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Age and nature of the Jurassic-Early Cretaceous mafic and ultramafic rocks
from the Yilashan area, Bangong-Nujiang suture zone, central Tibet:
implications for petrogenesis and tectonic Evolution

Yun Zhong ®?, Xi-Chong Hu @<, Wei-Liang Liu ®<%¢, Bin Xia“®*f, Xiao Zhang ®<*¢, Wei Huang?, Yuan-Bin FuP
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ABSTRACT ARTICLE HISTORY
The Jurassic—Early Cretaceous Yilashan mafic-ultramafic complex is located in the middle part of Received 7 May 2017
the Bangong-Nujiang suture zone, central Tibet. It features a mantle sequence composed of Accepted 24 September
peridotites and a crustal sequence composed of cumulate peridotites and gabbros that are 2017

intruded by diabases with some basalts. This article presents new whole-rock geochemical and KEYWORDS
geochronological data for peridotites, gabbros, diabases and basalts to revisit the petrogenesis Yilashan; mafic and
and tectonic setting of the Yilashan mafic-ultramafic complex. Zircon laser ablation inductively ultramafic rocks; continental
coupled plasma mass spectrometer (LA-ICP-MS) U-Pb ages of three diabase samples are arc; LA-ICP-MS dating;
169.6 = 3.3 Ma, 1325 £ 2.5 Ma, and 133.6 + 4.9 Ma, respectively. These ages together with geochemistry
previous studies indicate that the Yilashan mafic-ultramafic complex probably formed during the

Jurassic-Early Cretaceous. The peridotites exhibit nearly U-shaped REE patterns and are distinct

from abyssal peridotites. The diabase and basalt samples show arc features with selective enrich-

ment in light rare earth elements (LREE) and large ion lithophile elements (LILEs; e.g. Rb, U, and Sr)

and depletion in high field strength elements (HFSEs; e.g. Nb, Ta, and Ti). The gabbro samples

display cumulate features with selective enrichment in LILEs (e.g. Rb, Ba, and Sr) but depletion in

LREEs and HFSEs (e.g. Nb, Zr, and Ti). Combing the positive &eyg(t) values (+6.1 to +10.0) and

negative zircon g¢(t) values (-16.5 to —11.7 and -13.6 to -0.4) with older Hf model ages for the

mafic rocks, these signatures suggest that the Yilashan mafic and ultramafic rocks likely originated

from an ancient lithospheric mantle source with the addition of asthenospheric mantle materials

and subducted fluids coupled with limited crustal contamination in a continental arc setting as a

result of the southward subduction of the Bangong-Nujiang Tethys Ocean beneath the Lhasa

terrane during the Jurassic-Early Cretaceous.

1. Introduction The BNSZ trends nearly E-W throughout the central

The Bangong-Nujiang suture zone (BNSZ) is one of the
most important suture zones in the Tibetan Plateau
(Figure 1(a)). It represents remnants of the vanished
Bangong-Nujiang Tethys Ocean (BNTO) and constitu-
tes the collision zone between the Qiangtang and
Lhasa terranes. Multitudinous mafic and ultramafic
rocks such as ophiolites have been identified in the
BNSZ, provide useful information with respect to the
origin and tectonic evolution of the BNTO and pro-
mote the understanding of the development of the
Tibetan Plateau.

Tibetan Plateau from Bangong Lake to Dinging and
winds along with the Nujiang River in the SE direction
to western Yunnan (Figure 1(b); Xiao and Li 2000).
Generally, the BNSZ is divided into western (Bangong
Lake-Gerze), central (Donggiao-Amdo), and eastern
(Dingging-Nujiang) sections from west to east (Wang
et al. 1987; Xiao and Li 2000). Mafic and ultramafic rocks
in the central BNSZ are always the subject of intense
study in the field of the BNSZ due to their wide dis-
tribution and significant implications for tectonic frame-
work and evolution of the BNTO. For example, many
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O supplemental data for this article can be accessed here.
© 2017 Informa UK Limited, trading as Taylor & Francis Group


http://orcid.org/0000-0002-9094-1925
http://orcid.org/0000-0002-1409-3960
http://orcid.org/0000-0002-7556-6565
http://orcid.org/0000-0002-1214-3936
https://doi.org/10.1080/00206814.2017.1385033
http://www.tandfonline.com
http://crossmark.crossref.org/dialog/?doi=10.1080/00206814.2017.1385033&domain=pdf

Downloaded by [Gothenburg University Library] at 17:10 15 October 2017

2 (&) Y.ZHONG ET AL.

Rutog Qe

= 82°E : Opbhiolitic mél o
5~ Bangone Lake EI:I Opliolificmélange - Ophiolite
H

T
) |

EI Geographic name!
|

|

|

|

i

- s S
«

\a ‘ BNSZ

Shlquanhc\i Gerze
SNMZ [ O =

— o o e
A ongeo Lake "~
Lagkorco Lake

BNSZ: Bangong-Nujiang Suture Zone ~ KSZ: Kunlun Suture Zone
SHSZ: Shuanghu Suture Zone
Qaidam +

KSz

Tarim
JSsz

Songpan

sHSZ‘Qim\gtag]g
N\ BNSZz &

y area 1
=Lhasa
YZSZ
Himalaya
India

1
70°E 80°E 90°E 100°E E

32°N

Lhasa

0 500 km

——

Western Qiangtang

| YZSZ: Yarlung Zangbo Suture Zone  JSSZ: Jinshajiang Suture Zone g ™ Yunzhug
!
1
1

|
E NamcoO \\_/—0 -

' Central Lhasa ~ NamcoLake Lha\
1

:

N

: sa

| .
E\/\‘ YZSZ
|

Study arca shown in Fig. la
.4 Donggiao M40 = 32°N
" i Nyainrong}
' __Pungcobei___. < ' B
] Darucog lfigxg-‘-g”a’hm‘ : ) ‘3
:Bai]a/l’unggo‘f Nagqu . Dingging

® anong Dz :
' aren
heead Bameo. . covcncanaad ' Northern Lhasa

[
LMF }‘/—’—/@

Himalaya

0 200km 28°N

31°38'N
=

31°33'N 91550

Late Cretaceous
quartz diorite

Paleocene Niubao Late Cretaceous
12" | Group + + | granite porphyry
I Mesozoic Yilashan
IMy | fursssic Yilashan D ABe altamafc
'oramtion complex

Fault of unknown "

Middle Triassic
Gajia Group

i ) P
Early Cretaceous » | Mid-Late Jurassic Jurassic Bangegiao
S M, R e
: Geological | Angular

Figure 1. (a) Tectonic outline of the Qinghai-Tibet Plateau (after Zhang et al. 2004), (b) Sketch structural framework of the Lhasa terrane
showing the Bangong-Nujiang suture zone (after Zhu et al. 2013); and (c) Simplified geological map of the Yilashan mafic—ultramafic

complex (after Xizang Geological Survey Institute 2005).

previous studies on the geochemistry and geochronol-
ogy of the central BNSZ ophiolites, which basically
consist of mafic and ultramafic rocks, have been
reported (Table 1). However, some essential problems
are still in dispute, including the tectonic setting (small
oceanic basin or wide oceanic basin), time of formation
(e.g. initial opening or initial subduction of oceanic
basin), subduction polarity of the oceanic basin (north-
ward, southward or bidirectional subduction) and the
tectonic model (e.g. intra-oceanic subduction or conti-
nental margin subduction) of these ophiolites are still in
dispute (e.g. Wang et al. 1987, 2016; Pearce and Deng
1988; Zhu 2004; Pan et al. 2012; Zhang et al. 2012,
2014a, 2014b, 2017; Zhu et al. 2013; Chen et al. 2015;
Zhang and Zhang 2017). These issues concern the basic
interpretation of the generation of the central BNSZ
and greatly restrict the understanding of the tectonic
evolution of the BNTO.

Despite previous studies of the central BNSZ ophio-
lites having produced some controversies, the mafic
and ultramafic rocks in this region remain the most
effective means to resolve these basic problems noted

above due to their natural attributes. The Yilashan
mafic-ultramafic complex in the Nagqu area occurs in
the central BNSZ (Figure 1(b)). Generally, this complex is
regarded as representative of ophiolite that belongs to
the central section of the Bangong-Nujiang ophiolite
belt (Pearce and Deng 1988; Huang et al. 2013). It
features a mantle sequence composed of peridotites
and a crustal sequence composed of cumulate perido-
tites and gabbros, which are intruded by diabases with
some basalts (Figure 2), and acts as an ideal locale for
studying the origin and tectonic evolution of the cen-
tral BNSZ. Although previous studies involving petro-
graphy, geochemistry and geochronology have been
reported (Table 1; e.g. Wang et al. 1987; Pearce and
Deng 1988; Pan et al. 1997, 2006, 2012; Huang et al.
2013), the systematic geochemical and geochronologi-
cal studies of the Yilashan mafic and ultramafic rocks
are insufficient, such as the whole-rock Sr-Nd and zir-
con Lu-Hf isotopes of mafic rocks. Although a zircon
LA-ICP-MS U-Pb age of 183.7 + 1 Ma for gabbro has
been reported (Huang et al. 2013), an *°Ar-°Ar age of
114 = 2 Ma on plagioclase for gabbro proposed by
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Table 1. Summary of the geochemical characteristics, tectonic settings, and geochronological data of the ophiolites and the

Yilashan mafic-ultramafic complex from the study area.

Location Geochemical characteristics Tectonic setting Age (methods and dated material) References
Amdo SSZ Back-arc basin; 188.0 + 2.0 Ma (U-Pb zircon; plagiogranite);  Pearce and Deng (1988),
intra-oceanic 184.0 + 2.0 Ma (U-Pb zircon; gabbro); Lai and Liu (2003),
subducted setting; 220.0 + 2.1 Ma (U-Pb zircon; gabbro) Sun et al. (2011),
intra-oceanic back- Wang et al. (2016),
arc basin Chen et al. (2015)
Donggiao SSz, 0IB Oceanic basin; 187.8 + 3.7 Ma (U-Pb zircon; gabbro); Wang et al. (1987), 2016),
back-arc basin; 187.0 £ 2.0 Ma (U-Pb zircon; gabbro); Pearce and Deng (1988),
initial fore-arc basin; 188.4 £+ 1.2 Ma (U-Pb zircon; gabbro); Ye et al. (2004),
intra-oceanic 181.4 £ 1.3 Ma (U-Pb zircon; gabbro); Xu et al. (2007),
subducted setting 145 Ma (K-Ar; basalt); Xia et al. (2008),
251 = 65 Ma (Re-Os; cumulate rocks Shi et al. (2012),
(harzburgite, wehrlite, and gabbro) Liu et al. (2016)
Pungcobei SSZ Back-arc basin 188.1 + 4.1 Ma (U-Pb zircon; gabbro) Huang et al. (2015a)
Pungco (Baila) SSZ Fore-arc basin; 120 + 1.4 Ma (K-Ar; basalt); Wang et al. (1987), 2017),
back-arc basin 159.0 £ 2.1 Ma (U-Pb zircon; gabbro) Pearce and Deng (1988),
Chen et al. (2006),
Wei et al. (2009)
Lanong SSZ Fore-arc setting; 128 Ma (U-Pb zircon; gabbro); Wang et al. (1987),
back-arc basin 148.4 + 1.7 Ma (U-Pb zircon; basalt); Pearce and Deng (1988),
149.1 £ 1.1 Ma (U-Pb zircon; gabbro Chen et al. (2006),
diabase) Xu et al. (2010),
Zhong et al. (2017)
Yilashan SSZ Fore-arc setting; 183.7 + 1 Ma (U-Pb zircon; gabbro); Pearce and Deng (1988),
back-arc basin 114 £ 2 Ma (Ar-Ar plagioclase; gabbro) Pan et al. (1997),
Huang et al. (2013),
Zhang et al. (2014a)
Daren 259-242 Ma (U-Pb zircon; gabbro) Chen et al. (2005)
Namco SSZ Back-arc basin; inter- 166 + 26 Ma (Rb-Sr; harzburgite); Yang et al. (2003),

arc basin

178.0 £ 2.9 Ma (U-Pb zircon; gabbro);
149.7 £+ 1.6 Ma (U-Pb zircon; gabbro)

Ye (2004),
Zhong et al. (2015)

SSZ: supra-subduction zone; OIB: oceanic island basalt.

Zhang et al. (2014a) indicates that the Yilashan mafic-
ultramafic complex likely experienced multiple igneous
events. Meanwhile, Os isotopes of Cr-spinel in dunites
suggest that the Yilashan mafic-ultramafic complex
was derived from a weakly depleted asthenospheric
mantle source (Huang et al. 2013). Similarly, Zhang
et al. (2014a) proposed that basalts occurring in the
central Tibetan Meso-Tethyan oceanic plateau (includ-
ing the Yilashan basalts) have a plume mantle upwel-
ling origin with an admixture of continental
components (crust). However, Huang et al. (2015a)
argued that the Yilashan harzburgites and dunites
formed with the input of Mesoproterozoic lithospheric
mantle components (sub-continental lithospheric man-
tle) based on the '®0s/'®80s isotopic compositions.
Moreover, whether the Yilashan mafic-ultramafic com-
plex formed in a fore-arc setting (Pearce and Deng
1988) or a back-arc setting (e.g. Wang et al. 1987;
Huang et al. 2013) or even an oceanic plateau setting
(Zhang et al. 2014a) is still uncertain. In addition,
whether the development of the Yilashan mafic-ultra-
mafic complex was associated with the northward
(Pearce and Deng 1988) or southward subduction of
the Bangong-Nujiang Tethys Ocean or the northward

subduction of the Yarlung Zangbo Tethys Ocean (Wang
et al. 1987; Zhang et al. 2004) is also under debate.
In this article, we present new whole-rock geochem-

ical data, zircon LA-ICP-MS U-Pb ages and Lu-Hf isotopic
data of mafic and ultramafic rocks from the Yilashan area.
Based on the new data, we aim to constrain the petro-
genesis, formation age and tectonic setting of the
Yilashan mafic and ultramafic rocks and to discuss their
significance in the tectonic evolution of the central BNSZ.

2. Geological background

The main body of the Tibetan Plateau consists of the
Qaidam, Songpan-Ganzi, Qiangtang, Lhasa and
Himalaya terranes from north to south in sequence
(Figure 1(a)). The Lhasa terrane, located between the
Yarlung Zangbo suture zone (YZSZ) and the BNSZ, plays
a significant role in the formation of the Tibetan Plateau.
Meso-Cenozoic igneous rocks and associated sediments
are distributed widely in the Lhasa terrane (e.g. Zhu et al.
2009, 2011, 2013, 2016; Sui et al. 2013; Zhong et al. 2013;
Kang et al. 2014; Chen et al. 2015; Hu et al. 2016; Zeng et al.
2016). This terrane can be divided into southern, central
and northern terranes by the Luobadui-Milashan fault
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Diabase

Figure 2. Field photographs of lithologic units of the Yilashan mafic—ultramafic complex. (a) E (eastern Yilashan mafic-ultramafic
complex) serpentinized peridotite and gabbro; (b) E diabase and gabbro diabase; (c) N (northern Yilashan mafic—ultramafic
complex) serpentinized peridotite, diabase, and gabbro diabase; (d) N gabbro; (e) S (southern Yilashan mafic-ultramafic complex)
basalt (float); (f) C (central Yilashan mafic—ultramafic complex) diabase; (g) W (western Yilashan mafic-ultramafic complex)

serpentinized peridotite; (h) W gabbro; and (i) W diabase.

(LMF) to the south and the Shiquanhe-Namco mélange
zone (SNMZ) to the north (Figure 1(b); Zhu et al. 2013).
The central Lhasa terrane features an Archaean-
Proterozoic metamorphic crystalline basement that was
once to be an ancient microcontinent, whereas the south-
ern and northern Lhasa terranes basically display younger
and juvenile crustal characteristics related to the subduc-
tion of the Tethys Ocean (e.g. Mo et al. 2005; Chu et al.
2006; Pan et al. 2006, 2012; Zhu et al. 2008, 2016; Ji et al.
2009; Zhang et al. 2014b). In addition, the Amdo micro-
continent to the north is characterized by Early Palaeozoic
to Palaeoproterozoic metamorphic crystalline basement
that likely was accreted instead of being a part of the
Lhasa terrane (Figure 1(b); Zhu et al. 2009, 2011, 2013;
Zhang et al. 2012, 2014c). It was probably an isolated
block in the BNTO in the Permian-Triassic and subducted
beneath the Qiangtang terrane (Zhang et al. 2014c) or the
Amdo intra-oceanic back-arc basin (Chen et al. 2015) dur-
ing the Early Jurassic. Two episodes of granitic magmatic
activity, including a major one at 186-170 Ma (Guynn et al.
2006; Zhu et al. 2011; Dai et al. 2013) and a minor one at
140-110 Ma (Xu et al. 1985; Zhu et al. 2011; Dai et al. 2013),
occurred in the Amdo terrane.

The BNSZ is located between the Qiangtang and Lhasa
terranes in Tibet and is approximately 2000 km long and
20-200 km wide (Figure 1(b); Xiao and Li 2000; Yin and
Harrison 2000). There are more than 80 ophiolitic massifs
and associated tectonic mélanges in this suture zone
(Bureau of Geology and Mineral Resources of Tibet 1993;
Xiao and Li 2000). Ophiolites in the central BNSZ are
arranged with a planar distribution (Figure 1(b)) comprising
the Amdo, Donggiao-Lunpola, Pungco (or Baila)-Lanong
and Yunzhug-Namco subzones from north to south (Wang
et al. 1987; Pearce and Deng 1988). As a whole, these
ophiolites have complete rock assemblages but variable
outcrop areas (e.g. Xiao and Li 2000; Xizang Geological
Survey Institute 2003a, 2003b). Geochemical data show
that the central BNSZ ophiolites were mainly generated in
supra-subduction zone (SSZ) settings, including island arc,
fore-arc, back-arc and inter-arc environments (Table 1; e.g.
Pearce and Deng 1988; Wang et al. 2016; Chen et al. 2015;
Zhong et al. 2015; Liu et al. 2016). These ophiolites display a
broad range of formation ages from Triassic or earlier to
Early Cretaceous but are clustered at Jurassic (Table 1; e.g.
Wang et al. 2016, 2017; Chen et al. 2005, 2006, 2015; Xia
et al. 2008; Sun et al. 2011; Huang et al. 2013, 2015b; Zhong
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et al. 2015). These signatures, along with their sporadic
distribution in the central BNSZ, imply that the central
BNSZ ophiolites have a complex tectonic framework and
evolutionary history (e.g. Pan et al. 2012; Zhu et al. 2013;
Zhang et al. 2014a, 2014b).

The Yilashan mafic-ultramafic complex is situated
approximately 20 km NW of Nagqu county (Figure 1
(b)) and shows the features of a tectonic mélange. It
is mainly composed of peridotites and gabbros, and
it is usually deemed to belong to the Pungco-
Lanong ophiolitic subzone (Wang et al. 1987;
Pearce and Deng 1988). Granophyres and quartz
diorite porphyries occur locally in the complex as
dikes. The mafic—ultramafic complex with a rhombic
shape is basically surrounded by the Jurassic
Mugagangri Group (JMy, JMb) with thrust faults on
the northern and southern sides (Figure 1(c); Xizang
Geological Survey Institute 2005). The Jurassic
Mugagangri Group (JMy, JMb) exhibits the character-
istics of flysch formation, with the Yilashan
Formation (JMy) featuring ophiolitic tectonic
mélange and the Bangegiao Formation (JMb) occur-
ring as deformed flysch sediments without exotic
blocks (Xizang Geological Survey Institute 2005).

3. Petrography
3.1. Ultramafic rocks

Harzburgites have serpentinized olivine (75-80%) and
orthopyroxene (10-15%) with minor Cr-spinel and car-
bonate. Orthopyroxene has been altered to serpentine
pseudomorphs. Chrysanthemum-like carbonate aggre-
gates are common that indicate carbonatization in a
statics environment after serpentinization (Figure 3(a)).

Cumulate peridotites comprise serpentinized olivine
(75-85%) and clinopyroxene (10-15%) with subordinate
Cr-spinel, chlorite, and carbonate. Serpentinization of
olivine and clinopyroxene is clear, but cribriporal phe-
nocrysts of clinopyroxene and olivine pseudomorphs
are preserved. There are many Cr-spinels (2-3%) with
approximate orientation and irregular distribution.
Antigorite veins are present (Figure 3(b)).

3.2. Mafic rocks

Gabbros display a gabbroic texture and are character-
ized by euhedral to subhedral phenocrysts of clinopyr-
oxene (<0.3 mm; 40-45%) and plagioclase (<0.3 mm;
50-60%) with subordinate prehnite and chlorite.
Phenocrysts are broken. Clinopyroxenes have been vari-
ably altered into chlorite, and prehnitization in plagio-
clase is common (Figure 3(c and d)).

INTERNATIONAL GEOLOGY REVIEW 5

Diabases display ophitic, gabbro-diabasic and lam-
prophyric textures and are characterized by euhedral to
subhedral hornblende (<0.6 mm; 40-50%), plagioclase
(<0.3 mm; 35-40%) and pyroxene with subordinate
epidote, sericite, prehnite, albite, quartz and carbonate.
Amphibolization in pyroxene is common, and some
hornblende phenocrysts exhibit relict crystals of pyrox-
ene. Hornblende has been variably altered into carbo-
nate, whereas plagioclase has experienced variable
degrees of sericitization and carbonatization (Figure 3
(e)). Prehnitization and albitization in plagioclase are
also common, and some prehnite and albite aggrega-
tions are distributed as veins. Small numbers of quartz
grains occur as xenoliths or interstitial grains.

Basaltic porphyries exhibit a porphyritic texture, and
contain euhedral to subhedral clinopyroxene (<0.1 mm;
30%) and plagioclase (<0.2 mm; 60%) with subordinate
magnetite, biotite, carbonate and interstitial quartz.
Clinopyroxene and plagioclase phenocrysts are very
fresh. The number of plagioclase phenocrysts is greater
than that of clinopyroxene phenocrysts. Biotite reaction
rims have formed around the periphery of magnetite
grains (Figure 3(f)).

4. Analytical methods
4.1. Whole-rock geochemical analysis

Thirty-eight representative samples of the Yilashan mafic
and ultramafic rocks were selected for whole-rock geo-
chemical analysis. The determination of whole-rock
major element contents was conducted using an X-ray
fluorescence (XRF) spectrometer at the Guangzhou ALS
Chemex Company, China. The major method and proce-
dure of analysis are described by Chen et al. (2014) and
have analytical accuracies better than £1-2%.

Whole-rock trace element data of the samples E-7 and
C-1 were measured using ICP-MS at the Guangzhou ALS
Chemex Company, China. The general methods and pro-
cedures are described by Chen et al. (2014) and have
analytical precisions mostly better than £5%. Whole-rock
trace element compositions of other samples were deter-
mined using an ICP-MS at the State Key Laboratory of Ore
Deposit Geochemistry, Chinese Academy of Sciences,
China. The detailed methods and procedures are
described by Qi and Grégoire (2000) and have measure-
ment accuracies generally better than +5%.

Whole-rock Sr—Nd isotopes of the samples E-8, E-14,
N-4, and W-2 were analysed using a multi-collector MC-
ICP-MS at the Speed Analysis & Testing Co. Ltd,
Qingdao, China. The NBS 987 and Jndi-1 standard sam-
ples were used to monitor the measurement accuracy.
The reported ®/Sr/%%Sr and '*Nd/'*Nd ratios were
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Figure 3. Representative photomicrographs of the Yilashan mafic and ultramafic rocks. (a) Sample W-1 harzburgite composed of
serpentine, Cr-spinel and carbonate with pseudomorph of orthopyroxene; (b) Sample N-3 cumulate peridotite composed of
serpentine, clinopyroxene and Cr-spinel with pseudomorph of olivine; (c) Mineral assemblage with quartz veins in sample E-10
gabbro; (d) Mineral assemblage of sample N-13 gabbro; (e) Mineral assemblage and ophitic texture of sample E-1 diabase porphyry;
(f) Mineral assemblage of sample S-1 basalt porphyry. Srp: serpentine; Chr: chlorite; Cb: carbonate; Pl: plagioclase; Cpx: clinopyr-

oxene; Hbl: hornblende; Prh: prehnite; Bt: biotite; Qtz: quartz.

normalized to  ¥Sr/%Sr = 01194  and
SNd/"*Nd = 0.7219 (Thirlwall 1991) for mass fractio-
nation. The average &/Sr/3°Sr ratio of the standard NBS
987 was 0.710295 + 0.000007 (10, N = 5), and the
average '"**Nd/'*'Nd ratio of the standard Jndi-1 was
0.512085 + 0. 000005 (10, N = 5).

4.2. Zircon U-Pb and Lu-Hf isotopic composition

Zircon grains were obtained from samples E-6, N-7, and
C-1 by the methods of heavy liquid and magnetic
separation, and then representative grains were hand-
picked using a binocular microscope. These grains were
enclosed in epoxy resin and polished to expose their
cores. Transmitted and reflected light and

cathodoluminescence (CL) images were photographed
to display the external and internal structures and to
identify appropriate spots for U-Pb and Lu-Hf isotopic
analysis.

Zircon U-Pb dating was conducted at the State Key
Laboratory of Isotope Geochemistry, Chinese Academy
of Sciences. A 193-nm ArF-excimer laser ablation in
combination with an Agilent 7500a LA-ICP-MS was
used under the conditions of 32-um spot diameter
with a constant energy of 79 mJ/cm™2 at a repetition
rate of 6 Hz. The detailed methods and procedures are
described by Li et al. (2012). The standard silicate glass
NIST SRM 610 was used to optimize U-Th-Pb concentra-
tions, and the standard zircons TEMORA (E-6 and N-7)
and 91,500 (C-1) were adopted as external standards to
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calculate age. Off-line age calculations were performed
using the EXCEL programs of ICPMSDataCal (Liu et al.
2008) and ISOPLOT (Ludwig 2003). Errors of all the
individual analyses were reported at the 10 level.

After zircon LA-ICP-MS U-Pb dating, zircon Lu-Hf
isotopic compositions of samples E-6 and N-7 were
analysed in situ on the dated spots at the State Key
Laboratory of Isotope Geochemistry, Guangzhou
Institute of Geochemistry, Chinese Academy of
Sciences. A 193-nm ArF-excimer laser ablation attached
to a Neptune plus multiple collector ICP-MS (LA-MC-
ICP-MS) was used under the conditions of a spot dia-
meter of 45 um with an energy density of 80 mJ/cm™
at 8-Hz repetition rate. The detailed analytical methods
and procedures are described in Wu et al. (2006). The
Penglai zircon was chosen as an external standard (Li
et al. 2010). Zircon e4(t) values were calculated relative
to the "°Lu decay constant (1.867 x 107" year ’;
Scherer et al. 2001) and the chondritic '7®Lu/'""Hf
(0.0332) and "7°Hf/""’Hf (0.282772) ratios (Blichert and
Albarede 1997). The single-stage Hf model age (Tpm1)
was calculated with the present-day depleted mantle
78Lu/"7Hf (0.0384) and '/°Hf/'’’Hf (0.28325) ratios
(Griffin et al. 2000), and the two-stage Hf model age
(Toma) Was calculated based on the 'SLu/"7Hf ratio
(0.015) of the average continental crust (Griffin et al.
2002).

5. Results
5.1. Zircon U-Pb ages

5.1.1 Sample E-6

Zircons selected from the diabasic sample E-6 are euhe-
dral with prismatic shapes and range in size from 60 to
130 um with length/width ratios of 1.5:1 to 3:1. The
zircons show clear oscillatory zoning in CL images that
indicate a magmatic origin (Figure 4(a)). Eleven spot
analyses on 11 zircons (Figure 4(a)) show wide-ranging
contents of U (389-1517 ppm) and Th (437-2351 ppm)
with Th/U ratios of 0.5 to 1.6 (Supplementary Table 1).
Note that most of the data plot away from the concor-
dia curve (Figure 4(b)), which may be related to the Pb
loss from zircon caused by later geological events
(Wetherill 1956; Tilton 1960; Dickin 2005). The three
most concordant spots have 2°°Pb/?*®U ages ranging
from 169.1 + 2.4 to 170.3 + 3.5 Ma with a weighted
mean age of 169.6 + 3.3 Ma (MSWD = 0.05; Figure 4(b)).

5.1.2 Sample N-7

Zircons chosen from the diabasic sample N-7 are euhe-
dral or broken crystals and exhibit prismatic shapes
with grain sizes of 40-120 um in length and length/
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width ratios of 1:1 to 3:1. The zircon grains have clear
oscillatory in CL images that suggest a magmatic origin
(Figure 4(c)). Nine spot analyses on 9 zircons (Figure 4
(c)) show the contents of U ranging from 109 to 528
ppm and Th from 62 to 511 ppm with Th/U ratios of 0.5
to 1.4 (Supplementary Table 1). Most of the data are
concordant or near-concordant and yield 2°°Pb/?34U
ages ranging from 128.5 + 3.6 to 134.9 + 2.1 Ma with
a weighted mean 2°°Pb/**®U age of 132.5 + 2.5 Ma
(MSWD = 0.72; Figure 4(d)).

5.1.3 Sample C-1

Zircons obtained from the diabasic sample C-4 display
euhedral or broken crystals with prismatic shapes and
have lengths of 80-200 um with length/width ratios of
2:1 to 3:1. The zircons exhibit oscillatory zoning in CL
images, indicating a magmatic origin (Figure 4(e)). Ten
spot analyses on 10 zircons (Figure 4(e)) have wide
ranges of U (1302-10801 ppm) and Th (1067-6150
ppm) with Th/U ratios of 0.1-1.2 (Supplementary
Table 1). Most of the data plot away from the concordia
curve (Figure 4(f)), which may be associated with the Pb
loss from zircon due to later geological events
(Wetherill 1956; Tilton 1960; Dickin 2005). The two
most concordant spots yield 2°°Pb/**®U ages ranging
from 132.8 + 3.2 to 134.7 =+ 3.9 Ma with a weighted
mean age of 133.6 + 4.9 Ma (MSWD = 0.13; Figure 4(f)).

5.2. Whole-rock geochemical compositions

The loss on ignition (LOI) contents of the Yilashan mafic
and ultramafic rock samples range from 1.78 to
16.07 wt.% (Supplementary Table 2), indicating their
various alterations. Thus, the major element composi-
tions of these ultramafic-mafic rocks are recalculated to
100% (volatile free) in this article. Because the incom-
patible high field strength elements (HFSEs, e.g. Ta, Nb,
and Ti), rare earth elements (REEs; e.g. La and Yb) and
transition elements (e.g. Cr and Ni) are relatively immo-
bile in the processes of severe seafloor-hydrothermal
alteration and low- to medium-grade metamorphism
(Bau 1991; Pearce and Cann 1973; Wood et al. 1979;
Gibson et al. 1982), the geochemical discussions that
follow are mainly based on these elements.

5.2.1 Ultramafic rocks

Nine representative whole-rock major and trace ele-
ment analyses of the Yilashan peridotites (harzburgite
and cumulate peridotite) are represented in
Supplementary Table 2. The Yilashan peridotites have
variable major element contents with SiO, ranging from
33.71 to 45.80 wt.%, Al,O; from 0.16 to 4.09 wt.%,
Fe,OsT from 8.27 to 11.25 wt.%, MgO from 40.94 to
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Figure 4. Cathodoluminescence images (a, ¢, €) and tera-Wasserburg concordia diagrams for U-Pb isotope compositions (b, d, f) of

the analysed zircons for the Yilashan diabases.

50.55 wt.% and CaO from 0.04 to 0.24 wt.%. Three
harzburgite samples with MgO contents of 43.23 to
4536 wt% are consistent with the corresponding
values of typical harzburgite (39.6-48.4 wt.%; Pearce
et al. 1984). In addition, Mg# [Mg* = Mg/(Mg + Fe™®)]
values of these peridotites vary from 89.5 to 93.4.

The Yilashan peridotites display very low abun-
dances of TREEs (total rare earth elements) ranging
from 0.15 to 0.61 ppm. These rocks show approximately
U-shaped REE distribution patterns (Figure 5(a)), with
(La/Yb)y ratios ranging from 1.04 to 11.68, (La/Sm)y
from 1.37 to 7.59 and (Gd/Yb)y from 0.86 to 1.67. The
variable Eu anomalies (5Eu = 0.38-2.10, Figure 5(a))
likely indicate the accumulation and fractionation of
plagioclases during magma evolution. On the primitive
mantle-normalized trace element spidergram (Figure 5
(b)), these peridotites are extremely depleted relative to
the primitive mantle as a whole and exhibit selective
enrichment in large ion lithophile elements (LILEs; e.g.

Ba, U, Pb, and Sr) and depletion in HFSEs. Note that
some samples with enrichment of Ta, Hf, and Ti may
have resulted from melt-rock interaction. On the plot of
Nb/Ta versus Zr/Hf (Figure 6), the Yilashan harzburgites
fall into and around the area of the Tonga peridotite
rather than abyssal peridotite. Combined with the lower
TREE concentration than that of abyssal peridotite (Niu
2004) shown in Figure 5(a), these signatures suggest
that the Yilashan harzburgites may not belong to the
abyssal peridotites.

5.2.2 Madfic rocks

Twenty-nine mafic rock samples were analysed, and the
whole-rock geochemical compositions are shown in
Supplementary Table 2. To discuss the geochemical
characteristics of these mafic rocks, we also incorpo-
rated the geochemical data on mafic rocks from the
adjacent Donggqgiao (Ye et al. 2004; Liu et al. 2016),
Amdo (Chen et al. 2015), Lanong (Xu et al. 2010),
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Figure 5. Chondrite-normalized REE (a) and primitive mantle-normalized trace element (b) diagrams for the Yilashan ultramafic
rocks. The chondrite and primitive mantle normalization data are from Sun and McDonough (1989). The data for the IBM (Izu-Bonin-
Mariana) fore-arc peridotite and South Sandwich fore-arc peridotite are from Parkinson and Pearce (1998) and Pearce et al. (2000),

respectively.
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Figure 6. Plot of Nb/Ta versus Zr/Hf (after Kong et al. 2012) of
the Yilashan ultramafic rocks. Fields for abyssal and Tonga
peridotites are from Niu (2004) and Falloon et al. (2006), and
straight lines delineate chondritic values of Zr/Hf and Nb/Ta.

Pungco (Wang et al. 2017), Pungcobei (Huang et al.
2015b) and Namco (Zhong et al. 2015) ophiolites
(Figure 1(b)).

The Yilashan diabase and basalt samples display
variable major element contents that have SiO, values
ranging from 51.78 to 62.89 wt.%, TiO, from 0.59 to
1.22 wt.%, Al,O5 from 12.87 to 16.42 wt.%, Fe,OsT from
6.43 to 9.49 wt.%, MgO from 2.29 to 13.29 wt.% and
P,0s from 0.13 to 0.33. Mg* values vary widely from
44.60 to 78.38. Some samples have high SiO, contents
>54.00 wt.% that are likely mainly due to the occur-
rence of quartz grains (Figure 3(c and d)). These rocks
mostly plot in the subalkaline basalt zone on the Nb/Y
versus Zr/TiO, diagram (Figure 7(a)) and in the calc-
alkaline field on the SiO, versus FeOT/MgO diagram
(Figure 7(b)).

The Yilashan diabase and basalt samples have high
amounts of TREEs ranging from 82.50 to 159.10 ppm
with an average of 104.67 ppm (Supplementary
Table 2). These samples display parallel REE distribution
patterns that are enriched in LREEs (Figure 8(a)) with
(La/Yb)y ratios varying from 6.86 to 12.21, (La/Sm)y
from 2.83 to 4.45 and (Gd/Yb) 5 from 1.51 to 2.30.
Their negative Eu anomalies (6Eu = 0.71-0.90, Figure 8
(@) likely indicate a low level of plagioclase fractiona-
tion during magma differentiation. On the N-MORB-
normalized trace element spidergram (Figure 8(b)),
they feature enrichment in LILEs (e.g. Rb, U, and Sr)
but depletion in HFSEs (e.g. Ta, Nb, and Ti). As a
whole, the normalized trace element distribution pat-
terns of these rocks show arc volcanic rock character-
istics that are different from those of fore-arc basalts
(FAB) from the Marianas (Reagan et al. 2010) and back-
arc basin basalts (BABB) from Central Lau (Tian et al.
2008) and Okinawa (Shinjo et al. 1999) (Figure 8(a and
b)), suggesting an arc-related tectonic setting.

The Yilashan gabbro samples have a broad range of
major element contents with SiO, from 42.60 to
51.09 wt.%, TiO, from 0.03 to 0.15 wt.%, Al,O5; from
14.20 to 24.14 wt.%, Fe,O5T from 2.67 to 5.62 wt.% and
MgO from 8.05 to 23.12 wt%. Mg* values are high
ranging from 81.72 to 93.22. They exhibit low concen-
trations of TREEs ranging from 2.07 to 5.17 ppm with an
average of 2.95 ppm (Supplementary Table 2). These
rocks display similar REE distribution patterns that are
depleted in LREEs (Figure 8(c)) with (La/Yb)y ratios vary-
ing from 0.35 to 1.96, (La/Sm)y from 0.41 to 1.42 and
(Gd/Yb)y from 11.03 to 1.47. The obviously positive Eu
anomalies (6Eu = 1.24-2.33, Figure 8(c)) likely reflect
plagioclase accumulation during magma differentiation.
On the N-MORB-normalized trace element spidergram
(Figure 8(d)), the gabbros exhibit variable enrichment in
LILEs (e.g. Rb, Ba, U, and Sr) but depletion in HFSEs (e.g.
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Figure 7. Plots of (a) Nb/Y versus Zr/TiO, (after Winchester and Floyd 1977) and (b) SiO, versus FeOT/MgO (after Miyashiro 1974) of
the Yilashan diabases and basalt. The mafic rocks data from the Lanong, Pungco, Pungcobei, Namco and Amdo ophiolites as shown
in Figures 7, 8, 10 and 11 are from Xu et al. (2010), Wang et al. (2017), Huang et al. (2015b), Zhong et al. (2015) and Chen et al.
(2015), respectively. The mafic rocks data for the Donggiao ophiolite as shown in Figures 7, 8, 10, and 11 are from Ye et al. (2004)
and Liu et al. (2016).
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Figure 8. Chondrite-normalized REE (a) and N-MORB-normalized trace element (b) diagrams for the Yilashan mafic rocks. The
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basalt), Okinawa Trough BABB and Mariana FAB (fore-arc basalt) are from Tian et al. (2008), Shinjo et al. (1999) and Reagan et al.
(2010), respectively.

Nb, Zr, and Ti). The normalized trace element distribu-  5.3. Sr-Nd-Hf isotopes
tion patterns of these samples are clearly lower than
those of N-MORB and the Yilashan diabase and basalt
samples (Figure 8). Overall, the high SiO, (mostly
>45 wt.%) and Mg* values (81.72-93.22), together with
the extremely low concentrations of HFSEs and positive
Eu anomalies (Figure 8(c and d)), reflect that the gabbro
samples belong to mafic cumulates. They do not repre-
sent liquid compositions that originated from a cooling
magma source from which the residual liquid fraction
was extracted (Miller et al. 2003).

Initial Sr-Nd isotopic data were calculated relative to
the zircon U-Pb age of 169.6 Ma (E-6) for samples E-8
and E-14. Their (*’Sr/*°sr); and (***Nd/'**Nd); ratios
range from 0.705734 to 0.708832 and from 0.512733
to 0.512930, respectively, with &yy(t) values varying
from +6.1 to +10.0 (Supplementary Table 2). Similarly,
sample N-4 has (®’Sr/%5Sr), ("“**Nd/"*Nd); and eng
(t = 132.5 Ma) values of 0.708474, 0.512856, and +7.6,
respectively. Note that the western mafic-ultramafic
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complex where the N, C, and W samples were collected
is in fault contact with the eastern mafic-ultramafic
complex where the E samples were collected (Figure 1
(0)). This feature, along with the similar zircon U-Pb
ages (~133 Ma) obtained from the N, and C diabases
(Figure 4(d and f)) and the similar geochemical compo-
sitions of the N, C and W samples (Figure 8), indicate
that the W samples probably have a formation age
similar to these N and C samples. Therefore, (3/Sr/2°Sr);
and ("Nd/'*Nd); ratios of the sample W-2 are
0.705389 and 0.512782, respectively, with &yg
(t = 132.5 Ma) value of +6.1.

Five in situ Lu-Hf spot analyses obtained on the dated
zircon grains of sample E-6 have initial '"®Hf/'””Hf and g
(t = 169.6 Ma) values ranging from 0.282200 to 0.282335
and -16.5 to -11.7, respectively (Supplementary Table 3).
The single-stage model ages (Tpy;) and two-stage model
ages (Tpmp) vary from 1.32 to 1.51 Ga and 1.95 to 2.25 Ga,
respectively (Supplementary Table 3). Similarly, five in situ
Lu-Hf spot analyses conducted on the dated zircon grains
of sample N-7 display initial '7°Hf/"”’Hf and ey
(t = 132.5 Ma) values ranging from 0.282306 to 0.282679
and -13.6 to -0.4, respectively (Supplementary Table 3).
The single-stage model ages (Tpp;) and two-stage model
ages (Tpmo) vary from 0.83 to 1.34 Ga and 1.21 to 2.04 Ga,
respectively (Supplementary Table 3).

6. Discussion

6.1. Formation age of the Yilashan mafic and
ultramafic rocks and its significance

Two distinct formation ages for gabbro have been
reported for the Yilashan mafic-ultramafic complex.
Huang et al. (2013) reported a zircon LA-ICP-MS U-Pb
age of 183.7 + 1 Ma for gabbro, indicating that the
Yilashan mafic-ultramafic complex was likely developed
in the Early Jurassic. Zhang et al. (2014a) proposed an
“°Ar-*°Ar age of 114 + 2 Ma on plagioclase from gabbro,
implying the occurrence of magmatism in the Early
Cretaceous. In this article, three new zircon U-Pb ages of
diabase are presented (Supplementary Table 1). An older
zircon U-Pb age (169.6 + 3.3 Ma) from sample E-6 is
relatively close to the age (183.7 £ 1 Ma) of gabbro
given by Huang et al. (2013), whereas two younger zircon
U-Pb ages of samples N-7 (1325 + 2.5 Ma) and C-1
(133.6 + 4.9 Ma) are closer to the age (114 + 2 Ma) of
gabbro reported by Zhang et al. (2014a). Note that the
diabase samples in this article have similar geochemical
signatures (Figure 8(a and b)), which indicates that they
probably originated from similar magma sources. The
different zircon U-Pb ages, at ~36 Ma intervals, likely
indicate that several magmatic intrusions occurred (~169
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and ~133 Ma, respectively). Thus, it can be concluded that
the Yilashan mafic and ultramafic rocks developed during
the Jurassic-Early Cretaceous and likely represent two
major igneous events that occurred at 183-169 Ma and
133-114 Ma, respectively.

Isotopic and stratigraphic chronological studies show
that the formation ages of the central BNSZ ophiolites
are basically clustered in the Jurassic with zircon U-Pb
ages ranging from 189 to 148 Ma (Table 1; e.g. Zhu 2004;
Sun et al. 2011; Zhong et al. 2015; Chen et al. 2015; Wang
et al. 2016). Zircon U-Pb ages of Jurassic ophiolites in this
region can be further divided into two periods including
178-189 Ma (Amdo, Donggiao, Pungcobei, Namco and
Yunzhug; Zhu 2004; Xia et al. 2008; Zhong et al. 2015;
Huang et al. 2015b; Wang et al. 2016) and 148-159 Ma
(Pungco, Lanong, and Namco; Zhong et al. 2015, 2017;
Wang et al. 2017). It is unusual that ophiolites with
Middle Jurassic zircon U-Pb ages are poorly reported.
Note that high-Mg andesites in Daruco (Figure 1(b))
yielded zircon U-Pb ages of ~164-162 Ma and occur
directly with peridotites (Zeng et al. 2016). Zeng et al.
(2016) argued that these high-Mg andesites belong to
the Daruco ophiolite and that the ophiolite was likely
generated in the Middle Jurassic. The zircon U-Pb age of
183.7 + 1 Ma of the Yilashan gabbro reported by Huang
et al. (2013) is consistent with the Early Jurassic forma-
tion ages of the ophiolites in the study area. In this
article, our older zircon U-Pb age of 169.6 + 3.3 Ma for
the Yilashan diabase is younger than the Early Jurassic
ophiolites discussed above but resembles the age of the
Daruco high-Mg andesites. On the other hand, some
Early Cretaceous ophiolitic massifs have been identified
in Pungco (basalt, 120 £+ 1.4 Ma; Chen et al. 2006), Lanong
(gabbro, 128 Ma; Chen et al. 2006) and Yunzhug (diabase
and basalt at 114-133 Ma and 139 Ma, respectively; Zhu
2004). Our two new ages of 1325 + 2.5 Ma and
133.6 + 4.9 Ma in this article along with the *°Ar-*°Ar
age of 114 + 2 Ma of the Yilashan gabbro reported by
Zhang et al. (2014a) are consistent with the Early
Cretaceous formation ages of these ophiolites. The simi-
lar formation ages presented here suggest that the
Yilashan mafic-ultramafic complex and the ophiolites
listed above likely have some genetic relationships.

6.2. Fractional crystallization and crustal
assimilation

The concentrations of Cr and Ni of the Yilashan diabase
and basalt samples range widely from 35.2 to 902 ppm
and from 27.4 to 278 ppm, respectively (Supplementary
Table 2). These values imply that the rocks are variably
differentiated compared with those of primitive basaltic
magma (Cr = 300-500 ppm, Ni = 300-400 ppm; Frey
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et al. 1978). Their slight negative Eu anomalies (Figure 8
(@)) further indicate that crystallization differentiation
plays an important role in magma evolution. However,
their positive correlations between La and La/Sm
(Figure 9(a)), along with the arc-like normalized trace
element patterns (Figure 8(a and b)), suggest that the
generation of these rocks involved with partial melting
and source heterogeneity rather than a simple frac-
tional crystallization.

The selective enrichment in LREEs and depletion in Nb,
Ta, Ti, Zr, and Hf of the Yilashan mafic rocks shown in
Figure 8 may argue for the involvement of crustal com-
ponents, either crustal contamination en route or in
source regions (Zhao and Zhou 2007). The high Th/La
(0.33-0.48, with an average of 0.39) and Th/Ce (0.17-
0.25, with an average of 0.20) ratios of the diabase and
basalt samples also reflect the possible influence of crustal
materials in their petrogenesis (Sun and McDonough
1989; Taylor and McLennan 1995; Plank 2005, 2014).
Furthermore, the occurrences of quartz xenoliths and
interstitial grains in the diabase (Figure 3(e)) and basalt
samples (Figure 3(f)) and the development of granophyre
and quartz diorite porphyry in the Yilashan mafic-ultra-
mafic complex (unpublished, this article), further argue for
the likely crustal contamination during magmatic evolu-
tion. La and Th are enriched in upper continental crust
(UCQ), whereas Th is generally depleted in lower conti-
nental crust (LCC) (Barth et al. 2000). The diabase and
basalt samples are clearly enriched in Th, which may
reflect the addition of UCC materials. On the diagram of
(Nb/La)ppm (‘PM’ denotes normalization to primitive mantle
composition) versus (Zr/Nd)py (Figure 9(b), the diabase
and basalt samples plot in a field nearer to the upper
crust (UQC) than to the low crust (LC), further arguing for
the influences of UC components. In addition, the
Yilashan mafic rocks exhibit variable (87Sr/%Sr); values
(0.705389-0.708832) and clearly positive &yg(t) values

(+6.1 to +10.0), and they plot far away from the GLOSS
(global oceanic sediment) and LCC fields on the (8/Sr/2°Sr)
i versus eyg(t) diagram (Figure 10(a)). Therefore, the sig-
natures presented here probably indicate limited input of
crustal components during magmatic evolution, and the
most likely candidate for the crustal materials may be the
upper crust. Cr (35.2-902 ppm, with an average of 411
ppm) and Ni (27.4-278 ppm, with an average of 161 ppm)
values of the diabase and basalt samples also argue
against extensive crustal assimilation.

6.3. Nature of magma sources

Peridotites are generally considered to be the residuum
after partial melting of primary mantle (Coleman 1977;
Hawkins 2003). In the process of magma differentiation,
residua are depleted in Nb, Ta, Zr, and Hf with Nb/Ta
and Zr/Hf ratios generally lower than those of chon-
drites (17.57 and 36.3, respectively; Falloon et al. 2006).
Two samples of the Yilashan harzburgites have lower
ratios of Nb/Ta (0.96-2.66) and Zr/Hf (29.0-32.3), further
showing a feature of mantle residuum (Figure 6). Note
that one sample with higher Zr/Hf value (43.1) com-
pared with chondrite may be caused by rock-melt inter-
action (Falloon et al. 2006) (Figure 6). Meanwhile, the
enrichment of Ta, Hf, and Ti in some peridotite samples
(Figure 5(b)) also argues for likely rock-melt interaction.
Moreover, the Yilashan peridotites have very low trace
element concentrations with strong enrichment in
LREEs and LILEs (Figure 5), which is generally associated
with partial melting of a depleted mantle source mod-
ified by LREE-enriched fluids and/or melts that origi-
nated from the subducting slab or sediments (Niu
2004; Paulick et al. 2006; Dai et al. 2011). Considering
that the addition of subducted sediments in the
magma sources and crustal contamination in a later
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stage may be limited (Figure 10(a)) and that the magma
sources of the diabase and basalt samples were mainly
affected by subducted fluids rather than melts (dis-
cussed later), the mantle source of the Yilashan perido-
tites would be mainly modified by the fluids derived
from the subducting slab. Some peridotites showing
clear magnesite mineralization (unpublished, this arti-
cle) are consistent with this inference. In addition,
although boninites have been identified in the diabasic
dikes of the Pungco ophiolite (Pearce and Deng 1988)
in the study area (Figure 1(b)), the Yilashan mafic and
ultramafic rocks likely formed in a continental arc set-
ting (see below), which rules out the possibility that the
boninitic magmas reacted with the Yilashan peridotites.

Negative zircon &y4(t) values and older Hf model
ages of the samples E-6 (g4¢(t) values of -16.5 to -
11.7, Tomy of 1.32 to 1.51 Ga and Tpy of 1.95 to
2.25 Ga) and N-7 (gq(t) values of -13.6 to -0.4, Tpms
of 0.83 to 1.34 Ga and Tpy, of 1.21 to 2.04 Ga)
(Supplementary Table 3; Figure 10(b)) suggest that
ancient crust or lithospheric mantle was involved in
the generation of the Yilashan diabase and basalt
samples. However, significant crustal contamination is
precluded. Again, previous studies based on zircon Lu-
Hf isotopes of igneous rocks and whole-rock Nd iso-
topes of clastic sedimentary rocks reflect that the
northern Lhasa terrane is characterized by younger
and juvenile crust (Zhu et al. 2009, 2011, 2013, 2016).
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These signatures, in combination with the identifica-
tion of ancient lithospheric mantle materials in the
magma sources of the adjacent Middle Jurassic high-
Mg andesites in Daruco (eus(t) values of -9.9 to -7.4
and Tpyy of 1.7 to 1.8 Ga; Zeng et al. 2016), Early
Cretaceous andesites in Nagqu (eqe(t) values of -9.9
to -4.7, Tomq: of 0.94 to 1.15 Ga and Tpy, of 1.36 to
1.68 Ga; Huang et al. 2012) and Bamco (gn¢(t) values of
-4.6 to -0.3, Tpm; of 0.80-0.97 Ga and Tppm, of 1.20 to
1.47 Ga; Chen et al. 2010) and Early Cretaceous gran-
ites in Daruco (gy¢(t) values of 5.5 to -2.6 and Tppy of
1.34 to 1.52 Ga; Tang et al. 2015) (Figures 1(b) and 10
(b)), are indicative of the probable influence of ancient
lithospheric mantle components in the study area. In
addition, '8 0s/'880s ratios of harzburgites and dunites
from the Donggiao ophiolite and Yilashan mafic-ultra-
mafic complex range from 0.1174 to 0.1316 with Re-
Depletion (TRD) model ages up to 1.43 Ga that further
argue for a Mesoproterozoic lithospheric mantle source
in the study area, which had experienced mantle refer-
tilization and then was metasomatized by percolation
of melts and/or fluids (Huang et al. 2015a).

The Yilashan diabase and basalt samples exhibit
enrichment in LILEs and LREEs but depletion in HFSEs
(e.g. Nb, Ta, and Ti) (Figure 8(a and b)). They have ratios
of Nb/La (0.31-0.45) <1, Zr/Nb (13.78-18.97) > 5.8 (OIB)
and (Th/Nb)ppm (6.45-11.53) >1 (which are distinct from
that of asthenosphere-derived basalts at less than 1;
Saunders et al. 1992). These signatures, combined with
their low TiO, contents (0.59-1.22 wt.%), argue for a
metasomatized lithospheric mantle source instead of an
asthenospheric mantle source (Lightfoot et al. 1993;
Ewart et al. 1998, Wang et al. 2005). Moreover, the
variable zircon ey(t) values of samples E-6 (-16.5 to -
11.7) and N-7 (-13.6 to —0.4) suggest hybrid magmas in
the source region. Th/Zr and Nb/Zr ratios can be used

to constrain the influences of subduction-related melts
and/or fluids in the magma source (Kepezhinskas et al.
1997). On the Th/Zr versus Nb/Zr diagram (Figure 10(c)),
the diabase and basalt samples have high Th/Zr relative
to Nb/Zr and plot along the trajectory of fluid-related
enrichment. Similarly, these samples display a wide
range of (Ta/La)y relative to (Hf/Sm)y that basically
falls along the trajectory between OIB and arc materials
metasomatized by subducted fluids in the plot of (Ta/
La)n versus (Hf/Sm)y (Figure 10(d)). It can be concluded
that the magma source of the diabase and basalt sam-
ples was mainly modified by subducted fluids instead
of slab-related melts. Note that the dunites of the
Yilashan mafic-ultramafic complex likely originated
from a weakly depleted asthenospheric mantle source
based on Os-isotopes of Cr-spinel (Huang et al. 2013).
Again, the Yilashan diabase and basalt samples have
relatively high Zr/Y relative to Zr, which shows some
characteristics of within-plate basalts (WPB) rather than
those of island arc basalts (IAB) and MORB on the plot
of Zr versus Zr/Y (Figure 10(e)). Combined with the
positive eyg(t) values (+6.1 to +10.0) of the Yilashan
mafic rocks, these signatures indicate that the Yilashan
mafic rock samples likely originated from an ancient
lithospheric mantle source that interacted with magmas
due to asthenospheric upwelling. Nd-Hf isotopic
decoupling of the Yilashan mafic rock samples was
probably related to the fact that different isotopic sys-
tems have different rates of equilibration in the magma
mixing process such that the whole-rock Sr-Nd iso-
topes can much more quickly homogenize in this pro-
cess, whereas the zircon Lu-Hf isotopes do not easily
reach equilibrium (e.g. Lesher 1990; Scherer et al. 2000;
Griffin et al. 2002; Hu et al. 2005). Therefore, the positive
eng(t) values (+6.1 to +10.0) of the Yilashan mafic rocks
probably indicate a rapid rate of equilibration during
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magma mixing of two end-members (ancient litho-
spheric mantle source and weakly depleted astheno-
spheric mantle source), whereas the variable negative
ene(t) values of -0.4 to -13.6 and -11.7 to -16.3 have
preserved details of the assembly of the different mag-
mas (Griffin et al. 2002).

REEs are widely used to identify magma genesis and
degrees of partial melting of a mantle source (Zhao and
Zhou 2007). Most of the Yilashan diabase and basalt
samples have Ce/Y ratios (1.75-4.27, with an average of
2.34) less than 3, which reflect a stable spinel-garnet
mantle field at 60-80 km deep (McKenzie and Bickle
1988), consistenting with the observation that Cr-spi-
nels are enriched in the Yilashan peridotites (Figure 3(a
and b)). On the plot of Sm versus Sm/Yb (Figure 10(f)),
the diabase and basalt samples display relatively high
Sm/Yb ratios that fall in the field between the melting
curves of spinel-garnet lherzolite and garnet Iherzolite
but are closer to the former, implying that these rocks
probably formed by ~10-25% partial melting of a gar-
net + minor spinel Iherzolite mantle source.

6.4. Tectonic setting

The Yilashan peridotites exhibit low trace element con-
centrations with approximately U-shaped REE patterns,
selective enrichment in LILEs and depletion of Nb
(Figure 5). These signatures, combined with the conclu-
sion that Yilashan harzburgites are distinct from abyssal
peridotite as shown in Figures 5(a) and 6, indicate that
the Yilashan peridotites developed in a SSZ setting.
The Yilashan diabase and basalt samples display
geochemical features of arc volcanic rocks with enrich-
ment in LREEs and LILEs and depletion in HFSEs
(Figure 8(a and b)), suggesting an arc setting. Note
that these rocks plot in and around the WPB field on
the Zr versus Zr/Y diagram (Figure 10(e)), which may be
associated with the influences of asthenospheric upwel-
ling in the magma source. Several tectonic discrimina-
tion diagrams are used to determine the tectonic
setting of the Yilashan diabase and basalt samples in
the following. These samples fall in and around the
overlapping fields of IAT (island arc tholeiite) and CAB
(calc-alkaline basalt) on the Ti versus V diagram
(Figure 11(a)). These signatures, along with these rocks
plotting in the continental arc zone on the Nb/Yb versus
Th/Yb diagram (Figure 11(b)), suggest that they likely
formed in a continental margin arc setting. Further
support is provided by these samples showing high
Th/Yb values that plot in and around the active con-
tinental margin field on the Ta/Yb versus Th/Yb diagram
(not shown; Pearce 1983; Xiao et al. 2004). Although
three new zircon U-Pb ages ranging from Middle
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Jurassic to Early Cretaceous are obtained from different
diabase samples in distinct locations (Figure 1(c)), the
similar geochemical compositions of these samples
(Figure 8(a and b)) indicate that the Yilashan mafic
and ultramafic rocks likely developed in a single con-
tinental arc setting with similar magma sources during
the Jurassic—Early Cretaceous.

6.5. Comparison with Jurassic-Early Cretaceous
ophiolites in the central BNSZ

The Donggiao, Amdo, Pungco, Pungcobei, Lanong, and
Namco ophiolites occurring in the study area (Figure 1
(b)) are briefly compared with the Yilashan mafic rocks
to better understand the petrogenesis and hence to
evaluate the regional geological setting.

The Donggiao and Amdo ophiolites to the north are
located at the southern margin of the Qiangtang ter-
rane (Figure 1(b)). The Donggiao ophiolite comprises
IAB, MORB (N-MORB and E-MORB) and OIB-like mafic
rocks with scattered points shown partly in Figures 7, 8,
10 and 11 (Ye et al. 2004; Liu et al. 2016; Wang et al.
2016). These mafic rocks exhibit relatively low (®7Sr/80sr)
1 and &yg(t) values with positive zircon egy(t) values
relative to the Yilashan mafic rock samples (Figure 10
(@ and b)). Again, these rocks have a wide range of Sm
and Sm/Yb values that show diversified magma sources
with respect to the Yilashan diabase and basalt samples
(Figure 10(f)). The Amdo basalts (Figure 7(a)) display the
mixed end-numbers of arc and N-MORB geochemical
features and originated from an N-MORB-like depleted
mantle source that was composed of spinel lherzolite
(Figures 8, 10 and 11). These signatures are distinct
from those of the Yilashan mafic rock samples.
Recently, studies have proposed that the Donggiao
(181-188 Ma; Xia et al. 2008; Liu et al. 2016; Wang
et al. 2016) and Amdo (184-220 Ma; Sun et al. 2011;
Chen et al. 2015; Wang et al. 2016) ophiolites were
probably produced in an intra-oceanic subduction set-
ting (Chen et al. 2015; Wang et al. 2016) during the Late
Triassic-Early Jurassic as a result of the northward sub-
duction of the BNTO beneath the Qiangtang terrane.

Mafic rocks of the Pungco (Wang et al. 2017),
Pungcobei (Huang et al. 2015b) and Lanong (Xu et al.
2010) ophiolites are also shown in Figures 7, 8, 10 and
11. These rocks display eng(t) values similar to those of
the Yilashan mafic rock samples (Figure 10(a)), but have
low values of Sm and Sm/Yb that imply a spinel Iherzo-
lite mantle source with high partial melting that is
different from that of the Yilashan diabase and basalt
samples (Figure 10(f)). Furthermore, these rocks have
various degrees of fore-arc basalt or boninite geochem-
ical features (Figures 8, 10(e) and 11). Combined with
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the nearby Pungco boninites (Pearce and Deng 1988)
and the Daruco continental margin high-Mg andesites
that are in direct contact with peridotites (Zeng et al.
2016), these signatures indicate that a continental fore-
arc lithosphere likely formed during the Jurassic-Early
Cretaceous (188-120 Ma; Table 1) represented by the
Pungco-Lanong (including the Daruco and Pungcobei
ophiolites) ophiolitic mélange as a result of the south-
ward subduction of the BNTO beneath the Lhasa ter-
rane (e.g. Wang et al. 2017; Zhong et al. 2017).

The southernmost Namco ophiolite is located at the
southern margin of the northern Lhasa terrane (Figure 1
(b)). Mafic rocks of the Namco ophiolite exhibit the
mixed end-numbers of arc and N-MORB geochemical
features, and were derived from an N-MORB-like
depleted mantle source that was composed of spinel
Iherzolite (Figures 8, 10 and 11). These features are
different from those of the Yilashan mafic rock samples.
Zhong et al. (2015) proposed that the Namco ophiolite
(178-149.7 Ma) formed in a continental back-arc basin
during the Jurassic related to the southward subduction
of the BNTO beneath the Lhasa terrane.

6.6. Tectonic implications

The BNTO had experienced a series of complex tectonic
evolutionary processes with ancient continent break-
up, seafloor spreading and consumption and collision
of the Lhasa-Qiangtang terranes over geological peri-
ods (Zhu et al. 2013; Zhang et al. 2014b, 2017; Liu et al.
2017a, 2017; Zhang and Zhang 2017). It is beyond the
scope of this study to discuss the early evolution of the
BNTO, and the BNTO probably had already evolved into
a wide ocean in the Early Jurassic (Pan et al. 2006, 2012;
Zhu et al. 2013; Zhang et al. 2014b; Chen et al. 2015;
Zhang and Zhang 2017).

A series of Jurassic magmatic rocks is located at the
southern margin of the Qiangtang terrane (e.g. Kapp
et al. 2005; Li et al. 2014; Liu et al. 2014; Hao et al. 2015;
Zhang et al. 2017) and the Amdo terrane (Guynn et al.
2006; Liu et al. 2010; Zhu et al. 2011). These rocks, along
with the occurrence of a Late Triassic—Jurassic accre-
tionary wedge at the southern margin of the Qiangtang
terrane (Zeng et al. 2015; Liu et al. 2017), indicate the
northward subduction of the BNTO beneath the
Qiangtang-Amdo terranes as early as the Late Triassic.
The whole-rock geochemical and zircon Lu-Hf isotopic
data of the Yilashan diabase and basalt samples
(Supplementary Tables 2 and 3) suggest that these
rocks formed by involvement with ancient lithospheric
mantle components. The Yilashan mafic-ultramafic
complex is located between the Amdo and central
Lhasa terranes (Figure 1(c)). Considering that both the

Amdo and central Lhasa terranes have ancient meta-
morphic crystalline basement (e.g. Zhu et al. 2009, 2011,
2013; and references therein), either of them could
have been involved in the formation of the Yilashan
mafic and ultramafic rocks. However, the Amdo terrane
involvement in the generation of the Yilashan mafic
and ultramafic rocks can be excluded, as explained in
the following discussion. Recently, studies have indi-
cated that the Amdo terrane was an isolated microcon-
tinent in the BNTO during the Permian-Triassic (e.g.
Zhu et al. 2013; Zhang et al. 2014c). This terrane had
experienced granitoid magmatism (Guynn et al. 2006;
Zhu et al. 2011) and coeval high-pressure metamorph-
ism (Guynn et al. 2006; Shi et al. 2012, 2013; Zhang et al.
2012, 2014c) in the Early Jurassic, likely as a result of the
same event of the northward subduction of the Amdo
terrane under the Amdo intra-oceanic back-arc basin
(Chen et al. 2015) or the Qiangtang terrane (e.g. Zhu
et al. 2011; Zhang et al. 2012, 2014c). During this sub-
duction process, the Amdo terrane was exhumed to
mid-crustal levels in the Early Jurassic (~181 Ma) along
with obvious metamorphism and granitoid magmatism
(Zhang et al. 2014c) (Figure 12(a)). Thus, there were
probably no proper conditions to generate the
Yilashan mafic and ultramafic rocks associated with
the Amdo terrane in the Early Middle Jurassic (~183-
170 Ma). Furthermore, the zircon &4(t) values (-16.5 to —
0.4) of the diabase and basalt samples is distinct from
those of Mesozoic rocks in the Amdo terrane (=11.1 to
+0.6; Zhu et al. 2011, and references therein), which
possibly implies a more enriched magma source.
However, these values lie in the range of zircon &.(t)
values (-22.0 to +9.6) of Mesozoic-Early Tertiary mag-
matic rocks in the central Lhasa terrane (Zhu et al. 2011,
and references therein). In combination with the obser-
vation that the central Lhasa terrane used to be an
ancient microcontinent and the idea that the initial
southward subduction of the BNTO beneath the Lhasa
terrane was likely at the Middle Permian (e.g. Pan et al.
2006, 2012; Zhu et al. 2009, 2011, 2013), the develop-
ment of the Jurassic-Early Cretaceous Yilashan mafic
and ultramafic rocks could have been related to the
southward subduction of the BNTO beneath the central
Lhasa terrane. Nonetheless, the Yilashan mafic-ultrama-
fic complex is relatively far away from the central Lhasa
terrane at present (Figure 1(b)), especially since the
northern Lhasa terrane had experienced significant
shortening (>50%) from the Late Cretaceous to
Palaeogene (Zhu et al. 2009, and references therein).
Note that some Middle Jurassic—Early Cretaceous mag-
matic rocks with negative zircon &(t) values and old Hf
model ages (Chen et al. 2010; Huang et al. 2012; Tang
et al. 2015; Zeng et al. 2016) are developed in the study
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area, suggesting that an ancient basement likely existed
beneath the study area (Liu et al. 2016). Huang et al.
(2015a) further proposed that old mantle domains
probably existed in the BNSZ as remnants of ancient
sub-continental lithospheric mantle (SCLM). Therefore,
the study area is not simply characterized by younger
and juvenile crust (Zhu et al. 2009, 2011; Zeng et al.
2016). The Yilashan mafic and ultramafic rocks likely
formed related to the southward subduction of the
BNTO beneath the (northern) Lhasa terrane.

It is worth noting that the Donggiao ophiolite contains
Early Jurassic OIB-type basalts (Liu et al. 2016). Interbedded
OIB-type basalts in Middle Triassic radiolarian cherts (237-
228 Ma) of the Nagqu Gajia Formation (T,.3g) (Zhu et al.
2006) and Early Cretaceous OIB-type basalts in Duoma (Zhu
et al. 2006) and Tarenben (Wang et al. 2005) have also been
identified in the central BNSZ. Zhang et al. (2014a) sug-
gested that there were two major plateau eruptive events
at 193-173 Ma and 128-104 Ma in the BNTO due to mantle
plume upwelling. These signatures imply that mantle
plume activity likely had played an important role in the
evolution of the central BNSZ during the Mesozoic.
Meanwhile, Cr-spinel of the Yilashan dunites shows Os
isotopic features similar to those of slightly depleted asth-
enospheric mantle (Huang et al. 2013), indicating the input
of materials derived from an asthenospheric mantle plume
(Zhao et al. 1994) or plume-fed asthenosphere
(Hasenclever et al. 2005). Therefore, the Yilashan mafic
and ultramafic rocks were likely produced by the processes
in which an ancient lithospheric mantle wedge was mod-
ified mainly by asthenosphere-derived magmas and sub-
ducted fluids with two major igneous events at ~183-

170 Ma and ~133-114 Ma as a result of the southward
subduction of the BNTO beneath the Lhasa terrane (e.g.
Zhu et al. 2011; Sui et al. 2013) (Figure 12). In addition,
much magmatism also occurred in the northern Lhasa
terrane during this period (Figure 12; e.g. Kang et al. 2008;
Zhu et al. 2008, Zhu et al. 2013, 2016). In particular, the
orthophyres from the Pungco area (Figure 1(b)) formed
with a zircon U-Pb age of 170 + 2.4 Ma and a continental
arc setting (Yi et al. 2017) that is consistent with the early
stage (~183-170 Ma) of the Yilashan mafic—ultramafic
complex.

Because of the S-N-trending horizontal compres-
sional stress caused by the southward subduction of
the BNTO and the northward subduction of the
Yarlung Zangbo Neo-Tethys Ocean, the BNTO finally
closed with the collision of the Lhasa and Qiangtang
(including the Amdo terrane) terranes after the late
Early Cretaceous (e.g. Zhu et al. 2011, 2016; Sui et al.
2013; Fan et al. 2015; Liu et al. 2017).

7. Conclusions

(1) Three zircon U-Pb ages of 1696 + 3.3,
1325 + 2.5, and 133.6 + 4.9 Ma are obtained
from diabases. These ages, along with other
two ages presented by previous studies, suggest
that the Yilashan mafic-ultramafic complex was
likely generated in the Jurassic-Early Cretaceous
with two major igneous events that occurred at
~183-170 Ma and ~133-114 Ma, respectively;
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(2) The Yilashan mafic and ultramafic rocks formed
in a continental arc setting as a result of the
southward subduction of the Bangong-Nujiang
Tethys Ocean beneath the Lhasa terrane;

(3) The Yilashan mafic and ultramafic rocks origi-
nated from an ancient lithospheric mantle source
with the addition of weakly depleted astheno-
spheric components and subducted fluids along
with limited crustal contamination. The diabase
and basalt samples were probably derived by
~10-25% partial melting of a garnet + minor
spinel Iherzolite mantle source.
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