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Abstract

In this paper, we present new major and trace element chemical data for the basalts and phonolites of the Nare ocean island
fragment (NaOI), as well as zircon U-Pb age data and Hf isotope compositions for the NaOI phonolites in the middle seg-
ment of the Bangong—Nujiang Suture Zone, northern Tibet. Our aim is to assess the genesis of these rocks and to reconstruct
the Middle Triassic evolution of the Bangong—Nujiang Tethyan Ocean (BNTO). The NaOl retains an ocean island-type
double-layered structure comprising a basaltic basement and an oceanic sedimentary cover sequence (conglomerate and
limestone, the latter accompanied by layers of erupted phonolite near the top of the sequence). The basalts in the NaOlI are
enriched in light rare earth elements and high field strength elements (Nb, Ta, Zr, Hf, and Ti), and they exhibit chondrite-
normalized REE patterns and primitive mantle-normalized trace element patterns similar to those of ocean island basalts.
Taking into consideration their high Dy/Yb, Sm/Yb, and La/Sm ratios, we conclude that the NaOI basalts were derived from
the partial melting of garnet peridotite in the mantle. The NaOI phonolites have LREE-enriched chondrite-normalized REE
patterns with negative Eu anomalies (Eu/Eu* = 0.41-0.43) and primitive mantle-normalized trace element patterns with
enrichments in Nb, Ta, Zr, and Hf, and depletions in Ba, U, Sr, P, and Ti. Given the high contents of Nb (172-256 ppm), Ta
(11.8-16.0 ppm), Zr (927-1117 ppm), and Hf (20.8-26.9 ppm), and the very low contents of MgO (0.11-0.25 wt%), the very
low Mg# values (5-10), and the near-zero contents of Cr (1.27-7.59 ppm), Ni (0.43-7.19 ppm), and Co (0.11-0.38 ppm),
and the small and homogeneously positive ey (¢) values (+4.9 to +9.5), we infer that the NaOI phonolites were formed
by the fractional crystallization of an OIB-derived mafic parent magma. The phonolites of the NaOI contain zircons that
yielded U-Pb ages of 239 and 242 Ma, indicating that the NaOI formed during the Middle Triassic. These data, combined
with data from modern ocean islands (e.g., Canary Islands, Cape Verde, Fernando de Noronha, Tristan da Cunha, and Gough
in the Atlantic Ocean, and Society and Austral-Cook in the Pacific Ocean), lead us to infer that the BNTO was open for a
long time before the Middle Triassic, and that the ocean had already developed into a mature ocean with a thick oceanic
lithosphere by at least the Middle Triassic.
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Introduction

The Bangong—Nujiang Suture Zone (BNSZ) on the Tibetan
Plateau is an important tectonic boundary and metallo-
genic belt in the eastern section of the Tethys tectonic
domain. However, the nature and tectonic evolution of the
Bangong—Nujiang Tethyan Ocean (BNTO), represented
by the BNSZ, are debated. For example, some scholars
have proposed that the BNTO was a long-lived ocean
basin that developed continuously from the Paleozoic
to the Mesozoic, and that it represents the main basin of
the Paleo-Tethys Ocean on the Tibetan Plateau (Pan et al.
1997, 2006, 2012; Wang et al. 2002; Zhu et al. 2013). Oth-
ers inferred that the BNTO developed mainly during the
Mesozoic, opening at first during the Late Permian—Early
Triassic, and finally closing during the Cretaceous. In
this model, the ocean either represented the northern arm
of the Neo-Tethys Ocean (Chang and Zhen 1973; Chang
1978; Smith and Xu 1988; Yin 1997; Ren and Xiao 2004;
Shi et al. 2008; Huang et al. 2012; Liu et al. 2014; Fan
et al. 2014b, 2015b), or it represented the Meso-Tethys
Ocean (Girardeau et al. 1984; Zhou et al. 1997; Wang
2000; Yong and Jia 2000; Wang et al. 2008). Others sug-
gested that the BNTO was a short-lived ocean basin that
existed for no more than 100 Myr from the Late Triassic
to the Late Jurassic (Kapp et al. 2003, 2007; Qiu et al.
2004; Zhang 2007; Xia et al. 2008; Qu et al. 2010). In
this model, it is inferred that the ocean either represented
a back-arc ocean basin of the Jinshajiang Paleo-Tethys
Ocean or of the Indus—Yarlung Zangbo Neo-Tethys Ocean
(Wang et al. 1987). Some scholars have even proposed that
the BNTO was not an ocean in the strict sense (Lu et al.
2003; Zhao et al. 2004).

The fundamental problem with the above arguments is
that the oldest reliable ages of oceanic BNSZ rocks (e.g.,
ophiolites and ocean islands) are Late Triassic (Fan et al.
2017) and Early—-Middle Jurassic (Qiu et al. 2004; Xia et al.
2008; Shi et al. 2008; Qu et al. 2010; Zhang et al. 2014;
Wang et al. 2008, 2013, 2016), and there is a general absence
of earlier oceanic remnants, which means little information
is available on how and when the early BNTO developed. It
is therefore important to find and analyze oceanic remnants
of the BNTO in the BNSZ that pre-date the Late Triassic.

In this paper, we describe for the first time the newly
discovered Middle Triassic Nare ocean island fragment
(NaOl]) in the middle segment of the BNSZ (Fig. 1a). We
present the results of detailed geochemical, geochrono-
logical, and Lu—Hf isotopic analyses of the basalts and
phonolites of the NaOlI, and we use the data to discuss the
genesis and evolution of these rocks. Based on these data
and the results of research on modern ocean islands, we
also discuss the Middle Triassic evolution of the BNTO.
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Geological background and petrological
observations

The Tibetan Plateau is located in the eastern section of the
Alpine—Himalayan tectonic domain, and is divided from
south to north into the Himalayan, Lhasa, Southern Qiang-
tang, Northern Qiangtang, and Bayan Har—Garze terranes
(Fig. 1a; Allegre et al. 1984; Dewey et al. 1988; Pan et al.
1997, 2012; Yin and Harrison 2000; Li et al. 2006; Wang
et al. 2013). These terranes are separated by the Indus—Yar-
lung Zangbo Suture Zone (IYZSZ), the Bangong—Nujiang
Suture Zone (BNSZ), the Longmuco—Shuanghu-Lancangji-
ang Suture Zone (LSLSZ), and the Jinshajiang Suture Zone
(JSSZ; Fig. 1a), respectively.

The BNSZ represents the remains of the BNTO and
extends eastwards for 2000 km through the areas of Ban-
gong Co, Gerze, Dongqiao, Dingqing, and Jiyuqiao, and
into Burma, Thailand, and Malaysia (Fig. 1a; Pan et al.
1997, 2012). The BNSZ in China is divided into three seg-
ments, which from west to east are the Bangong Co—Gerze,
Gerze-Dingqing, and Dingqing—Nujiang segments (Bureau
of Geology and Mineral Exploration of Tibet Province 1993;
Pan et al. 1997; Qiu et al. 2004).

The study area is located in the Dong Co region, ~90 km
to the east of Gerze County in the middle segment of the
BNSZ (Fig. 1a). The area contains a number of approxi-
mately E-W trending regional structures (Fig. 1b), and
the rocks are strongly deformed. The study area contains
numerous ophiolites and ocean island fragments, as well as
sediments of the Zhanjin, Wuga, Mugagangri, Sewa, Jie-
buqu, Langshan, and Jingzhushan groups and formations
(Fig. 1b). The Late Carboniferous to Early Permian Zhanjin
Formation in this area is dominated by metasandstones and
phyllite, whereas the Late Triassic Wuga Formation is domi-
nated by sandstone. The Late Triassic—Jurassic Mugagangri
Group consists of deep sea to bathypelagic flysch deposits
that formed within the BNTO (Bureau of Geology and Min-
eral Exploration of Tibet Province 1993; Wang and Zhong
2002; Zeng et al. 2014). The Early-Middle Jurassic Sewa
Formation and the Middle Jurassic Jiebuqu Formation are
both dominated by shallow marine limestone and sandstone
that formed within the BNTO. The Early Cretaceous Lang-
shan Formation consists mainly of limestones that include
shallow marine carbonate platform deposits. The newly
defined Early Cretaceous Zhaga Formation is dominated
by graywacke and shale, and shows load casts, convolute
bedding, and a—b—c—d Bouma sequences indicating bathyal
to abyssal turbidite deposition (Fan et al. 2015a). The con-
glomerate- and sandstone-dominated Late Cretaceous Jin-
gzhushan Formation consists of post-collisional molasse that
formed within the BNSZ.
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Fig.1 a Tectonic framework of the Tibetan Plateau and b geological
map of the study area (modified after Fan et al. 2014b). Cz Cenozoic,
K,j Late Cretaceous Jingzhushan Formation, K,/ Early Cretaceous
Langshan Formation, K,z Early Cretaceous Zhaga Formation, J,jb
Middle Jurassic Jiebuqu Formation, J;,s Early to Middle Juras-

The ophiolites in the study area include the Kanggiong
and Dong Co ophiolites. The Kanggiong Ophiolite is located
in the eastern part of the study area (Fig. 1b), and is domi-
nated by peridotite, cumulate gabbro, plagiogranite, gabbro,
and basalt. A zircon U-Pb age of 115 Ma indicates this ophi-
olite formed during the Early Cretaceous (Xu et al. 2015).
Additional studies have determined that the Kangqiong
Ophiolite is a supra-subduction zone (SSZ)-type ophiolite
that formed in an extensional fore-arc basin that resulted
from intra-oceanic subduction of the Bangong—Nujiang
Tethyan oceanic crust during the Early Cretaceous (Xu et al.
2015).

The Dong Co Ophiolite, located in the center of the
study area, was emplaced tectonically into the Late

sic Sewa Formation, JM Late Triassic—Jurassic Mugagangri Group,
T;w Late Triassic Wuga Formation, Pz late Carboniferous to early
Permian Zhanjin Formation, Oph (D) Dong Co Ophiolite, Oph (K)
Kanggiong Ophiolite, ZhOI Zhonggang ocean island fragment, NOI
Nadong ocean island fragment, NaOI Nare ocean island fragment

Triassic—Jurassic Mugagangri Group and the Jurassic
to Early Cretaceous Zhonggang ocean island fragment
(Fig. 1b). The Dong Co Ophiolite represents a section of
oceanic crust that is more than 5 km thick and consists of
ultramafic rocks, serpentinite, troctolite, gabbro (either mas-
sive or exhibiting cumulate textures), and a sheeted dike
complex of diabase, pillow basalt, plagiogranite, and minor
radiolarian chert (Qiu et al. 2004; Bao et al. 2007; Zhang
2007; Zeng et al. 2010; Li et al. 2013; Wang et al. 2016). In
addition, the Dong Co Ophiolite contains the dunite—trocto-
lite—olivine gabbro (DTG) series of rocks (Bao et al. 2007),
as well as minor amphibolite facies metamorphic rocks
(Wang et al. 2008).
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The interpretation that the Dong Co Ophiolite formed
during the Jurassic was based mainly on the following two
lines of evidence: (1) an Early Jurassic Sm—Nb isotopic age
of 191 +22 Ma was obtained from the cumulate gabbro of
the Dong Co Ophiolite, and Late Jurassic to Early Creta-
ceous K—Ar ages of 140+4.07 and 152.30 +3.60 Ma were
obtained from the same cumulate gabbro samples (Qiu et al.
2004); and (2) some Jurassic radiolarians occur in chert in
the Dong Co area surrounding the Dong Co Ophiolite (Zeng
et al. 2010). However, Bao et al. (2007) recently obtained
Early Cretaceous ages of 132 Ma (SHRIMP U-Pb zir-
con) from the cumulate gabbro, and 137 Ma (whole rock
40Ar—3°Ar) and 141 Ma (whole rock **Ar—*’Ar) from the
basalt of the Dong Co Ophiolite, indicating that the Dong
Co Ophiolite formed during the Early Cretaceous (Bao et al.
2007). In addition, Wang et al. (2016) obtained a Middle
Jurassic age of 164 Ma (LA-ICP-MS zircon U-Pb) from
the cumulate gabbro (Wang et al. 2016). Given that geochro-
nological studies of the Dong Co Ophiolite have reported
Jurassic and Cretaceous ages, we propose that the Dong Co
Ophiolite represents a multi-stage tectonic mélange that
formed during the Jurassic to Early Cretaceous.

The ocean island fragments in the study area include
Zhonggang, Nadong, and Nare (Fig. 1b), and these different
fragments represent different ocean islands that formed in
the BNTO with different ages. The Zhonggang ocean island
fragment is the largest ocean island fragment in the BNSZ,
covering an area of >400 km? (Zeng et al. 2010; Fan et al.
2014b). Similar to modern ocean islands, the Zhonggang
ocean island fragment has a double-layered lithological
structure with a mafic basement of basalt and gabbro and an
oceanic sedimentary cover sequence of limestone, chert, and
conglomerate (Fan et al. 2014b). Early Jurassic and Early
Cretaceous U-Pb zircon and *°Ar/*°Ar ages indicate the
Zhonggang ocean island fragment formed from a long-lived
hotspot that was active from the Early Jurassic to the Early
Cretaceous (Zeng et al. 2010; Zhang et al. 2014; Fan et al.
2014b, 2015b), and these age data supported that the BNTO
was still at least partially open, and developing during the
Early Cretaceous. The Nadong ocean island fragment covers
an area of > 50 km?2, has an E-W extent of > 25 km, and is
dominated by basalt, gabbro, limestone, and conglomerate.
Jurassic fossils and U-Pb zircon ages have been obtained
from this ocean island fragment, indicating formation in the
Jurassic (Fan et al. 2014a). The existence of the Jurassic
Nadong ocean island fragment indicates that the BNTO was
ongoing during this time.

The Nare ocean island fragment (NaOI) covers an area
of > 5 km? (Fig. 1b). Similar to the Zhonggang and Nadong
ocean island fragments, the NaOI has a double-layered litho-
logical structure with a basaltic basement and an oceanic
sedimentary cover sequence of limestone and conglomerate
with eruptive phonolite at the top of the sequence. Three
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stages in the evolution of NaOI have been identified: (1)
formation of the basaltic basement, (2) deposition of the
oceanic sedimentary cover sequence (basaltic conglomer-
ate and limestone), and (3) the eruption of layers of evolved
phonolitic magma within the upper part of the sedimentary
sequence (Fig. 2). It was initially thought that the contact
between the NaOlI and the Zhaga Formation was conform-
able (Fan et al. 2015a), but detailed research as part of the
present study has shown a fault contact (Fig. 1b), as indi-
cated by the existence of tectonic deformation (Fig. 3a), tec-
tonic breccias (Fig. 3b), and fault springs along the contact
of the NaOI and the Zhaga Formation.

The basalts within the NaOI are generally gray—green
in color (Fig. 3c), and are present as individual units that
generally have thicknesses of > 10 m (Fig. 2). The basalts
are aphanitic with an intergranular matrix (Fig. 3d). The
basalts contain numerous amygdales (up to 30%) of cal-
cite (Fig. 3d). The basaltic conglomerates within the NaOI
contain gravel clasts and matrix, both of which are made
up of basaltic debris (Fig. 2), and it is noteworthy that the
basaltic conglomerates contain no terrestrial debris. The
conglomerates provide evidence of a sedimentary environ-
ment with a restricted provenance, proximal deposition in a
far-shore type setting, and rapid accumulation in the ocean
that surrounded the island. The limestones within the NaOI
form thick layers that lack terrestrial debris (Fig. 2), and
they record deposition in an isolated, clear water sedimen-
tary environment associated with a carbonate platform. The
phonolites, which occur as layers within the upper part of
the sequence of NaOI cover sediments (Fig. 2), are present
as individual units that have total thicknesses of >30 m.
The phonolites are generally gray—white in color (Fig. 3e),
and are aphanitic with an interwoven matrix consisting of
abundant alkali feldspar with interstitial plagioclase, feld-
spathoids, and rare mafic minerals (Fig. 3f).

Analytical methods
Whole-rock major and trace element analyses

Five NaOl basalt samples and fifteen NaOI phonolite sam-
ples were collected for whole-rock major and trace element
analyses. Samples were trimmed to remove weathered sur-
faces, cleaned with deionized water, crushed, and powdered
in an agate mill. Major element compositions were analyzed
by inductively coupled plasma—optical emission spectros-
copy (ICP-OES; Leeman Prodigy) with high-dispersion
Echelle optics at the China University of Geosciences,
Beijing, China. Loss on ignition (LOI) values were deter-
mined by heating 1 g of sample in a furnace at 1000 °C
for several hours before being cooled in a desiccator and
reweighed. Analytical uncertainties for the major elements
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are generally < 1 wt%. Trace element compositions were
analyzed by inductively coupled plasma—mass spectrometry
(ICP-MS; Agilent-7500a) at the China University of Geo-
sciences, Beijing, China. Analytical accuracy and precision
during trace element analysis were calculated from analyses
of two standards: AGV-2 (US Geological Survey standard)
and GSR-3 (Chinese national geological reference standard).
Analytical accuracy, calculated from the relative difference
between measured and recommended values, is <5 wt% for
most elements. Analyses of the AGV-2 and GSR-3 interna-
tional standards are in good agreement with recommended
values (Govindaraju 1994). For details on the analytical pro-
cedures, see Zhai et al. (2013).

In situ zircon U-Pb LA-ICP-MS analysis

Two samples from the NaOI phonolite were selected for
in situ zircon U-Pb analyses. The zircons were separated
by conventional heavy liquid and magnetic techniques at
the Special Laboratory of the Geological Team of Hebei
Province, Langfang, China. The internal structures of zircon
were characterized under cathodoluminescence (CL) at the
Institute of Physics, Peking University, Beijing, China to
select analytical points for laser ablation—inductively cou-
pled plasma—mass spectroscopy (LA-ICP-MS) analyses. U,
Th, and Pb isotopes and trace element zircon analyses were
carried out by LA-ICP-MS at the Geological Laboratory
Centre, China University of Geosciences, Beijing, China.
The spot size was 36 and 25 pm for each sample. Helium
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Fig.3 a Photograph of tectonic deformation within the Zhaga For-
mation along the contact of the NaOI and the Zhaga Formation. b
Photograph of tectonic breccia within the NaOI along the contact of

was used as a carrier gas. Reference and internal zircon
standards 91500 (Wiedenbeck et al. 1995) and NIST610
(29S1), respectively, were used for instrument calibration.
The Pb correction method of Anderson (2002) was applied.
For further details of the analytical techniques, see Yuan
et al. (2004). Reported uncertainties for the age analyses are
given as 1o values with weighted mean ages in the 95% con-
fidence level. Isotopic data were processed using the GLIT-
TER (version 4.4) and Isoplot/Ex (version 3.0) programs
(Ludwig 2003).
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the NaOI and the Zhaga Formation. ¢ Photograph of NaOI basalt. d
Photomicrograph of NaOl basalt. e Photograph of NaOI phonolite. f
Photomicrograph of NaOI phonolite

In situ zircon Hf isotope analyses

In situ zircon Hf isotope analyses were performed on 17
previously dated zircon grains from the NaOI phonolite
samples. The points used for the Hf analyses were the
same as those used during the LA-ICP-MS analyses,
which were selected from CL images. The data were col-
lected using a NEPTUNE Plus MC-ICP-MS at the Bei-
jing Createch Testing Technology Co., Ltd, Beijing. A
single spot ablation mode with a spot size of 55 pm was
used to acquire the data. Each measurement consisted of
20 s of background signal acquisition followed by 50 s of
ablation signal acquisition. Detailed information on the
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operating conditions and analytical methods can be found
in Hu et al. (2012). The analyzed '"®Hf/!""Hf ratios for the
zircon standard (91500) were 0.282299 +31 (20,,, n-40),
which are similar to the '7°Hf/"7"Hf ratios of 0.282302 + 8
and 0.282306 + 8 (20) for the standard when determined
by the solution method (Goolaerts et al. 2004; Woodhead
et al. 2004). Off-line selection, integration of analyte sig-
nals, and mass bias calibrations were performed using the
ICP-MS DataCal program (Liu et al. 2010).

Results
Whole-rock major and trace element geochemistry
NaOl basalts

Whole-rock major and trace element data for the NaOI
basalts are given in Table 1. The NaOlI basalts have under-
gone varying degrees of carbonate alteration (Fig. 3d),
resulting in variable values of LOI and changes in the
concentrations of mobile elements (e.g., Na, K, Ca, Cs,
Rb, Ba, and Sr) compared with protolith values. However,
concentrations and ratios of immobile elements (e.g.,
REE, Nb, Ta, Zr, Hf, Ti, and P) and transition metal ele-
ments (e.g., V, Ni, Cr, and Fe) have not been affected by
these processes, and can therefore be used to investigate
the petrogenesis and tectonic setting of the samples.

The five basalt samples have variable contents of SiO,
(45.1-52.1 wt%), high contents of TiO, (2.90-3.31 wt%),
Fe,0; (9.14-11.5 wt%), MgO (4.41-7.47 wt%), CaO
(7.61-12.1 wt%), and Na,O (3.09-3.76 wt%), low con-
tents of K,O (1.23-1.85 wt%), and low Mg* values
(53-61). The NaOlI basalts have much higher TiO, con-
tents (2.90-3.31 wt%) than typical island-arc volcanic
rocks (0.58-0.85 wt%) and mid-ocean ridge basalts
(MORB; 1.0-1.5 wt%), but similar contents to those of
OIB (2.20 wt%; Hishashi 1954; Irvine and Baragar 1971;
Winchester and Flody 1977; Pearce 1983).

The samples of NaOI basalt have high total REE con-
centrations (147-180 ppm), and they exhibit light rare
earth element (LREE)-enriched chondrite-normalized
REE patterns (Lay/Yby = 8.80-10.4; Fig. 4a; Sun and
McDough 1989). These samples are enriched in high field
strength elements (HFSEs; Nb, Ta, Zr, Hf, and Ti) and
exhibit primitive mantle-normalized trace element pat-
terns similar to those of OIB (Fig. 4b; Sun and McDough
1989).

All the NaOlI basalt samples fall in the field of alkali
basalt on a Zr/TiO,%*0.0001 vs. Nb/Y immobile element
classification diagram (Fig. 5a; Winchester and Flody
1977), and these samples plot in the intraplate basalt

Table 1 Major (Wt%) and trace element (ppm) data for the basalt in
the Nare Ocean Island

Sample NH1 NH2 NH3 NH4 NHS5
SiO, 45.1 47.5 51.2 50.6 52.1
TiO, 3.31 3.05 2.90 3.25 2.93
Al Oy 12.1 12.5 10.4 10.9 10.3
Fe, 05 11.5 11.4 9.14 10.5 11.1
MnO 0.15 0.16 0.13 0.13 0.15
MgO 5.63 7.47 441 5.12 5.51
CaO 12.1 7.61 11.5 8.45 8.06
Na,O 3.09 3.59 3.44 3.76 3.34
K,0 1.85 1.14 1.23 1.31 1.32
P,04 0.47 0.44 0.36 0.37 0.33
LOl 3.32 4.02 4.66 5.06 4.29
Sc 26.4 28.9 24.5 27.4 26.4
v 300 323 291 332 307
Cr 235 234 178 197 240
Co 45.6 45.1 424 40.9 39.4
Ni 111 101 84.5 74.4 85.1
Cu 98.7 103 91.3 105 90.8
Ga 20.7 21.2 18.3 20.5 20.6
Rb 36.9 233 24.0 27.1 24.3
Sr 223 180 223 200 161

Y 27.2 27.6 24.6 28.7 25.5
Zr 218 234 204 240 209
Nb 339 239 40.8 48.0 42.1
Cs 0.73 0.73 0.40 1.03 0.79
Ba 231 738 192 191 347
La 26.3 28.9 24.1 314 23.0
Ce 62.5 65.7 54.3 67.7 53.4
Pr 8.01 8.36 6.95 8.46 6.91
Nd 35.1 36.6 31.7 37.9 31.6
Sm 8.21 8.49 7.36 8.57 7.49
Eu 2.67 2.87 241 2.81 2.45
Gd 8.11 8.43 7.37 8.54 7.43
Tb 1.14 1.18 1.00 1.17 1.03
Dy 6.24 6.50 5.60 6.51 5.74
Ho 1.10 1.14 0.96 1.12 0.99
Er 2.80 2.94 2.49 2.92 2.55
Tm 0.35 0.36 0.30 0.36 0.31
Yb 2.05 2.19 1.84 2.16 1.88
Lu 0.27 0.29 0.24 0.28 0.25
Hf 5.27 5.63 5.24 6.10 5.31
Ta 2.68 1.35 2.50 2.96 2.59
Pb 2.28 332 1.76 2.20 1.97
Th 3.27 3.42 2.89 3.39 2.88
8] 0.87 1.09 0.60 1.04 0.63
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(ocean island basalt) fields on the V vs. Ti/1000 diagram
(Fig. 5b), the Ti/100 vs. Zr vs. (Y x 3) diagram (Fig. 5c;
Pearce and Cann 1973), and the (2 X Nb) vs. Zr/4 vs.
Y diagram (Fig. 5d; Meschede 1986), indicating they
formed from OIB-type magma.

NaOl phonolites

Whole-rock major and trace element data for the NaOI
phonolites are given in Table 2. Although the NaOlI basalts
have undergone varying degrees of carbonate alteration,
very limited alteration has occurred within the NaOI pho-
nolites, as indicated by the field and petrographic observa-
tions (Fig. 3e, f), and supported by the very low LOI values
(0.90-1.91 wt%) and the consistent primitive mantle-nor-
malized multi-element variation diagram patterns, includ-
ing the LILE patterns of these samples. Mobile elements
(e.g., Na, K, Ca, Cs, Rb, Ba, and Sr) can therefore be used
to investigate the petrogenesis and tectonic setting of the
samples.

Fifteen samples of the NaOI phonolite have high con-
tents of SiO, (60.3-65.3 wt%), Al,0; (16.8-19.3 wt%),
Na,O (6.12-8.27 wt%), K,O (2.85-5.19 wt%), and Fe,0;
(4.51-5.37 wt%), low contents of TiO, (0.15-0.20 wt%) and
MgO (0.11-0.25 wt%), and very low Mg# values (5-10).
Similar to the samples of the NaOlI basalt, the samples of
the NaOI phonolite have high total REE concentrations
(430-619 ppm), and they exhibit LREE-enriched chondrite-
normalized REE patterns (Lay/Yby = 10.8-13.3) with nega-
tive Eu anomalies (Fig. 4a; Eu/Eu* = 0.41-0.43; Sun and
McDough 1989). The NaOI phonolites are enriched in Nb,
Ta, Zr, and Hf, and depleted in Ba, U, K, Sr, P, and Ti in the
primitive mantle-normalized trace element patterns (Fig. 4b;
Sun and McDough 1989). In addition, all the NaOI phono-
lite samples fall in the phonolite field on a Zr/Ti0,*0.0001
vs. Nb/Y immobile element classification diagram (Fig. Sa;
Winchester and Flody 1977).

@ Springer

Zircon U-Pb ages

LA-ICP-MS U-Pb data for the zircons in the NaOI phono-
lites are given in Tables 3 and 4. The zircons are generally
hypidiomorphic short prisms (50-200 um long) with aspect
ratios of 1:1 to 2:1. They are typically gray, and exhibit
widely magmatic oscillatory zoning in CL images (Fig. 6).
Zircon grains from the phonolites of NaOI have XREE con-
tents of 448-8104 ppm, with an average of 3099 ppm. All
the zircons display fractionated rare earth element (REE)
patterns, heavy REE (HREE) enrichment and light REE
(HREE) depletion, and clear negative Eu and variable posi-
tive Ce anomalies (Fig. 6). Their Th/U ratios are 0.27-2.67,
with an average of 1.30. All the above features indicate
that the zircons are of magmatic origin (Hoskin and Black
2000). The zircons from the phonolites yielded Middle
Triassic weighted mean 2°°Pb/>*3U ages of 238.8 +2.8 Ma
(MSWD =3.30) and 241.9+1.9 Ma (MSWD =1.90)
(Fig. 6).

Because the phonolites occur as layers within the upper
part of the sequence of NaOlI cover sediments (Fig. 2), the
Middle Triassic ages of the NaOI phonolites (239-242 Ma)
should represent the age of formation of the NaOI. There-
fore, we conclude that the NaOI and the NaOI phonolite
formed during the Middle Triassic.

Zircon Lu-Hf isotope data

Some of the analytical spots for U-Pb dating of zircons from
the NaOI phonolites were also used for in situ Hf isotope
analysis (Fig. 6), and zircon Lu—Hf isotope data for the NaOI
phonolites are given in Table 5. The initial !"°Hf/'’"Hf ratios
for primary zircons of the NaOI phonolites with ages of
~239 Ma vary from 0.282763 to 0.282893, yielding ey(?)
values and 7<p,, model ages (Tpy;,) of +4.9 to +9.5 and
522 to 716 Ma, respectively. The initial "®Hf/!""Hf ratios



International Journal of Earth Sciences (2018) 107:1755-1775

1763

for primary zircons of the NaOI phonolites with ages of
~242 Ma vary from 0.282773 to 0.282886, yielding ey(?)
values and 7<), model ages (Tpy,) of +5.4 to +9.4 and
567-693 Ma, respectively. These values indicate that the
NaOI phonolites were derived from the partial melting of
juvenile crust or by fractional crystallization of the mantle-
derived mafic parental magma.

Discussion
Petrogenesis of the NaOl basalts and phonolites
Crustal contamination

Before discussing the magma source of the analyzed basalts
and phonolites, it is necessary to consider whether they
record any crustal contamination. Th and Ta are sensitive
indicators of crustal contamination, as contamination results
in a marked increase in Th/Ta ratios (Condie 1993). All the
NaOlI basalts and phonolites have relatively low Th/Ta ratios
(1.11-2.54, and 0.93-1.53, respectively), similar to those in
volcanic rocks derived from primitive mantle (Th/Ta=2.3;
Condie 1993) and much lower than those of the upper crust
(Th/Ta> 10), indicating that none of these phonolites or
basalts record crustal contamination. In addition, the NaOI
basalts and phonolites have high contents of Nb (23.9-48.0
and 172-256 ppm, respectively) and Ta (1.35-2.96 and
11.8-16.0 ppm, respectively). Furthermore, these rocks do
not show Pb enrichment in primitive mantle-normalized
trace element patterns (Fig. 4b), further excluding the possi-
bility that they underwent significant crustal contamination,
because continental crust (CC) is characterized by depletions
in Nb and Ta, and significant enrichment in Pb (Rudnick
and Gao 2003; Niu 2009). If the NaOI basalts and phono-
lites had undergone crustal contamination, a CC signature
would have been apparent in the elemental data, but no such
signature exists.

Magma source

Various studies have shown that basaltic magmas are com-
monly derived from the partial melting of mantle peridotite,
and that their REE patterns are controlled mainly by the
contents of garnet and spinel in their magma source rather
than by the contents of olivine, clinopyroxene, or orthopy-
roxene, or by pressure and temperature (McKenzie and
O’Nions 1991; Beattie 1994; Horn et al. 1994; Schwandt
and McKay 1998). In general, basalts derived from spinel
lherzolite have flat chondrite-normalized REE patterns
with inconspicuous fractionation between the LREEs and
the heavy REEs (HREEs). However, basalts derived from
garnet lherzolite display obvious fractionation between the

LREEs and HREES, and high Lay/Yby and Cey/Yby ratios
(Hart and Dunn 1993; Hauri et al. 1994). In addition, par-
tial melting of a spinel lherzolite mantle source does not
change the Sm/Yb ratio because both Sm and Yb have simi-
lar partition coefficients, whereas it may decrease La/Sm
ratios and Sm contents of the melts (Aldanmaz et al. 2000).
Therefore, partial melts of a spinel lherzolite source should
define melting trends sub-parallel to and nearly coincident
with, a mantle array defined by depleted to enriched source
compositions (Fig. 7a). On the other hand, garnet has a high
partition coefficient for Yb (D, neymer = 0-6) relative to Sm
(Dgarmeymert = 0-25) (Johnson 1994), so that partial melting
of garnet lherzolite mantle with residual garnet will produce
a more steeply sloping trend on a Sm/Yb vs. La/Sm diagram
than will melting of spinel lherzolite (Fig. 7a).

The NaOl basalts have LREE-enriched chondrite-normal-
ized REE patterns (Lay/Yby = 8.80-10.4; Fig. 4), similar to
the patterns of basalts derived from garnet peridotite. That
garnet peridotite in the mantle was the magma source of
the NaOl basalts, is further supported by (1) the high Dy/
YD (2.96-3.06), Sm/Yb (3.87-4.00), and La/Sm (3.07-3.41)
ratios of these basalts; and (2) the fact that the NaOI basalts
plot in an area on the Sm/Yb vs. La/Sm diagram that corre-
sponds to 5-10% partial melting of garnet peridotite (Fig. 7a;
Sun and McDonough 1989; McKenzie and O’Nions 1991;
Aldanmaz et al. 2000; Zhao and Zhou 2007).

Phonolites are volcanic rock types characteristic for intra-
plate settings at oceanic and continental environments (Ack-
erman et al. 2015), and two possible hypotheses have been
proposed for their genesis: (1) fractional crystallization of
mafic parental melts and (2) combined assimilation—frac-
tional crystallization process involving a substantial crus-
tal contamination during the ascent (Barberi et al. 1975;
Baker and McBirney 1985; Vieten et al. 1988; Macciotta
et al. 1990; Enders et al. 1992; Jung et al. 2013; Ackerman
et al. 2015).

In the case of the NaOI phonolites, they have not under-
went any crustal contamination, as discussed in Sect. 6.1.1,
and this exclude the possibility that they formed at conti-
nental environments by the second genesis hypotheses. The
inference is further supported by the small and homogene-
ously positive e(7) values of the NaOI phonolites (+4.9 to
+9.5). If the NaOlI phonolites formed at continental envi-
ronments by the second genesis hypotheses that combined
assimilation—fractional crystallization process involving
a substantial crustal contamination during the ascent, the
ey(?) values would be various and mostly negative. We infer,
therefore, that the NaOI phonolites were formed by fractional
crystallization of a mafic parental magma. The very low con-
tents of MgO (0.11-0.25 wt%), the very low Mg* values
(5-10), and the near-zero contents of Cr (1.27-7.59 ppm), Ni
(0.43-7.19 ppm), and Co (0.11-0.38 ppm) indicate that the
phonolites underwent substantial fractional crystallization,
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«Fig.5 a Immobile element-based classification diagram show-
ing the nature of the basalts and phonolites analyzed during this
study. b NaOlI basalts plotted on the V vs. Ti/100 diagram. ¢ NaOI
basalts plotted on the Ti/100 vs. Zr vs. Y X3 diagram (A island-arc
tholeiite, B mid-ocean ridge basalt (MORB)+island-arc tholeiite
and calc-alkali basalt, C calc-alkaline basalt, D intraplate basalt). d
NaOl basalts plotted on the 2XNb vs. Zr/4 vs. Y diagram (A[ intra-
plate alkali basalt, Al intraplate alkali basalt and tholeiite, B E-type
MORB, C intraplate tholeiite and volcanic arc basalt, D N-type
MORB and volcanic arc basalt). e Al,O; vs. SiO, diagram. f Zr vs.
SiO, diagram

which in turn is consistent with the inference that they were
formed by fractional crystallization of a mafic parental
magma. In addition, the NaOI phonolites are enriched in
LREE and high-field strength elements (Nb, Ta, Zr, and
Hf), and they exhibit chondrite-normalized REE patterns
and primitive mantle-normalized trace element patterns that
are similar to those of OIB-derived magmas (Fig. 4a, b). We
infer, therefore, that the NaOI phonolites were formed by
fractional crystallization of an OIB-derived mafic parental
magma. However, the absence of a negative correlation on
some Harker diagrams (e.g., Al,0,-Si0, and Zr-SiO, dia-
grams; Fig. Se, f) within the NaOlI basalts and phonolites
indicate that the NaOlI phonolites could not have been pro-
duced by fractional crystallization of the basalts analyzed
in this paper, and that there are some another associated
OIB-type mafic parental magma existed within the primitive
Nare Ocean Island.

Fractional crystallization

The Cr and Ni concentrations in the NaOlI basalts, as well
as their Mg” values (Cr=178-240 ppm, Ni=74.4-111 ppm,
Mg* = 53-61), are generally lower than the values for
primary-mantle-derived magmas (Cr=300-500 ppm,
Ni =300-400 ppm, Mg" = 68-76; Frey et al. 1978; Hess
1992). This indicates that the NaOI basaltic magmas under-
went fractional crystallization of olivine, chromite, and
pyroxene.

Fractional crystallization of the NaOlI basaltic magma
is also evident in variation diagrams of Fe,0;-MgO,
TiO,-MgO, P,0s-MgO, Cr-MgO, and Ni-MgO (Fig. 7b-f).
The existence of negative correlations between Fe,O; and
MgO (Fig. 7b) and TiO, and MgO (Fig. 7c) indicates the
fractionation of Fe—Ti oxides (e.g., ilmenite and rutile), and
the existence of a negative correlation between P,05 and
MgO (Fig. 7d) indicates the fractionation of apatite. The
Cr contents of the NaOI basalts decrease with decreasing
MgO content (Fig. 7e), indicating fractional crystallization
of olivine. The Ni contents of the NaOI basalts also decrease
with decreasing MgO content (Fig. 7f), indicating frac-
tional crystallization of pyroxene. The absence of negative

Eu anomalies in the chondrite-normalized REE patterns
(Fig. 4a) indicates the limited fractionation of plagioclase.

As stated above, the NaOI phonolites underwent substan-
tial fractional crystallization. The negative Eu anomalies
(Fig. 4a; Eu/Eu* = 0.41-0.43) in the chondrite-normalized
REE patterns indicate the fractionation of plagioclase. The
remarkable negative anomalies in P and Ti in the primitive
mantle-normalized trace element patterns (Fig. 4b) resulted
from the extraction of P- and Ti-rich phases such as apatite,
Fe-Ti oxides, and other Ti-bearing minerals. The negative
Ba and K anomalies in the primitive mantle-normalized
trace element patterns (Fig. 4b) indicate the fractionation of
feldspar, whereas the negative U anomalies (Fig. 4b) were
probably generated by fractional crystallization involving
fractionated mineral assemblages with high uranium par-
tition coefficients, such as titanomagnetite, titanite, and
apatite.

In summary, the NaOI basalts were derived from the par-
tial melting of garnet peridotite in the mantle. The ascending
magmas underwent varying degrees of fractional crystal-
lization but were not contaminated by the crust. The NaOI
phonolites were formed by fractional crystallization of
the OIB-type mafic parental magma. Similar to the NaOI
basalts, the ascending magmas of the NaOI phonolites were
not contaminated by the crust.

Tectonic setting: implications for the Middle Triassic
evolution of the Bangong-Nujiang Tethyan Ocean

The NaOl retains an ocean island-type double-layered struc-
ture with a basaltic basement and an oceanic sedimentary
cover sequence (conglomerate and limestone, the latter
accompanied by layers of erupted phonolite near the top
of the sequence), similar to the ocean island in the modern
ocean (e.g., the Brava Ocean Island in the Atlantic Ocean;
Mourdo et al. 2010). Geochemical and Hf isotopic analy-
ses of the NaOlI basalts and phonolites show that the NaOI
basalts are OIB-type volcanic rocks, and that the NaOI
phonolites were formed by fractional crystallization of the
OIB-type mafic parental magma. Neither the OIB-type nor
the OIB-derived magma underwent crustal contamination
during ascent. All the petrological and geochemical features
described in this paper demonstrate that the NaOI was a typi-
cal ocean island that formed in the BNTO.

Phonolite is a relatively rare rock type in nature, and
it makes up only one thousandth of the volume of extru-
sive volcanic rocks. Phonolite is also rare in modern ocean
islands, as it was indicated by that although there are tens
of thousands of modern ocean islands, very few have been
reported to contain phonolite. For this study, we undertook a
survey of modern ocean islands to record those that contain
phonolite. Excluding ocean islands that have a controver-
sial genesis (e.g., the Kerguelen archipelago in the Indian
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Table 2 Major (Wt%) and trace element (ppm) data for the phonolite in the Nare Ocean Island

Sample NH6 NH7 NH8 NH9 NHIO NHI1 NHI2 NHI3 NHI4 NHI5 NH16 NHI7 NHI8 NHI19 NH20
SiO, 62.8 603 621 640 618 62.3 61.6 62.1 61.5 65.3 64.6 63.3 64.1 63.9 64.6
TiO, 0.18 020 0.19 0.18 020 0.19 0.20 0.19 0.19 0.17 0.15 0.16 0.16 0.17 0.17
Al Oy 185 191 190 184 193 18.4 18.8 18.8 18.4 16.8 16.9 17.6 17.3 17.8 17.0
Fe, 04 495 524 480 451 485 5.16 5.37 5.20 5.34 4.73 4.78 5.16 4.89 5.19 5.22
MnO 0.09 0.14 0.10 0.10 0.10 0.09 0.13 0.09 0.13 0.09 0.07 0.09 0.08 0.09 0.10
MgO 0.16 019 0.18 0.15 0.18 0.14 0.15 0.25 0.21 0.11 0.17 0.14 0.14 0.14 0.12
CaO 030 059 014 012 028 0.31 0.23 0.11 0.30 0.93 1.03 0.77 0.93 0.39 0.49
Na,O 6.12 641 7.05 802 827 6.61 7.09 6.18 6.37 7.02 7.01 7.14 6.86 6.67 6.83
K,0 476 510 411 285 3.16 4.92 4.63 5.19 5.00 2.87 2.93 3.76 3.47 4.00 3.78
P,04 005 006 0.06 003 0.04 0.06 0.06 0.05 0.05 0.04 0.06 0.05 0.04 0.04 0.05
LOl 134 176 149 1.08 1.00 0.99 0.90 1.12 1.69 1.54 1.91 1.50 1.64 1.31 1.26
Sc 204 214 199 185 200 2.09 1.95 2.09 2.10 1.84 1.81 1.91 2.00 2.13 2.03
\% 162 200 103 1.87 1.77 7.24 7.62 4.67 6.44 3.02 6.50 5.82 3.78 722 6.92
Cr 301 3.08 275 553 533 7.59 5.19 2.62 1.65 4.76 3.19 1.27 2.32 3.36 1.27
Co 0.15 L.15 012 0.11 0.13 0.13 0.15 0.17 0.11 0.28 0.35 0.19 0.20 0.37 0.38
Ni 596 551 246 6.05 3.01 4.80 3.36 7.19 0.43 2.54 4.18 2.83 1.96 2.35 2.93
Cu 049 146 630 128 1.02 1.28 0.74 1.08 0.83 0.58 3.80 1.48 1.65 1.56 2.13
Ga 363 389 358 332 349 40.2 38.1 41.7 42.2 33.7 30.4 37.8 36.4 40.6 36.5
Rb 122 136 80.8 56.8 629 154 138 176 169 97.2 46.4 89.6 69.7 86.8 64.3
Sr 263 275 452 386 419 26.2 27.6 30.3 329 48.3 27.7 27.7 31.3 21.3 34.4
Y 862 676 753 627 715 84.5 76.3 80.6 82.3 79.3 520 56.9 56.6 62.7 59.5
Zr 1073 1031 1077 927 1079 1122 1049 1117 1114 1047 927 1022 1008 1093 1046
Nb 209 209 182 192 206 221 213 226 225 210 172 204 209 256 201
Cs 143 179 0.84 086 1.24 1.82 1.77 1.99 1.99 1.52 0.79 1.25 0.99 1.06 0.94
Ba 181 178 167 147 162 193 202 195 210 135 133 124 113 153 150
La 130 131 133 141 133 139 132 138 139 131 101 103 99 106 103
Ce 251 252 248 262 258 267 255 265 265 242 185 190 181 201 191
Pr 268 263 264 278 272 28.3 26.7 28.2 28.0 259 21.4 22.2 21.4 23.2 21.9
Nd 965 941 932 991 973 102 95.6 101 100 92.0 69.7 73.3 70.2 76.4 70.0
Sm 186 179 177 179 189 19.7 18.4 19.1 19.3 17.6 12.4 13.8 13.4 14.6 12.0
Eu 241 239 233 230 242 2.52 2.41 2.57 2.50 2.26 1.67 1.79 1.72 1.90 1.53
Gd 172 160 167 158 173 18.1 16.8 17.3 17.7 16.1 11.6 12.5 12.4 13.5 11.1
Tb 269 241 261 233 266 2.83 2.60 2.68 2.76 2.52 1.99 2.15 2.12 2.35 1.99
Dy 164 141 155 134 157 16.8 154 16.0 16.4 15.4 11.5 12.4 12.1 13.5 11.9
Ho 320 265 294 250 299 3.21 2.95 3.13 3.14 3.01 2.36 2.58 2.45 2.71 2.52
Er 942 761 844 716 8.62 9.21 8.44 9.20 9.15 8.81 6.35 7.00 6.59 7.41 6.80
Tm 132 1.09 119 1.02 122 1.28 1.18 1.32 1.28 1.25 0.91 1.01 0.95 1.05 0.98
Yb 859 7.0 7.82 681 7.96 8.32 7.76 8.58 8.32 8.14 593 6.47 6.08 6.74 6.26
Lu 1.20 1.01 1.10 098 1.13 1.17 1.09 1.19 1.17 1.14 0.83 0.91 0.86 0.96 0.89
Hf 247 252 250 224 254 26.8 253 26.0 26.9 244 20.8 22.7 22.0 23.8 22.1
Ta 13.0 137 134 133 141 14.8 13.8 14.4 14.8 13.0 11.8 13.1 12.3 16.0 13.1
Pb 492 523 832 506 6.15 6.08 5.96 7.37 7.36 5.90 2.06 3.82 4.63 2.85 2.43
Th 200 204 200 203 207 21.3 20.1 21.0 21.5 19.3 13.6 14.0 13.5 14.8 13.7
U 155 1.78 213 1.88 2.70 1.46 1.38 1.54 1.50 1.31 0.99 1.07 0.94 1.04 0.97

Ocean; Kinman et al. 2009; Rao et al. 2014; Frey et al. 2015;
Olierook et al. 2016; Watson et al. 2016), we found that the
ocean islands containing phonolite are all located in mature
ocean basins (i.e., the Pacific and Atlantic oceans) far from
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a mid-ocean ridge (Giresse and Wiewidra 1999; Marques
et al. 1999; Thirlwall et al. 2000; Geldmacher et al. 2001;
Rodriguez-Losada and Martinez-Frias 2004; Kliigel et al.
2005; Santos and Marques 2007; Reagan et al. 2008; Chan
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Table 3 Zircon LA-ICP-MS U-Pb data of the phonolite in the Nare Ocean Island
Spots  Element content (ppm) Isotope ratio (+ 1o) Age (Ma + lo)
Pb 22Th 238U Th/U  297Pb/2%Pb 207py, 235 206py,238() 207pp206pp,  207pp235)  206pp,238()
Ratios lo Ratios lo Ratios lo Age Ratio Age lo Age lo

T1-01 123 267 266 1.00  0.05113 0.00105 0.26353 0.00532 0.03738 0.00044 247 26 238 4 237 3
T1-02 20.2 501 409 1.23  0.05102 0.00092 0.27052 0.00478 0.03845 0.00044 242 21 243 4 243 3
T1-03 283 819 539 1.52  0.05287 0.00086 0.28177 0.00449 0.03865 0.00044 323 18 252 4 244 3
T1-04 19.0 593 352 1.68  0.05118 0.00098 0.27026 0.00507 0.03829 0.00045 249 23 243 4 242 3
T1-05 10.6 237 221 1.08  0.05123 0.00118 0.27426 0.00619 0.03882 0.00046 251 31 246 5 246 3
T1-06 17.5 416 350 1.19  0.05112 0.00095 0.27487 0.00498 0.03899 0.00046 246 21 247 4 247 3
T1-07 29.5 89%4 556 1.61 0.05122 0.00083 0.27051 0.00427 0.0383  0.00044 251 17 243 3 242 3
T1-08  7.13 108 161 0.67 0.05108 0.00133 0.27484 0.007 0.03902 0.00048 244 36 247 6 247 3
T1-09 164 379 354 1.07  0.05167 0.00096 0.26224 0.00476 0.0368  0.00043 271 22 236 4 233 3
T1-10 16.1 421 324 1.30  0.05177 0.0009 0.26822 0.00455 0.03757 0.00043 275 20 241 4 238 3
T1-11 285 1031 505 2.04 0.05109 0.0008 0.26401 0.00403 0.03747 0.00043 245 17 238 3 237 3
T1-12 76.8 3317 1244 2.67 0.05098 0.00064 0.25806 0.00323 0.03671 0.00041 240 13 233 3 232 3
T1-13 203 479 425 1.13  0.05113 0.00251 0.25742 0.0122  0.03652 0.00046 247 115 233 10 231 3
T1-14 52.6 2133 890 240 0.05104 0.00068 0.26053 0.00345 0.03701 0.00041 243 14 235 3 234 3
T1-15 17.1 513 337 1.52 0.05106 0.00104 0.258 0.00512 0.03664 0.00043 244 25 233 4 232 3
T1-16 152 407 290 1.40 0.05418 0.00391 0.28271 0.01995 0.03784 0.00057 379 167 253 16 239 4
T2-01 8.28 150 182 0.82  0.05085 0.00137 0.26825 0.00702 0.03825 0.00048 234 37 241 6 242 3
T2-02 11.0 195 240 0.81  0.05098 0.00099 0.27221 0.00518 0.03872 0.00045 240 23 244 4 245 3
T2-03 173 443 352 126 0.05111 0.00095 0.26528 0.00484 0.03763 0.00044 246 22 239 4 238 3
T2-04 3.60 451 81.1 0.56 0.051 0.00222 0.2808  0.01196 0.03993 0.00057 241 72 251 9 252 4
T2-05 348 234 86.0 027 0.05118 0.00183 0.27453 0.00961 0.03889 0.00051 249 56 246 8 246 3
T2-06 12.6 358 240 1.49 0.05128 0.00117 0.27102 0.00602 0.03832 0.00046 253 30 244 5 242 3
T2-07 4.82 81.5 107 0.76  0.05111 0.00145 0.27059 0.00753 0.03839 0.00048 246 41 243 6 243 3
T2-08 13.1 281 279 1.01  0.05121 0.00094 0.26548 0.00482 0.03759 0.00043 250 22 239 4 238 3
T2-09 13.7 324 281 1.15 0.05112 0.00103 0.27406 0.00539 0.03887 0.00046 246 24 246 4 246 3
T2-10  9.54 164 209 0.79  0.05123 0.00117 0.27397 0.00612 0.03878 0.00047 251 30 246 5 245 3
T2-11 17.3 427 356 1.20  0.051 0.0009  0.2677  0.00462 0.03806 0.00044 241 20 241 4 241 3
T2-12 328 1411 546 2.58 0.05116 0.00076 0.2674  0.00391 0.0379  0.00043 248 16 241 3 240 3
T2-13 10.1 205 219 0.94  0.05092 0.00108 0.26513 0.00553 0.03775 0.00045 237 27 239 4 239 3
T2-14 209 475 417 1.14  0.05119 0.00087 0.28153 0.0047  0.03988 0.00046 249 19 252 4 252 3
T2-15 222 631 437 144 0.0509 0.0008 0.26619 0.00414 0.03792 0.00043 236 17 240 3 240 3
T2-16  9.78 199 211 0.94 0.05108 0.00123 0.27008 0.00636 0.03834 0.00046 244 32 243 5 243 3
T2-17  8.41 153 189 0.81 0.05081 0.0012  0.26215 0.00604 0.03741 0.00046 232 31 236 5 237 3
T2-18 252 752 478 1.57  0.05088 0.00082 0.26682 0.00423 0.03803 0.00043 235 18 240 3 241 3
T2-19 304 1069 552 1.93  0.0509 0.0008 0.26133 0.00404 0.03723 0.00042 236 17 236 3 236 3
T2-20 6.12 113 135 0.84  0.05103 0.00207 0.26958 0.01066 0.0383  0.00055 242 65 242 9 242 3
T2-21 16.8 394 353 1.12 0.05113 0.0012  0.2638  0.00607 0.03741 0.00045 247 31 238 5 237 3

et al. 2009; Takamasa et al. 2009; Mourio et al. 2010; Dyhr
and Holm 2010; Ancochea et al. 2012; Kahn et al. 2013;
Perlingeiro et al. 2013; Guillou et al. 2014; Bongiolo et al.
2015; Garcia et al. 2016; Weit et al. 2016). Moreover, all
these islands formed on a thick oceanic lithosphere (Calmant
and Cazenave 1986; Carracedo et al. 1998, 2002; Caplan-
Auerbach et al. 2000; Burke 2001; Ingle et al. 2003; Clouard
and Bonneville 2004a, b; Humphreys and Niu 2009). For

example, the Canary Islands (Anddjar et al. 2008; Hum-
phreys and Niu 2009) at the eastern margin of the Atlantic
Ocean, the Fernando de Noronha archipelago (Burke 2001;
Perlingeiro et al. 2013) at the western margin of the Atlantic
Ocean, the Trinidade Islands (Caplan-Auerbach et al. 2000;
Gripp and Gordon 2002; Bongiolo et al. 2015) in the South
Atlantic Ocean, and the Hawaiian archipelago in the Pacific
Ocean formed on lithosphere with a thickness of 90 km,
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Table 4 Trace element data of

] . . Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
the zircon grains from phonolite

samples of the Nare Ocean T2-01 0.2 23.1 087 174 299 457 114 382 428 129 508 98.6 1006 152

Island T2-02 006 392 029 658 165 268 719 25.1 293 917 373 73.6 744 115

T2-03 0.07 487 041 860 19.5 3.17 824 279 319 969 392 749 749 114

T2-04 005 109 0.11 236 4.68 0.81 21.8 8.08 100 32.8 141 28.7 301 485

T2-05 0.05 995004 073 190 031 970 4.17 554 193 869 189 206 33.8

T2-06 0.04 236 024 483 11.7 266 550 182 209 653 261 507 512 820

T2-07 0.06 836 039 816 189 398 743 251 284 859 346 686 706 113

T2-08 0.08 465 181 320 51.8 812 189 61.7 684 200 802 151 1541 224

T2-09 0.63 480 140 277 554 823208 677 749 223 890 162 1652 240

T2-10  0.03 347 032 738 16,1 271 68.6 241 287 895 366 722 744 116

T2-11 0.5 694 211 430 727 106 264 859 940 280 1098 201 2032 292

T2-12  0.09 946 074 180 40.8 791 158 49.6 540 155 595 109 1056 162

T2-13  0.10 334 134 245 392 609 145 483 533 159 627 120 1230 184

T2-14 023 101 162 314 615 7.59 245 844 969 291 1152 209 2024 286

T2-15 0.07 77.8 059 112 277 432 115 392 438 132 520 98.0 942 141

T2-16 0.06 346 0.62 124 254 430 99.1 335 382 116 468 900 909 142

T2-17  0.16 30.8 036 676 157 292 673 234 272 843 341 672 681 109

T2-18 0.06 70.1 052 11.5 265 410 106 348 390 114 451 851 842 123

T2-19 007 97.6 074 18.1 423 677 166 527 568 166 628 119 1153 170

T2-20  0.09 17.6 091 155 245 420 897 297 336 993 388 759 764 120

T2-21 0.5 641 176 375 664 978 236 783 859 247 950 178 1811 258

T1-01 0.1 37.0 1.09 251 474 7.15 178 579 634 190 742 141 1447 209

T1-02 006 839 058 129 327 517 138 463 515 153 606 116 1153 170

T1-03 044 156 439 77.0 121 151 432 138 1514 442 1659 305 2831 409

T1-04 0.09 452 044 893 197 394 812 266 296 90.6 358 67.6 674 105

T1-05 044 294 054 104 222 438 903 305 341 105 423 827 848 129

T1-06 0.13 60.8 134 31.0 574 892211 687 761 223 890 163 1709 241

T1-07 0.06 114 073 197 43.1 6.62 172 552 610 180 690 128 1310 187

T1-08 029 234 040 693 148 236 61.6 228 280 914 38 78.0 798 125

T1-09 0.08 57.6 1.08 249 497 7.78 181 60.8 681 202 793 152 1575 219

T1-10 0.04 458 031 585 164 2.69 72.1 247 284 850 339 642 646 97.8

TI1-11 0.09 81.0 075 169 350 6.64 133 422 460 134 518 959 964 142

T1-12 0.14 307 248 543 960 127 349 107 1144 319 1145 204 1913 245

T1-13 027 89.0 246 427 684 922250 825 908 278 1072 195 1991 271

T1-14 0.63 206 1.64 364 80.7 123 290 885 922 256 975 170 1692 230

T1-15 0.10 52.0 1.26 272 510 847 177 565 626 183 706 137 1419 199

TI1-16  0.08 315 035 6.03 152 351 685 230 252 758 311 60.1 619 969

and the lithosphere beneath Tristan da Cunha Island in the
Atlantic Ocean is 56 km thick (Humphreys and Niu 2009;
Weit et al. 2016), that under Gough Island in the Atlantic
Ocean and the Society Islands in the Pacific Ocean 77 km
thick (Calmant and Cazenave 1986; Caplan-Auerbach et al.
2000; Clouard and Bonneville 2004a, b; Humphreys and Niu
2009; Kahn et al. 2013), and that under the Austral-Cook
archipelago in the Pacific Ocean 46-55 km thick (Clouard
and Bonneville 2004b; Takamasa et al. 2009). The Middle
Triassic NaOlI contains significant amounts of phonolite, so

@ Springer

the question is posed: did the NaOI form in a mature ocean
on thick oceanic lithosphere?

We believe the answer to this question is yes, because
the geochemistry of the NaOI phonolites is consistent with
such a proposition. As stated above, the NaOI phonolites
have high contents of SiO, (60.3-65.3 wt%), very low
contents of MgO (0.11-0.25 wt%), very low Mg" values
(5-10), and near-zero contents of Cr (1.27-7.59 ppm), Ni
(0.43-7.19 ppm), and Co (0.11-0.38 ppm), and in the chon-
drite-normalized REE variation diagram and the primitive
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Fig.6 CL images of zircons and concordia diagrams showing the results of LA-ICP-MS analyses of zircons from the NaOI phonolites

mantle-normalized trace element variation diagram (Fig. 4a,
b) they exhibit a series of very low negative anomalies (e.g.,
Eu, Ba, U, K, Sr, P, and Ti), indicating that their paren-
tal magma underwent substantial fractional crystallization
of plagioclase, apatite, Fe—Ti oxides, and feldspar during
ascent. Such a substantial fractional crystallization of the
parental NaOI phonolite magma would have been facilitated
by a lengthy ascent of the magma together with a long cool-
ing process. In other words, fractional crystallization would
have been greatly enhanced if the magma was emplaced into
thick oceanic lithosphere.

Based on our survey of modern ocean islands and our
geochemical data for the NaOI phonolites, we conclude,
therefore, that the Middle Triassic NaOI was formed in

a mature ocean basin with a thick underlying oceanic
lithosphere.

According to the theory of plate tectonics, oceanic litho-
sphere initially forms at a mid-ocean ridge and becomes
gradually cooler and thicker as it moves away from the
ridge (Oxburgh and Parmentier 1977). The thickness of the
oceanic lithosphere can be determined from the age of the
lithosphere using the half-space lithosphere cooling model
(T=11x1"* where T is lithosphere thickness in km, and t is
the age in Ma). The model is reliable for lithosphere younger
than ~70 Ma (Parsons and Sclater 1977; Phipps Morgan
and Smith 1992; Stein and Stein 1992). Because oceanic
lithosphere reaches its full thickness at an age of ~70 Myr,
we assume a constant thickness of ~90 km (i.e., 11X 7072
= 92 km) for older lithosphere (Humphreys and Niu 2009).
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Table 5 Zircon Hf isotopic composition of the rhyolite samples of the Zhaga Formation

No.  Age (Ma) "SYb/'"’Hf 26 76 u/'THE 26

T6HE/TTHE 268

eu(0) egt) 28 Tpy (Ma) TCpy (Ma) fi

T1-01 239 0.167070  0.000889 0.004254  0.000019 0.282847  0.000026 2.7 72 09 629 806 -0.87
T1-02 239 0.130928  0.000204 0.003295  0.000012 0.282857  0.000021 3.0 7.7 0.8 597 775 -0.90
T1-03 239 0.135055  0.000391 0.003410  0.000010 0.282829  0.000021 2.0 6.7 0.7 642 840 -0.90
T1-04 239 0.096452  0.002384 0.002580  0.000080 0.282859  0.000021 3.1 79 0.7 582 763 -0.92
T1-05 239 0.140500  0.003237 0.003575  0.000079 0.282909  0.000021 4.8 95 0.7 522 660 -0.89
T1-06 239 0.092887  0.001788 0.002428  0.000035 0.282808  0.000022 1.3 6.1 08 654 876 -0.93
T1-07 239 0.128666  0.001225 0.003233  0.000036 0.282778  0.000021 0.2 49 0.7 716 953 -0.90
T2-01 242 0.105046  0.000246 0.002675  0.000005 0.282785  0.000020 0.5 54 0.7 693 928 -0.92
T2-02 242 0.080808  0.000164 0.002114  0.000008 0.282784  0.000021 0.4 54 0.7 685 926 -0.94
T2-03 242 0.056723  0.000225 0.001494  0.000005 0.282825  0.000020 1.9 69 0.7 615 828 -0.96
T2-04 242 0.023533  0.001835 0.000571  0.000043 0.282789  0.000017 0.6 58 0.6 649 899 -0.98
T2-05 242 0.073521  0.000666 0.001954  0.000021 0.282825  0.000021 1.9 69 0.7 622 832 -0.94
T2-06 242 0.127001  0.000274 0.003271  0.000002 0.282860  0.000022 3.1 79 0.8 592 766 -0.90
T2-07 242 0.281883  0.004295 0.007279  0.000163 0.282919  0.000031 5.2 94 1.1 567 673 -0.78
T2-08 242 0.200189  0.002156 0.005346  0.000082 0.282878  0.000025 3.8 82 09 600 746 -0.84
T2-09 242 0.209858  0.001107 0.005218  0.000008 0.282881  0.000024 3.9 83 0.8 592 737 -0.84
T2-10 242 0.064912  0.000209 0.001648  0.000003 0.282809  0.000018 1.3 63 0.6 640 866 -0.95

Corrected formula as follows (Chu et al. 2006)

egr(t) = [(TOHE/ T THO) g e (T THE TTHD (1) — 11 % 10*
Ty = VA * In{1 + [((T°HE/THE) gy
7CDM HH=Tpm— Tpm— 1) X [(fec —f)(Fec —fom)]
fLu/Hf — [(176Lu/177Hf) /(176Lu/177Hf)CHUR] -1

sample’

The Middle Triassic NaOI formed on a thick oceanic litho-
sphere, indicating that at least during the Middle Triassic
the BNTO has had a thick oceanic lithosphere. According to
the half-space model of lithosphere cooling, the thick oce-
anic lithosphere of the BNTO during the Middle Triassic
indicates that the BNTO had already been open, for a long
time before the Middle Triassic. This inference is further
supported by the following lines of evidence. (1) Early to
Middle Triassic radiolarian cherts and Late Permian—Early
Triassic eclogites have been documented in the BNSZ (Pan
et al. 2006; Zhang et al. 2016); (2) Detailed geochemical
studies for the basalts of the Late Triassic Gufeng ocean
island fragment in the western segment of the BNSZ has
showed that the BNTO has opened at least during the late
Permian (Fan et al. 2017).

In summary, we conclude that the BNTO opened long
before the Middle Triassic and that this ocean had developed
into a mature ocean with a thick oceanic lithosphere by at
least the Middle Triassic.

@ Springer

_ (176Hf/ 1 77Hf)DM)/(( 1 76Lu/l 77Hf)

sample

_ (176Lu/177Hf)DM)] }

Fig.7 a Sm/Yb vs. La/Sm diagram for the NaOI basalts (modified™
after Zhao and Zhou 2007). The mantle array (heavy line) is defined
by depleted MORB mantle (DM; McKenzie and O’Nions 1991) and
primitive mantle (PM; Sun and McDonough 1989). Melting curves
for spinel lherzolite and garnet peridotite with both DM and PM com-
positions are after Aldanmaz et al. (2000). Numbers along lines rep-
resent the degrees of partial melting. b—f Variation diagrams for the
NaOlI basalt samples

Conclusions

1. The NaOl basalts were derived from the partial melting
of garnet peridotite in the mantle, and the ascending
magmas underwent varying degrees of fractional crys-
tallization but were not contaminated by the crust.

2. The NaOlI phonolites were formed by fractional crystal-
lization of OIB-type parental magma. In common with
the NaOlI basalts, the ascending NaOI phonolite magmas
were not contaminated by the crust.
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3. The Middle Triassic NaOl is a typical ocean island that
formed within a mature ocean basin with a thick oceanic
lithosphere.

4. The Bangong—Nujiang Tethyan Ocean opened long
before the Middle Triassic, and the ocean had developed
into a mature ocean by at least the Middle Triassic.
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