sequences in this belt are strongly dismem-
bered, but assemblages of peridotite, gabbro, diabase, and pillow basalt
interbedded with radiolarite-bearing siliceous rocks crop out in close
proximity in each ophiolite segment (Baxter et al., 2009; Kapp et al.,
2003; Wang et al., 2008; Xu et al., 2014a), thus meeting the criteria for
a dismembered ophiolite (Robertson, 2002). The ophiolite subunits in
each segment are all in fault contact with Paleozoic to Early Cretaceous
sedimentary rocks, and share consistent radiolarite ages ranging from

Middle Jurassic to Early Cretaceous. A relatively complete ophiolite
sequence is preserved in the Yunzhug (Fig. 2) and Lakor Tso areas
(Yuan et al., 2015).

The sedimentary strata in the Yunzhug area include the
Neoproterozoic Niangingtanggula Formation, Paleozoic continental
shelf strata, the Upper Jurassic-Lower Cretaceous Rila Formation, and
Lower Cretaceous volcanic-sedimentary rocks (Fig. 2) (Volkmer
et al., 2014; Xu et al.,, 2014a; Zhang et al., 2011). The Yunzhug
ophiolite preserves a nearly complete ophiolite sequence of perido-
tites, cumulates, a sheeted dike complex, pillow basalts, and siliceous
rocks (Fig. 2). In general, the dismembered ophiolite subunits are in
faulted contact with Paleozoic sedimentary rocks (Figs. 2a and 3a),
apart from the peridotite, which is overlain by the Rila Formation
across a nonconformity (Fig. 3b) (Qu et al., 2003). These structural
relationships may be related to ophiolite emplacement. Fracture
zones and/or mylonites are observed in the contact zone between
the ophiolite subunits and Paleozoic sedimentary rocks. Peridotites
and cumulate rocks are mainly found on the southwestern bank of
Guomang Tso. The peridotites are dominantly harzburgite, along
with minor dunite and lherzolite with enclosed podiform chromite,
which are all mostly serpentinized (Fig. 3a-c). The cumulate rocks
include gabbros and leucogabbros that are in tectonic contact with the
mantle peridotites. The gabbros exhibit typical cumulate layering struc-
tures (Fig. 3d). The leucogabbros occur as dikes within the layered
gabbros and lack any obvious signs of chilled margins (Fig. 3c), which
implies multi-phase crystal fractionation and accumulation. To the
east of the cumulate rocks, peridotites are again found, but not as abun-
dantly as to the west. These peridotites are in tectonic contact with a
well-developed sheeted dike complex on the southeastern bank of
Guomang Tso. The sheeted dike complex consists of sub-parallel diaba-
sic and gabbroic dikes (Fig. 3e-f). Individual dike widths vary from 8 to
150 cm, and each may exhibit one or two (the majority) chilled mar-
gins. Farther east, the sheeted dike complex shows a gradual transition
into (or locally intrudes) a series of basalts (Fig. 3e), which include
pillow (mostly) and brecciated basalts. The pillow basalts are intercalat-
ed with layers of red siliceous rocks (10-50 cm thick) (Fig. 3d). The
radiolarites in the siliceous rocks contain a Middle Jurassic to Early
Cretaceous assemblage (Wang et al., 2005).
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Fig. 2. Geological map of the Yunzhug area.
(From Wang et al., 2005).

2.2. Sample descriptions

The mafic dikes and pillow basalts in the study area have undergone
low-grade metamorphism. The basalts are porphyritic, containing 10%-
15% phenocrysts that are mainly altered plagioclase, clinopyroxene, and
minor olivine (Fig. 4a). The matrix includes plagioclase, clinopyroxene,
spinel, and interstitial Fe-Ti oxides. Chloritization and epidotization are
widely developed in the gabbroic dikes, which are medium- to coarse-
grained and consist of euhedral plagioclase, anhedral clinopyroxene
(partly replaced by actinolite), and accessory minerals such as magne-
tite and zircon (Fig. 4b-c). In the diabasic dikes, anhedral clinopyroxene
crystals enclose euhedral plagioclase crystals, representing a typical
ophitic texture (Fig. 4d). Accessory minerals include magnetite, zircon,
and apatite. Secondary chlorite and epidote converted from clinopyroxene
and plagioclase during rodingitization, are present in minor but variable
amounts.

3. Analytical methods and results

Details of our analytical methods, including zircon U-Pb dating,
whole-rock major and trace element analyses, and whole-rock Sr-Nd
isotopic analyses, are given in Supplementary Text S1.

3.1. Zircon U-Pb geochronology

One gabbroic sample from the sheeted dike complex was used
for zircon U-Pb geochronology. Ten spots on zircons from sample
13MB-01 yielded concordant 2°°Ph/?*8U ages of 143.5 + 6.1 to 160.8 +
5.5 Ma, with a weighted mean age of 150.5 + 3.6 Ma (Table S1)
(Fig. 5a). All the analyzed zircons are either long, euhedral, and prismatic
crystals, or broken prisms, with lengths of ~45 to 150 um. Internally,
the zircon crystals are quite homogeneous with weak, broad zoning with-
out complex internal structures in cathodoluminescence (CL) images
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Fig. 3. Field photographs of the ophiolitic members in the Yunzhug area: (a) peridotite and cumulates on the west bank of Guomang Tso; (b) peridotite; (c) layered gabbros and
leucogabbros; (d) sheeted dike complex; (e) sheeted dike complex and pillow basalt; and (f) pillow basalt with layered siliceous rocks.

(Fig. 5b), which is typical of zircons formed in gabbroic magmas (Corfu
et al., 2003). In addition, no overgrowths, mineral or fluid inclusions,
or metamictization was observed in the analyzed zircons, which sug-
gest that the zircons were not affected by post-magmatic processes
(Fig. 5b). The high Th/U ratios (20.5) (Table S2), strongly depleted
light rare earth element (LREE) patterns, and negative Eu anomalies
(Fig. 5¢) in the zircons further demonstrate their magmatic origin
(Corfu et al., 2003; Hoskin and Black, 2000). Moreover, the zircon Y, U,
and Yb contents are comparable with those of zircons from oceanic
crust (Fig. 5d). In summary, our new age data indicate formation of
the dikes at ca. 150 Ma.

3.2. Whole-rock major and trace element data

The mafic rocks (sheeted dikes and pillow basalts) have undergone
low-degree of alteration, as reflected by their LOI values (Table S3)
and petrography (Fig. 4). As such, the major element data for the
Yunzhug mafic rocks have been recalculated on an anhydrous basis.

On a Zr/TiO, vs. Nb/Y diagram (Fig. 6a), data for all the Yunzhug mafic
rocks plot in the basalt field, and on a Ti/1000 vs. V diagram (Fig. 6b)
they plot within the MORB field. Based on their geochemistry, the
Yunzhug mafic rocks can be further divided into two groups: E-
MORB-type (enriched MORB) and P-MORB-type (plume-type MORB)
(Saccani et al.,, 2013). The E-MORB-type rocks are subalkaline and
have flat or slightly LREE-enriched chondrite-normalized REE patterns
(Fig. 7a), and moderate (La/Sm)y (N = normalized to primitive mantle
values of Sun and McDonough, 1989) and Zr/Nb ratios (Table S3).
Data for these rocks consistently plot in the E-MORB compositional
field (Fig. 8), and their Th/Yb and Nb/Yb ratios are similar to typical
E-MORB values (Fig. 9). The P-MORB-type rocks are alkaline pillow ba-
salts (Fig. 6a) that have higher Nb and Ta contents, and higher (La/Sm)y
but lower Zr/Nb ratios than the E-MORB-type rocks (Table S3). In
addition, data for the P-MORB-type rocks plot in the within-plate
basalt (WPB) field and in the transitional area between the P-MORB
and alkaline basalt fields (Fig. 8). The P-MORB-type rocks have higher
Th/Yb and Nb/Yb ratios than the E-MORB-type rocks (Fig. 9).
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Fig. 4. Microphotograph for the Yunzhug ophiolite subunits: (a) pillow basalts; (b-c)
plagioclase; Ol = olivine.

3.3. Sr-Nd isotopes

The E-MORB-type rocks have (87Sr/25Sr); values of 0.703586 to
0.705206 and ('**Nd/***Nd); values of 0.512787 to 0.512891 (eng(t) =
+6.72 to +8.74) (Table S4). The P-MORB-type rocks have (87Sr/25Sr);
values of 0.704496 to 0.705527 and ('**Nd/'**Nd); values of 0.512756
t0 0.512786 (eng(t) = +6.09 to +6.68). The high (87Sr/%5Sr); values of
both groups of rock are due to alteration, as also indicated by a positive
correlation between (87Sr/%5Sr); and LOI values (not shown).

4. Ages of the ophiolites in the SNMZ

The formation age of the SNMZ remains controversial, and the de-
bate focuses on whether the SNMZ formed in the late Early Cretaceous
or earlier (i.e., Late Triassic or Middle-Late Jurassic) (Pan et al., 2012;
Xu et al., 2014a; Yuan et al,, 2015; Y. X. Zhang et al., 2007; Zhong
et al,, 2015; Zhu et al., 2013) (Fig. 1b). Notably, the previously obtained
Early Cretaceous ages were derived from whole-rock K-Ar dating or dis-
cordant zircon U-Pb results (Fig. 1b). The whole-rock K-Ar ages are un-
reliable because the crustal rocks in the ophiolites have generally
undergone severe alteration and metamorphism, and the discordant
zircon U-Pb ages are also unreliable due to Pb loss during metamor-
phism (Yuan et al., 2004, 2008). Although the available concordant zir-
con U-Pb ages range from Late Triassic to Middle-Late Jurassic (Fig. 1b),
zircons from the Kaimeng troctolites (218.2 + 4.6 Ma) and the
Shiquanhe olivine pyroxenites (193.1 + 3.2 Ma) exhibit heterogeneous
internal textures and numerous narrow oscillatory zones in
cathodoluminescence images (He et al., 2006; Zheng et al., 2006),
whereas zircons from the basaltic rocks are generally homogeneous
with weak, broad zoning without complex internal structures

diabasic dike; (d) gabbroic dike. Abbreviations: Ep = Epidote; Cpx = clinopyroxene; Pl =

(e.g., Corfu et al., 2003; Hoskin, 2000). The dated samples from the
two previous studies are Si-undersaturated and have low Th
(<0.07 ppm) and U (<0.03 ppm) contents, which are inconsistent
with the extremely high Th and U contents of the analyzed zircons
(up to 1128 and 1879 ppm, respectively) (e.g., Grimes et al., 2015). De-
spite the concordance of the zircon U-Pb age (178 + 2.9 Ma) obtained
for the Namu Tso metagabbro, no geochemical data for this metagabbro
have been reported (Zhong et al., 2015). Moreover, the analyzed
zircons show distinct core-rim structures and have lower ey(t) values
than those from the Ren Tso gabbros (Zhong et al.,, 2015). For
the Yunzhug ophiolite, Wang et al. (2005) and Zhu (2004) reported a
K-Ar age (139 Ma) for pillow basalts and discordant zircon U-Pb ages
(114-133 Ma) for gabbroic dikes. As discussed above, these results
require further scrutiny. It must be noted that the zircons from the
two MORB-type dikes that we analyzed show features that are typical
of oceanic-type zircons (Fig. 5b). Therefore, we propose that the zircon
U-Pb ages obtained from the Shiquanhe diorite (165.8 + 1.7 Ma),
Lagkor Tso plagiogranite (166.6 4 2.5 Ma), Ren Tso gabbro (149.7 +
1.6 Ma) (Fig. 1b), and Yunzhug gabbroic dike (150.5 + 3.6 Ma), along
with supporting geochemical data, provide the only reliable currently
available sources of information to constrain the formation, age, and
tectonic setting of the SNMZ. Our new zircon U-Pb ages are also consis-
tent with the ages of radiolarites (Middle Jurassic-Early Cretaceous) in
the siliceous rocks of this belt (Qu et al., 2003; Zheng et al., 2006).

5. Petrogenesis of the mafic rocks

Given the lack of negative Nb-Ta anomalies and high enq(t) values
of the Yunzhug mafic rocks (Figs. 7 and 10), crustal contamination is
negligible in the petrogenesis of these rocks. Although the E-MORB-
and P-MORB-type rocks have different Mg# and MgO, Cr, and Ni
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(Sun and McDonough, 1989) and (d) U/Yb-Y plot (Grimes et al., 2007) for zircons in the gabbroic dikes of the Yunzhug ophiolite. Data for LakorTso ophiolite are from Yuan et al.

(2015) and for RenTso ophiolite are from Zhong et al. (2015).

contents, reflecting different extents of fractional crystallization, their
distinctly different Zr/Nb ratios and enq(t) values cannot be attributed
to fractional crystallization or partial melting (Fig. 10; Table S3). This
indicates that the E-MORB- and P-MORB-type rocks were derived
from heterogeneous sources. Similar to E-MORB-type rocks worldwide,
the high eng(t) and lower 47Sm/'4Nd values than depleted mantle
(0.215; Goldstein et al., 1984) indicate that the source of the MORB-

type rocks in the study area was recently enriched. The occurrence of
P-MORB-type rocks, along with within-plate enrichment trends (Fig. 8)
and negative correlations between Nb/Yb ratios and eng(t) values
(Fig. 10b) for the two groups of rocks indicate the contribution of
ocean island basalt (OIB)-like components (e.g., Leat et al., 2000).
These OIB components may be related to a mantle plume, recycled oce-
anic lithosphere, delaminated continental crust, or enriched lithospheric
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Fig. 7. Chondrite-normalized REE and primitive-mantle-normalized multi-element plots. P-MORB values are from Saccani et al. (2013), and the primitive mantle, chondrite, N-MORB,
E-MORB, and OIB values are from Sun and McDonough (1989). Fractional partial melt modeling, partition coefficients, depleted mantle, and the possible compositions of OIB-like
enriched materials are from Donnelly et al. (2004) and Ulrich et al. (2012). The source mineral proportions are 18% clinopyroxene, 30% orthopyroxene, and 52% olivine in the source,
and 75% clinopyroxene, — 10% orthopyroxene, and 35% olivine in the melt. The E-MORB- and P-MORB-type rocks can be generated by 5%-10% melting with enrichment degrees of
~1% and ~5%, respectively. Data for Red Sea MORB are from Petrini et al. (1988) and Haase et al. (2000), and MAR-SWIR values are from Ulrich et al. (2012). Data for LakorTso

ophiolite are from Yuan et al. (2015) and for RenTso ophiolite are from Zhong et al. (2015).

mantle veins (Dilek and Furnes, 2011; Donnelly et al., 2004; Rehka and
Hofmann, 1997; Saccani et al., 2013; Waters et al., 2011). Accurately
distinguishing the origin of the OIB-like component is difficult, given
these multiple possible origins as mentioned above (e.g., Donnelly
et al., 2004; Escrig et al., 2004; Janney et al., 2005; Ulrich et al., 2012;
Waters et al., 2011). Variations in La/Sm and Sm/Yb ratios indicate
that the mafic rocks were derived by partial melting of Iherzolite in the
spinel stability field (Fig. 11). Fractional melting models show that the
E-MORB- and P-MORB-type rocks could have been generated by ~5%-

10% melting of depleted spinel-facies mantle, with varying amounts of
OIB-like materials being involved (Fig. 7b and d).

6. Tectonic setting of the SNMZ: new insights from the
Yunzhug ophiolite

To-date, two contrasting hypotheses have been proposed to explain
the SNMZ. These involve the SNMZ being a long-distance southward
nappe of the BNSZ ophiolite, or an independent ophiolitic belt within
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Fig. 8. (a) Hf-Th-Ta discrimination diagram (Wood, 1980) and (b) Y-La-Nb diagram (Cabanis and Lecolle, 1989). Data sources are the same as for Fig. 6.
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(2014). Abbreviations: arrow 1 = subduction enrichment trend; arrow 2 = crustal
contamination trend; arrow 3 = within-plate enrichment trend. Data for LakorTso
ophiolite are from Yuan et al. (2015) and for RenTso ophiolite are from Zhong et al.
(2015). Data for Jormua ophiolite are from Peltonen et al. (1996).

the Lhasa Terrane (Zhu et al., 2013, and references therein). These
models are evaluated below in detail.

6.1. Southward nappe of the BNSZ ophiolite?

This model was originally proposed on the basis of similarities be-
tween the Yunzhug ophiolite and the Donggiao ophiolite in the BNSZ
(Fig. 1b) (Girardeau et al., 1985). However, our new zircon U-Pb dating
indicates that the age of the Yunzhug ophiolite (~150 Ma) is very differ-
ent from that of the Donggqiao ophiolite (~187.8 Ma; Liu et al., 2016).
Moreover, the Bangong-Nujiang ophiolites are all spatially associated
with Lower-Middle Jurassic Muggar Kangri Group flysch sediments
(e.g., Kapp et al.,, 2003; Liu et al., 2016; Wang et al., 2016; K. J. Zhang
et al., 2007; Zhu et al., 2013), whereas the Yunzhug, Ren Tso, and
Namu Tso ophiolites are spatially associated with the Upper Jurassic-
Lower Cretaceous Rila Formation and Paleozoic sedimentary rocks
(Fig. 2) (Xu et al.,, 2014a). Thus, it is unlikely that only the Bangong-
Nujiang ophiolites were affected by thrusting, given that the Muggar
Kangri Group was not subjected to thrusting. Besides, the Yunzhug
sheeted dike complex provides compelling structural evidence for hor-
izontal extension during dike injection at a spreading ridge (Detrick
et al., 1994; Metcalf and Shervais, 2008), and it has already been
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partial melting curves for garnet and spinel lherzolite mantle sources.
(From Aldanmaz et al., 2000).

demonstrated that the ridge of the Bangong-Nujiang Ocean was
subducted beneath the Qiangtang Terrane as early as ~157 Ma (Li
et al, 2016). Therefore, the Yunzhug, Namu Tso, and Ren Tso ophiolites
most likely represent an independent ophiolitic belt within the Lhasa
Terrane.

6.2. Back-arc basin related to subduction of the Bangong-Nujiang oceanic
crust?

Almost all previous studies that regarded the SNMZ as an indepen-
dent ophiolitic belt proposed that it formed in a back-arc setting related
to the southward subduction of the Bangong-Nujiang oceanic crust (Xu
etal, 2014a; Yuanetal, 2015; Zhong et al., 2015; Zhu et al., 2011). How-
ever, this view was based mainly on studies of fluid-mobile elements or
cumulate rocks. Although ophiolites can form in a variety of tectonic
settings, in terms of geochemistry (Dilek and Furnes, 2011; Pearce,
2014), these different settings are: (1) influenced by subduction mate-
rial with arc-like signatures, which normally fall in the field above the
MORB array on a Nb/Yb-Th/Yb plot, such as back-arc and fore-arc
basin rocks; (2) not influenced by subduction material, and lacking
arc-signatures, such as rocks that form at mature MORs and in embry-
onic oceanic settings. The mafic rocks in the Yunzhug ophiolite are
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Fig. 10. Plots of enq(t) versus (37Sr/3°Sr); and ("*Nd/'*Nd); versus Nb/Yb for mafic rocks of the Yunzhug ophiolite. Data for mafic rocks from the BNSZ ophiolites are from Wang et al.
(2016), and Liu et al. (2016). The field corresponding to MORB and OIB are modified from Zheng et al. (2017).
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MORB-type rocks without any subduction signature (Fig. 7), which uni-
formly plot within the MORB array (Fig. 9), all of which are inconsistent
with the back-arc model. In other tectonic discrimination diagrams,
data for all our samples plot in non-arc fields (Fig. 8). The high Ti
and low V contents of the rocks also indicate a source with a low oxygen
fugacity, which differs from the source of back-arc basin basalts
(Fig. 6b) (Shervais, 1982). Furthermore, no volcanic rocks, turbidites,
or volcaniclastic rocks with ages older than the Yunzhug ophiolite are
found in the northern Lhasa subterrane. This precludes the southward
subduction of the Bangong-Nujiang oceanic crust beneath the Lhasa
Terrane at a steep angle prior to the Jurassic, which would have been
necessary for back-arc spreading (Sdrolias and Miiller, 2006). All the
points made above indicate that the back-arc basin model, driven by
southward subduction of the Bangong-Nujiang oceanic crust, is not
plausible.

6.3. Embryonic oceanic basin within the Lhasa Terrane?

Our new geochemical data for the mafic rocks in the Yunzhug area
suggest a MOR-setting, which leads us to propose an alternative
model for the genesis of the SNMZ. Globally, E-MORB-type oceanic
crust either occurs at mature ocean ridges with slow spreading rates,
ridges influenced by mantle plumes, or incipient spreading centers fol-
lowing continental break-up, such as the Red Sea (e.g., Dilek and Furnes,
2011; Pearce, 2014). Although our study indicates that the SNMZ was
not the southward nappe of the BNSZ ophiolite, it is likely that they
together constitute an intra-oceanic system of the Bangong-Nujiang
Ocean, including possible fragments of oceanic plateau (e.g., Matte
etal., 1996; K. J. Zhang et al., 2014). In this model, the northern Lhasa
subterrane was an accretionary juvenile terrane during northward sub-
duction of the Bangong-Nujiang oceanic crust, as indicated by the Hf
isotopic values of zircons from igneous rocks (e.g., Zhu et al., 2011). Al-
though we cannot rule out this possibility, we favor the hypothesis that
the Yunzhug ophiolite formed in an embryonic ocean, for the following
reasons. Firstly, the nearly symmetrically distributed Paleozoic strata on
either side of the Yunzhug ophiolite (Fig. 2), and recent studies of Early
Cretaceous magmatic rocks in the northern Lhasa subterrane, suggest
that the northern Lhasa subterrane has a basement similar to that
of the central Lhasa subterrane, but is now covered by Jurassic to Early
Cretaceous sedimentary rocks (Sun et al., 2015). Secondly, the sediments
of the Rila Formation comprise peridotite-bearing coarse-grained sand-
stone and conglomerate through to siliceous siltstone with radiolarite-
bearing siliceous interbeds, pelsparite, calcirudite, and marble with
black shale and siliceous layers, which represent Late Jurassic-Early Cre-
taceous bathyal-abyssal deposits (Qu et al., 2003; Volkmer et al., 2014;
Zhang et al,, 2011). In particular, the presence of black, organic-rich sed-
iments suggests their formation in a restricted basin (e.g., Robertson,
2002). Moreover, the siliceous rocks interbedded with the pillow basalts
of the Yunzhug ophiolite contain a large proportion of argillaceous com-
ponents when compared with typical pelagic siliceous rocks, and these
characteristics indicate formation near a continental margin, suggesting
a narrow ocean basin located close to a continental margin (Xu et al.,
2014b). Thirdly, the massive peridotites distributed on the western
bank of Guomang Tso were derived from ancient subcontinental litho-
spheric mantle, as indicated by their Re-Os model ages (Tgp =
0.5-2.0 Ga, with a peak at 1.2 Ga; unpublished data of the authors),
which is also typical of the ocean-continent transition zone
(e.g., Rampone and Piccardo, 2000; Shi et al., 2012). Fourthly, paleomag-
netic research has reported insignificant latitudinal convergence (~3.2°)
during the Early Cretaceous within the Lhasa Terrane (Li et al., 2015, and
references therein). All the above arguments support the concept that
the oceanic realm was narrow. This model can account for the arc-like
signatures of the Middle Jurassic mafic rocks from the Lagkor Tso and
Shiquanhe ophiolites in the same ophiolitic belt by contamination from
continental lithosphere prior to continental break-up and sea-floor
spreading (Figs. 6-9) (e.g., Dilek and Furnes, 2011; Pearce, 2014;

Robertson, 2002). In this regard, the SNMZ was also not the
southward-directed nappe of the Bangong-Nujiang ophiolites because
the embryonic oceanic crust was ~278 Ma in age (Chen et al., 2017).

6.4. Geodynamic implications

Northwards subduction of the Neo-Tethys oceanic crust in con-
junction with the southwards subduction of the Bangong-Nujiang
oceanic crust, or northwards subduction of the Neo-Tethys oceanic
crust on its own have been commonly invoked to explain the Jurassic
tectonomagmatic evolution of the Lhasa Terrane (e.g., Zhu et al,, 2009).
These previous models are evaluated in more detail below. The first
model states that the Bangong-Nujiang oceanic crust started to be
subducted beneath the Lhasa Terrane during the late Permian-Early
Triassic (Chen et al., 2015), and that the Neo-Tethys Ocean and Yunzhug
Ocean were successively opened as back-arc basins during the Late
Triassic to Middle Jurassic and Early Cretaceous, respectively (e.g., Zhu
et al.,, 2009, 2011). Although additional revised models interpreting
the SNMZ as a Jurassic back-arc basin have been proposed (e.g., Pan
et al,, 2012; Xu et al., 2014a; Zhong et al., 2015), these are all prob-
lematic given that the SNMZ formed in a MOR-setting rather than in a
back-arc basin setting. Thus, our evidence from the Yunzhug ophiolite
provides evidence that argues against southward subduction of the
Bangong-Nujiang oceanic crust. This is consistent with the Nd isotopic
signatures of (KJ. Zhang et al., 2007) and detrital zircons in (Zeng
et al., 2016 and reference therein) Middle Jurassic sedimentary rocks
of the northern Lhasa subterrane, which indicate formation in a passive
margin environment.

The second model proposes that subduction of the Neo-Tethys
oceanic crust started in the Late Triassic-Early Jurassic (e.g., Ji et al.,
2009; Zhang et al., 2012; Ma et al., 2017), and that this became flat sub-
duction during the Middle Jurassic to Early Cretaceous (Kapp et al.,
2003, 2007; Zhang et al., 2004, 2011, 2012). In this model, the
Bangong-Nujiang oceanic crust was never subducted southwards.
However, the central and northern Lhasa subterranes were in a com-
pressional environment, and a southward-nappe model is used to ex-
plain the genesis of the SNMZ. This model is also inconsistent with our
studies on the Yunzhug ophiolite.

In summary, existing models do not adequately explain the forma-
tion of the SNMZ within the Lhasa Terrane. Our preferred model is
that the SNMZ was formed in an embryonic ocean after continental
break-up of the Lhasa Terrane, which was probably driven by a mantle
plume or far-field plate tectonic forces such as the relaxation of
convergent-plate-induced stress (e.g., Merle, 2011; Rosenbaum et al.,
2008). Given that there is no evidence for Jurassic mantle plume activity
within the Lhasa Terrane, the break-up of the Lhasa Terrane continental
lithosphere was probably related to the relaxation of convergent stress
or pull-apart effects due to the northward subduction of the Neo-Tethys
and Bangong-Nujiang oceanic crust. Although the mechanism that
caused continental break-up of the Lhasa Terrane remains unclear,
further investigation would provide important new insights into the
Jurassic tectonic evolution of the Lhasa Terrane.

7. Conclusions

(1) The Yunzhug ophiolite within the Lhasa Terrane formed at
150.5 + 3.6 Ma, based on zircon U-Pb dating of a gabbroic
sample from a well-developed sheeted dike complex.

(2) The Yunzhug mafic rocks are MORB-type in composition,
without any influence of slab-released materials, which sug-
gests they formed in a MOR-setting rather than a back-arc
basin setting as has been conventionally thought.

(3) The Yunzhug ophiolite is part of an independent ophiolitic
belt that formed within an embryonic ocean in the Lhasa Ter-
rane, and thus is inconsistent with southward subduction of
the Bangong-Nujiang oceanic crust.
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