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study was also undertaken on amphibolites associated with the quartzites. The depositional age of the quartzites
is constrained to be between ca. 931 Ma (youngest detrital igneous zircon core) and 869 Ma (oldest metamorphic
zircon rim). The detrital zircons have a main age population from 1200 to 1000 Ma, and lack zircons with ages of
1000-900 Ma. Zircons from the amphibolites yield concordant ages of ca. 913-902 Ma, which are comparable to
Detrital zircon dating the depositional age of the quartzites. The amphibolites have N-MORB-like compositions and are characterized
Petrogenesis by high positive zircon eye(t) (+7.2 to +14.0) and whole-rock eng(t) (+5.5 to +6.0) values. Their compositions
Rift have been modified by crustal contamination. The formation of these quartzites and amphibolites was related to
Early Neoproterozoic an early Neoproterozoic rift adjacent to the African side of the northern East African Orogen, followed by opening
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of part of the Mozambique Ocean.
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1. Introduction

The Tibetan Plateau marks the eastern end of the Himalayan-Alpine
orogenic belt and records the tectonic processes of continental rifting,
drifting, subduction, and collision (e.g., Allégre et al., 1984; Yin and
Harrison, 2000). It is widely accepted that the Tibetan Plateau is a com-
plex tectonic collage resulting from a number of continental collisional
events between Gondwana-derived terranes (e.g., the South Qiangtang,
North Lhasa, and South Lhasa terranes; Fig. 1a) and/or continents
(e.g., India) since the early Paleozoic (Yin and Harrison, 2000). Previous
studies have focused on the Phanerozoic tectonic evolution of the Ti-
betan terranes (e.g., Wang et al., 2008), with only limited research on
their Precambrian origin and evolution.

The North Lhasa Terrane is one of the main components of the Ti-
betan Plateau (Yang et al., 2009; Zhang et al., 2012) and its origin is
poorly understood (e.g., Allégre et al., 1984; Audley-Charles, 1984).
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The conventional view was that the North Lhasa Terrane originated
from northeastern India and shares a similar origin to the South Lhasa
and South Qiangtang terranes (e.g., Allégre et al., 1984; Gehrels et al.,
2011; Yin and Harrison, 2000). Subsequently, detrital zircon data of Pa-
leozoic metasedimentary rocks indicate that the North Lhasa Terrane
originated from northern Australia and experienced a different
Precambrian-early Paleozoic evolution to that of the South
Qiangtang-South Lhasa-India system (Zhu et al.,, 2011a). Furthermore,
new zircon U—Pb ages and whole-rock geochemical data of middle-
late Neoproterozoic metamorphic (Dong et al.,, 2011; Zhang et al,,
2012, 2013) and arc-related igneous (Hu et al., 2018a, 2018b, 2018c;
Zhang et al., 2013) rocks indicate that the North Lhasa Terrane was
part of the northern East African Orogen (EAO).

The Nyaingentanglha Group is widespread throughout the North
Lhasa Terrane and is generally considered to be its Precambrian base-
ment (Dong et al,, 2011; Hu et al,, 2016; Zhang et al.,, 2012). Early
Neoproterozoic mafic meta-igneous rocks (ca. 925-886 Ma; Zhang
et al, 2012; Hu et al, 2016) have been documented in the
Nyaingentanglha Group, but their petrogenesis remains poorly under-
stood. These mafic rocks represent the oldest magmatism in the North
Lhasa Terrane and are therefore essential in constraining the
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Fig. 1. (a) Tectonic framework of the Tibetan Plateau. (b) Simplified geological map of the Tuna area in the North Lhasa Terrane, Tibet. ]SSZ = Jinsha suture zone; LSSZ = Longmu Co-
Shuanghu suture zone; BNSZ = Bangong-Nujiang suture zone; NGSZ = North Gangdese suture zone; IYZSZ = Indus-Yarlung Zangbo suture zone. Age data sources: 925 Ma, Hu et al.,

2016; 897, 886, and 650 Ma, Zhang et al., 2012; 850 and 680-660 Ma, Dong et al., 2011.

Precambrian origin and evolution of the North Lhasa Terrane. In this
paper, we report the first evidence for coeval sedimentation associated
with these early Neoproterozoic mafic rocks, and detrital zircon age
data are used to constrain the Precambrian origin of the North Lhasa
Terrane. We also report new zircon U—Pb ages, whole-rock major and
trace element data, and Sr-Nd-Hf isotopic data for the early
Neoproterozoic mafic meta-igneous rocks. These data are used to con-
strain the petrogenesis and tectonic setting of the mafic rocks, along
with the Precambrian geodynamic evolution of the North Lhasa Terrane.

2. Geological background and sample descriptions

The Lhasa Terrane is located in the central Tibetan Plateau and
bounded by the Bangong-Nujiang suture zone to the north and the
Indus-Yarlung Zangbo suture zone to the south (Yin and Harrison,
2000). This terrane is divided into northern, central, and southern
subterranes (e.g., Zhu et al,, 2011b, 2013). Moreover, based on the pres-
ence of ophiolitic, arc, and eclogitic rocks in the Sumdo area, Yang et al.
(2009) and Chen et al. (2009) suggested that the Lhasa Terrane com-
prises two separate crustal fragments: the North and South Lhasa ter-
ranes (Fig. 1a). The North Lhasa Terrane includes the central and
northern subterranes. In this paper, we adopt the second classification
scheme because: (1) the Shiquan River-Nam Tso mélange zone, which
separates the northern and central subterranes, is considered to be a rel-
atively short-lived Jurassic back-arc basin (e.g., Xu et al., 2014); and
(2) recent studies have suggested that the ages and petrogenesis of the
Precambrian rocks in the central Lhasa subterrane are different to those
of the southern Lhasa subterrane, but are similar to those of the Amdo
rocks (Fig. 1a) in the northern part of the Lhasa Terrane (Hu et al., 2018c).

Previous studies have shown that the North Lhasa Terrane is a
microcontinent with Precambrian basement rocks (Dong et al., 2011;
Hu et al,, 2016; Zhang et al.,, 2012) covered by Paleozoic-Mesozoic sedi-
mentary and volcanic rocks. The Nyaingentanglha Group represents the
Precambrian basement of the North Lhasa Terrane (Zhang et al., 2012)
and comprises a series of tectonic slices of variable size, including
paragneisses, orthogneisses, and mafic-silicic intrusions (Hu et al.,
2016). Recent studies have shown that most of these rocks have experi-
enced greenschist-facies metamorphism, whereas others were subjected
to amphibolite- or even granulite-facies metamorphism (Dong et al.,
2011; Zhang et al.,, 2012, 2013). Zhang et al. (2012) described middle

Neoproterozoic high-pressure granulites in the Tuna area (Fig. 1b) with
a peak metamorphic age of ca. 650 Ma and that record a paleo-
geothermal gradient of ~14 °C/km, which were interpreted to have
formed in a collisional setting. Slightly older (ca. 680-660 Ma; Dong
etal., 2011) amphibolite-facies metamorphism also occurred in this area.

Hu et al. (2016) reported early Neoproterozoic (ca. 925 Ma) N-
MORB-type mafic rocks in the Tuna area. This age is broadly consistent
with those of the protoliths of the middle Neoproterozoic granulites (ca.
897 and 886 Ma, Zhang et al., 2012). Recently, ca. 850 Ma MORB-like
(Dong et al., 2011) and ca. 822-806 Ma back-arc (Hu et al., 2018b) igne-
ous rocks were also discovered in this area. To the northwest and in the
Yongzhu area (Fig. 1a), granitoids (ca. 660 Ma) and island arc calc-
alkaline basaltic rocks (ca. 742 Ma) are present. Middle Neoproterozoic
metamorphism (ca. 666 Ma) has overprinted the rocks in this region
(Zhang et al., 2013).

The geology of the Tuna area includes the Nyaingentanglha Group;
Cambrian volcanic and sedimentary sequences; Devonian, Permian,
and Jurassic sedimentary sequences; Cretaceous sedimentary and vol-
canic rocks; Jurassic ophiolite fragments; and Cenozoic sediments
(Fig. 1b). The distribution of the Nyaingentanglha Group is controlled
by several faults. In this contribution, we focus on the early
Neoproterozoic amphibolites (Fig. 2c) and quartzites (Fig. 2e) in the
Nyaingentanglha Group. The amphibolites can be subdivided into two
groups based on their field occurrence. The group 1 amphibolites have
variable sizes (5-20 m wide and 5-50 m long) and are faulted against
other rocks in the Nyaingentanglha Group (Fig. 2a). The group 2 am-
phibolites are interbedded with quartzites (Fig. 2b). The amphibolites
of both groups share similar petrological characteristics and the main
minerals are hornblende (50-60 vol%) and plagioclase (45-50 vol%),
with minor zircon, magnetite, and biotite (<5 vol%) (Fig. 2d). Fragmen-
tation is observed at the margins of plagioclase and hornblende grains.
Plagioclase grains have been subjected to various degrees of
saussuritization and sericitization. The quartzites associated with the
amphibolites consist almost entirely of quartz (Fig. 2f).

3. Analytical methods
Zircons were separated at the Special Laboratory of the Geological

Team of Hebei Province, Langfang, China, by conventional heavy liquid
and magnetic techniques. Insufficient zircons for U—Pb dating were
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Fig. 2. Photographs and photomicrographs of the early Neoproterozoic mafic and sedimentary rocks of the North Lhasa Terrane, Tibet. A1 = Group 1 amphibolite; A2 = Group 2

amphibolite; Q = Quartzite; Hbl = hornblende; Pl = plagioclase; Qt = quartz.

obtained from the group 2 amphibolites, but enough zircons were
obtained from the quartzites and group 1 amphibolites.
Cathodoluminescence (CL) images were taken using a HITACHI S-
3000 N scanning electron microscope fitted with a Gatan Chroma CLim-
aging system at the Institute of Geology, Chinese Academy of Geological
Sciences, Beijing, China.

Two samples of quartzite (15 T059 and 15 T072) and three of group
1 amphibolite (16 T243, 17 T114, and 17 T138) were selected for zircon
U—Pb dating at Beijing Createch Test Technology, China (Appendix A).
The analyses were performed by laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS). Laser sampling was con-
ducted using an ESI NWR 193 nm laser ablation system, and an
AnlyitikJena PQMS Elite ICP-MS instrument was used to acquire ion sig-
nal intensities. The analyses were carried out with laser beam diameters
of 25 or 20 um, a repetition rate of 10 Hz, and an energy of 4 J/cm?. Off-
line raw data selection, integration of background and analyte signals,
and time-drift correction and quantitative calibration were performed
by ICPMSDataCal. The age calculations and concordia diagrams were
made with Isoplot/Ex ver. 3.0. During the course of this study, the
mean 2%°Pb/238U age obtained for the zircon standard GJ-1 was 600.3

+ 1.8 Ma (20; n = 40), which is consistent with reported or recom-
mended values (Jackson et al., 2004).

Hf isotopic analyses were performed at the same sites or in the same
age domains (identified by CL images) as used for U—Pb dating analy-
ses (Appendix B). The analyses were undertaken using a Geolas-193
laser ablation microprobe coupled to a Neptune multi-collector ICP-
MS at the Institute of Geology and Geophysics, Chinese Academy of Sci-
ences, Beijing, China. The ablation time was ~26 s for each measure-
ment. The laser beam was operated at a diameter of ~50 um,
repetition rate of 8 Hz, and beam energy of 15 J/cm?. The zircon stan-
dard Mud Tank was analyzed to evaluate accuracy and precision. During
the period of analysis, a mean '7SHf/!””Hf ratio 0f 0.282506 + 21 (20; n
= 40) was obtained for the Mud Tank standard, which is consistent
with the values obtained by Woodhead and Hergt (2005).

We also selected 43 relatively fresh samples or the central parts of
samples for whole-rock geochemical analyses (Appendix C), which
were performed at the National Research Center for Geoanalysis, Bei-
jing, China. The major elements were determined by X-ray fluorescence
(XRF model PW 4400), with analytical uncertainties ranging from 1% to
3%. Loss on ignition was obtained by heating ~1 g of sample powder at
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Table 1
Whole-rock Sr—Nd isotopic compositions of early Neoproterozoic mafic meta-igneous rocks of the North Lhasa Terrane, Tibet.
Sample Age (Ma) [Rb] [Sr] 87Rb/%6Sr  87Sr/%%Sr +20(m) s [Sm] [Nd] 197Sm/MANd - "3Nd/"Nd  +20(m)  ena(0)  ena(t)  fsmna
(ppm)  (ppm) (ppm)  (ppm)
Group-1
16T242 900 20.2 174 0.337 0.713100 16 0.709 4.40 12.6 0.2118 0.513016 5 7.4 5.6 0.08
16T253 900 7.00 182 0.111 0.708581 13 0.707 5.51 15.0 0.2224 0.513076 12 8.5 5.6 0.13
Group-2
15T117 900 9.79 181 0.156 0.707276 10 0.705 5.53 153 0.2189 0.513056 5 8.2 5.6 0.11
15T119 900 12.5 157 0.231 0.707018 14 0.704 5.56 154 0.2190 0.513050 9 8.0 5.5 0.11
16T237 900 15.7 150 0.303 0.714859 15 0.711 4.59 125 0.2214 0.513092 10 8.9 6.0 0.13

980 °C for 30 min. The trace elements were analyzed with an Agilent
7500ce ICP-MS. Data quality was monitored by analyses of reference
materials AGV-2 and GSR-3 (Govindaraju, 1994; Wang et al., 2003).
The accuracy was generally better than 10% for elements with concen-
trations of <10 ppm and ~5% for elements with concentrations of
>10 ppm (Appendix D).

Subsequently, five whole-rock samples were selected for Sr—Nd
isotopic analysis using a Finnigan MAT-262 mass spectrometer at
the Institute of Geology, Chinese Academy of Geological Sciences,
Beijing, China (Table 1). Blanks for the whole chemical procedure
were ~107'" g for Sm and Nd, and ~107'° g for Rb and Sr.
87Gr/%6Sr ratios were corrected for instrumental mass fractionation
relative to 88Sr/%Sr = 8.37521. The average ®7Sr/6Sr ratio deter-
mined for the NBS987 standard was 0.710247 + 12 (20,).
143Nd/"#4Nd ratios were corrected for instrumental mass fraction-
ation relative to “°Nd/'**Nd = 0.7219 and are reported relative
to the J]MC Nd,O5 standard with a **Nd/!**Nd ratio of 0.511230
+ 10 (20y,). The decay constants (N\) used are 1.42 x 107! a~!
or 8Rb and 6.54 x 1072 a=! for '¥7Sm. enq(t) values were calcu-
lated on the basis of the following present-day reference values for
the chondritic uniform reservoir (CHUR): (**3Nd/'*Nd)cyur =
0.512638 and (*7Sm/"“Nd)cuur = 0.1967.

4. Results
4.1. Zircon U—Pb geochronology

The zircon grains from the group 1 amphibolite samples (16 T243,
17 T114, and 17 T138) have lengths of 50 to 150 um and length:width

ratios of 2:1 to 1:1 (Fig. 3). Most zircon grains from samples 16 T243
and 17 T138 are characterized by igneous cores surrounded by CL-
light metamorphic rims (5-50 pm). The igneous cores show patchy
and weak oscillatory zoning. The analyses of the igneous cores are con-
cordant and yielded weighted-mean 2°°Pb/228U ages of 902 4 6 Ma (n
= 15; Fig. 4a) and 901 + 9 Ma (n = 13; Fig. 4c). Th/U ratios
(0.27-3.58) are >0.1, indicating a magmatic origin (Hoskin and
Schaltegger, 2003). Two analyses (spots 14 and 17) on metamorphic
zircon rims in sample 17 T138 yield low Th/U ratios (0.04 and 0.01)
and their 2°°Pb/238U ages (866 and 797 Ma) may represent the timing
of metamorphism after magmatic crystallization (Hoskin and
Schaltegger, 2003). The zircon grains from sample 17 T114 show weak
oscillatory zoning and no metamorphic rims were observed, and they
yield a weighted-mean 2°°Pb/?38U age of 903 &+ 7 Ma (n = 16;
Fig. 4b). They also have high Th/U ratios (0.61-7.77) which are compa-
rable with those of magmatic zircons (Hoskin and Schaltegger, 2003).
The zircon grains from the quartzite samples (15 T059 and 15 T072)
are mostly transparent and colorless, with diameters of 100-200 pm.
Most zircon grains from sample 15 T059 are partly rounded and exhibit
regular oscillatory zoning (Fig. 3). The zircon grains from sample
15 T072 have detrital cores with oscillatory and banded zoning, and
are mainly surrounded by unzoned metamorphic rims (5-30 pm
thick) (Fig. 3). In total, 181 spots were analyzed and most of the data
are concordant, with 6 analyses showing >10% discordance. In this
paper, ages older than 1.0 Ga are 2°7Pb/2°°Pb ages, whereas ages youn-
ger than 1.0 Ga are 2°6Pb/28U ages. A total of 169 concordant analyses
on zircons of sample 15 T059 and detrital zircon cores of sample
15 T072 yield highly variable U—Pb ages of 2748-931 Ma and are char-
acterized by a main age population of 1200-1000 Ma (Fig. 5). Their
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29 @ .76
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Fig. 3. Cathodoluminescence images of representative zircon grains from the early Neoproterozoic mafic and sedimentary rocks in the North Lhasa Terrane, Tibet. Solid and dashed circles

indicate the locations of U—Pb dating and Hf isotopic analyses, respectively.
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Fig. 4. (a—c) Zircon U—Pb concordia diagrams and (d-f) histograms of zircon ey¢(t) values for early Neoproterozoic mafic rocks from the North Lhasa Terrane, Tibet.

relatively high Th/U ratios (0.12-2.90; i.e., >0.1) indicate a magmatic or-
igin (Hoskin and Schaltegger, 2003). Six analyses of metamorphic zircon
rims in sample 15 T072 yield lower Th/U ratios (0.02-0.11) and younger
ages of 869-641 Ma, constraining the timing of metamorphism (Hoskin
and Schaltegger, 2003).

4.2. Zircon Hf and whole-rock Sr—Nd isotope data

Thirty-four Hf isotopic analyses of the zircons from the group 1 am-
phibolites yielded high positive ey¢(t) values (+7.2 to +14.0; Fig. 4d-f).
The ca. 1200-1000 Ma zircons from the quartzites display variable ey¢
(t) values (—14.7 to +12.7) (Fig. 6a) and crustal model ages (T py =
1.3-2.8 Ga). The amphibolites of both groups share similar whole-rock
Sr—Nd isotopic compositions, with initial 87Sr/3°Sr ratios (Is;) of 0.704
to 0.711 and enq(t) values of +5.5 to +6.0 (Fig. 7d).
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4.3. Whole-rock major and trace element data

The group 1 amphibolite samples have undergone metamorphism,
which is evident from the presence of metamorphic zircon rims
(Fig. 3). Although the amphibolites of both groups have relatively low
loss-on-ignition values (0.43-1.94 wt%), saussuritization and
sericitization were observed in thin section. These metamorphic and al-
teration processes may have modified the concentrations of mobile ele-
ments (e.g., Na, K, Rb, Ba, Sr, and Pb) (e.g., Zhai et al., 2013), as indicated
by the variable contents of mobile elements in the amphibolites (e.g.,Rb
= 3.23-31.2 ppm, Pb = 0.44-3.88 ppm, and Ba = 23.9-142 ppm).
Therefore, we focus mainly on the abundances of immobile (e.g., rare
earth and high-field-strength elements) and transition (e.g., V, Sc, Ni,
Cr, and Fe) elements, their corresponding ratios, and whole-rock Nd
and zircon Hf isotopic compositions in classifying these rocks and inves-
tigating their petrogenesis.
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Fig. 5. Age distributions of detrital zircons from early Neoproterozoic metasedimentary rocks of the North Lhasa Terrane, Tibet.
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Fig. 6. &14¢(t) vs. U—Pb age diagrams for detrital zircons from metasedimentary rocks of this and previous studies. Data sources: Carboniferous-Permian sedimentary rocks of the North
Lhasa terrane (Zhu et al,, 2011a); African modern rivers (lizuka et al., 2013); and Permian sedimentary rocks of the Western Australia (Clark et al., 2000).

The amphibolites of both groups share similar geochemical charac-
teristics (Figs 7-9). They both have variable SiO, (42.72-50.53 wt%;
hereafter, all whole-rock major element data have been normalized to
an anhydrous basis), TiO, (1.16-4.34 wt%), Al,03 (11.49-17.66 wt%),
and Fe,0st (8.95-20.96 wt%) contents, and Mg” (= Mg/[Mg + Fer])
values (39-66). Data for the amphibolites fall in the field of sub-
alkaline basalts when plotted in the SiO, vs. Zr/Ti diagram (Fig. 7a). A
clear positive correlation between TiO, contents and FeOt/MgO ratios
is evident in Fig. 7b, suggesting a tholeiitic affinity. Variation diagrams
(Fig. 8) show a positive correlation in Mg* vs. Al,O3 and negative corre-
lations in Mg* vs. Fe,0st, TiO-, Zr, and V diagrams. Rare earth and high-
field-strength element data are generally comparable with those of nor-
mal mid-ocean ridge basalt (N-MORB) (Fig. 9a and b). No significant Eu
anomalies are observed (Eu/Eu* = 0.80-1.05). Primitive-mantle-
normalized trace element patterns show variable contents of Th, Zr,
Hf, and Ti (Fig. 9b).
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5. Discussion

5.1. Early Neoproterozoic (ca. 900 Ma) sedimentation and mafic
magmatism in the North Lhasa Terrane

The concordant analyses on zircons of sample 17 T114 and igneous
zircon cores of samples 16 T243 and 17 T138 have high Th/U ratios
(>0.1) and yield highly consistent U—Pb ages of ca. 913-902 Ma, indi-
cating that these ages can be interpreted as the crystallization ages of
the protoliths of group 1 amphibolites. This interpretation seems not
to be supported by the fragmentary shapes of these zircons or zircon ig-
neous cores (Fig. 3). Generally, the velocity of crystallization appears to
be the major controlling factor of the elongation ratio for zircon. Skeletal
zircon crystals are the most extreme form of rapid growth and are com-
mon in co-magmatic zircons from mafic rocks (Corfu et al., 2003). How-
ever, in some gabbroic magmas, Zr saturation is only reached late in the

2.0 2.5
FeOt/MgO
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8Nd(t)
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Fig. 7. (a) SiO, vs. Zr/Ti (Winchester and Floyd, 1977), (b) TiO, vs. FeOt/MgO (Miyashiro, 1974), (c) Nb/Th vs. Nb/La (Li et al., 2006), and (d) enq(t) vs. MgO (Li et al., 2006) diagrams for
early Neoproterozoic amphibolites from the North Lhasa Terrane, Tibet. FC = fractional crystallization; AFC = assimilation and fractional crystallization.
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Fig. 8. Plots of major and trace elements versus Mg” for early Neoproterozoic amphibolites from the North Lhasa Terrane, Tibet.

crystallization history, either because of very low Zr contents, or high Zr
solubility or both (Corfu et al., 2003). In such case, zircon is interstitial
mineral and may be fragmentary. This is probably the case in this
study as suggested by the negative Zr-Mg* correlation of the group 1
amphibolites (Fig. 8e).

Zhang et al. (2012) reported the presence of high-pressure granu-
lites in the North Lhasa Terrane with middle (ca. 650 Ma) and early
(ca. 897 and 886 Ma) Neoproterozoic peak metamorphic and protolith
ages, respectively. Subsequently, secondary ion mass spectrometry
(SIMS) zircon U—Pb dating of mafic rocks in the Nyaingentanglha
Group yielded concordant ages of ca. 925 Ma (Hu et al., 2016). In this
contribution, we further reveal the presence of early Neoproterozoic
mafic magmatism in the North Lhasa Terrane by LA-ICP-MS zircon
U—Pb dating. The protoliths of group 1 amphibolites were probably
formed at ca. 913-902 Ma. Although no ages were obtained for the
group 2 amphibolites, they are expected to be coeval with the group 1
amphibolites, given the similar geochemical (Figs 7-9) and isotopic
(Fig. 7d) characteristics of the two groups. Moreover, the depositional
age of the quartzites is between ca. 931 (youngest core of detrital igne-
ous zircon) and 869 Ma (oldest metamorphic zircon rim). Therefore, we
suggest that the protolith ages of the amphibolites and quartzites are
both ca. 900 Ma.

5.2. Petrogenesis of the mafic rocks

Mafic rocks emplaced in a continental setting may undergo crustal
contamination during ascent and/or residence within the continental
crust (e.g., Li et al,, 2006). All the amphibolites of the present study dis-
play a positive correlation between Nb/La and Nb/Th ratios (Fig. 7c), in-
dicating crustal assimilation during magmatic evolution. The broad
positive correlation between MgO and eng(t) in Fig. 7d also suggests
the presence of assimilation and fractional crystallization (AFC)
processes.

Fractional crystallization plays an important role in the petrogenesis
of basaltic rocks and modifies elemental concentrations. Although Mg*
values may be modified during AFC processes, some significative evolu-
tion trends are recognized in the plots of major and trace elements ver-
sus Mg# (Fig. 8). The present samples exhibit a positive correlation
between Al,O5 and Mg* (Fig. 8a), which may reflect plagioclase frac-
tionation. The variable Ti contents (Fig. 9b) and negative correlations
between Mg* and Fe,0st (Fig. 8b), TiO, (Fig. 8c), and V (Fig. 8f) possibly
indicate late-stage fractionation of Fe—Ti oxides. As noted above, the

negative correlation between Zr and Mg* (Fig. 8e) is consistent with zir-
con crystallization in the late stages of magma crystallization. Of note,
the amphibolites have a range of Mg* values (39 to 66) that indicate
the fractional crystallization of olivine and pyroxene, but there is no
clear correlation in the Ni vs. Mg* diagram (Fig. 8d). This discrepancy
may be attributed to the modification of Mg* values during AFC
processes.

Generally, magmas derived from N-MORB-type mantle sources are
depleted in light rare-earth elements (LREE) while crust and the other
mantle (e.g., E-MORB) sources produce melts with LREE enrichment
(Rudnick and Fountain, 1995; Sun and McDonough, 1989). The amphib-
olites are characterized by LREE-depleted patterns (Fig. 9a). Because
LREE contents were probably elevated during AFC processes, the pri-
mary magma of these amphibolites should have even lower LREE con-
tents. This chemical feature suggests a N-MORB-type mantle source.
Although reduced during the AFC processes, the positive zircon ey
(t) (+7.2 to +14.0) and whole-rock eng(t) (+5.5 to 4+6.0) values are
still as high as those of N-MORB-type rocks (Wu et al., 2006; Zhai
et al, 2013). Moreover, the samples have lower Zr/Hf ratios
(28.3-36.0) than the chondritic value (36.3). This feature has been
interpreted by Weyer et al. (2003) to indicate a highly depleted mantle
source.

Rare earth element contents of mafic rocks can constrain the nature
and depth of their mantle source (Chen et al., 2017; D'Orazio et al.,
2001; Wang et al., 2018). The amphibolite samples show pronounced
depletions in light rare earth elements (Fig. 9a), with low (La/Yb)y ra-
tios of 0.45-1.55, suggesting that garnet was not present in the mantle
source. Moreover, a (Sm/Yb)y vs. (La/Sm)y diagram indicates that
these samples could have been generated by >20% partial melting of spi-
nel lherzolite (D'Orazio et al., 2001) (Fig. 9c). Considering the La enrich-
ment during AFC processes, we suggest that the degree of partial
melting may be even higher.

5.3. Tectonic setting

N-MORB-like rocks were originally interpreted to represent basaltic
rocks formed in a normal mid-ocean ridge setting (e.g., Sun and
Mcdonough, 1989). Subsequently, N-MORB-type melts have been
widely reported in arc-related settings, such as back-arc and fore-arc
basins (e.g., Dilek and Furnes, 2011; Zhai et al., 2013). Several recent
studies have suggested that N-MORB-like rocks can also be produced
in a continental rift setting (e.g., Chen et al., 2017; Pang et al., 2016).
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Sediments (i.e., cherts) at normal mid-ocean ridge settings should not
contain old detrital zircons, which is contrary to those observed in the
quartzites interbedded with the amphibolites in the present study
(Fig. 5), and so we discount this possibility. Moreover, sediments at con-
vergent plate margins are characterized by a large proportion of detrital
zircon ages close to their depositional age (Cawood et al., 2012), which
contrasts with the rare 1000-900 Ma detrital zircon ages in the quartz-
ites (Fig. 5).

Rifting is considered to be the prelude to continent break-up and the
formation of incipient oceanic basins, and N-MORB-like magma is not

produced until the late stages of rifting when embryonic oceanic crust
forms (Chen et al., 2017; Fitton, 2007). A typical example of this is the
early Permian mantle plume that led to the break-up of the northern
margin of Gondwana and the opening of several Tethyan oceanic basins
(Chauvet et al., 2008; Chen et al., 2017; Zhu et al.,, 2010). In this case, the
early rifting stage (ca. 301-279 Ma) produced basaltic rocks with OIB-
like geochemical features (Chauvet et al., 2008; Zhu et al., 2010),
whereas crustally contaminated N-MORB-like rocks were generated
during the late stage of rifting (ca. 278 Ma) (Chen et al., 2017). There-
fore, the early Neoproterozoic sediments and mafic rocks of our study
probably represent the late-stage products of a rift. To our knowledge,
the quartzites mark the oldest rift sediments in the North Lhasa Terrane,
as well as within the Tibetan Plateau.
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5.4. Geodynamic implications

5.4.1. Early Neoproterozoic paleogeography of the North Lhasa Terrane

It is generally accepted that the North Lhasa Terrane was part of
northern Gondwana; however, its precise location during the
Neoproterozoic remains controversial (e.g., Gehrels et al., 2011; Hu
etal.,, 2018a; Zhanget al.,2012; Zhu et al., 2011a). Early studies had sug-
gested that the North Lhasa Terrane was located in northeastern India,
northern Australia, or the northern EAO during the Neoproterozoic
(e.g., Audley-Charles, 1984; Gehrels et al., 2011; Hu et al.,, 2018a;
Zhang et al., 2012; Zhu et al,, 2011a).

Detrital zircon dating of sedimentary rocks (and their metamor-
phosed equivalents) has proven to be a powerful tool for tracing their
provenance and for paleogeographic reconstructions of continents
(e.g., Zhu et al,, 2011a). As shown in Fig. 10a, the detrital zircons from
the quartzites are characterized by a distinct age population of
1200-1000 Ma and a lack of 1000-900 Ma ages. In contrast, the latest
Neoproterozoic-early Cambrian metasedimentary rocks in northern
India define an age population of ca. 950 Ma and contain rare
1200-1000 Ma detrital zircons (Fig. 10f; McKenzie et al., 2011). Al-
though 1200-1000 Ma detrital zircons have been recognized from
some Neoproterozoic metasedimentary rocks in southern India, they
also contain a distinctive age population at 1000-900 Ma (Fig. 10g;
Plavsa et al., 2014).

The 1200-1000 Ma age population has been recognized in
Carboniferous-Permian sedimentary rocks in the North Lhasa Terrane
(Fig. 10b) and is interpreted to be related to the Wilkes-Albany-Fraser
Orogen of Western Australia (Fig. 10h) (Zhu et al,, 2011a). This interpre-
tation is supported by the similar eyg(t) values of the 1200-1000 Ma de-
trital zircons from the early Neoproterozoic quartzites in the North
Lhasa Terrane and the Permian sedimentary rocks in the Wilkes-
Albany-Fraser Orogen (Fig. 6a). However, a ca. 900 Ma rift event is ab-
sent in Western Australia, which is inconsistent with this interpretation.

The EAO is one of the largest continuous orogenic belts on Earth, ex-
tending over 6000 km, from Arabia in the north along the eastern
African and western Indian margins into East Antarctica (Fritz et al.,
2013; Mole et al., 2018). The northern EAO is marked by a Pacific-
sized ocean basin (the Mozambique Ocean), which accumulated oce-
anic terranes and arcs for >400 Myr (from prior to ca. 1080 until
600 Ma; Merdith et al., 2017; Mole et al,, 2018), and separated the con-
tinental components of India and Arabia-Africa (Meert, 2003). Recently,
middle Neoproterozoic arc-related magmatism and metamorphism (ca.
822-660 Ma; Dong et al,, 2011; Zhang et al., 2013; Hu et al,, 2018b) and

collision-related, high-pressure metamorphism (ca. 650 Ma; Zhang
et al., 2012) have been identified in the North Lhasa Terrane, indicating
an affinity to the northern EAO (Fritz et al., 2013). The Neoproterozoic
metamorphism (ca. 869-641 Ma; Fig. 5b) identified in the present
study is comparable to that in the EAO (Mole et al., 2018).

This affinity to the northern EAO is also supported by the temporal
and spatial distribution of Ediacaran-early Paleozoic magmatism on
the Gondwana supercontinent. Extensive Ediacaran-early Paleozoic
Andean-type magmatism has been recognized in terranes along the
proto-Tethyan margin of Gondwana. It is notable that Andean-type
magmatism in the terranes from the Arabian proto-Tethyan margin
(601-522 Ma) is clearly older than that of the Indian-Australian
proto-Tethyan margin (512-462 Ma) (Hu et al., 2018a and references
therein) (Fig. 11). Interestingly, Andean-type magmatism in the North
Lhasa Terrane was prolonged (568-488 Ma) and comparable to that
on both the Arabian and Indian-Australian proto-Tethyan margins
(Fig. 11). This suggests that the North Lhasa Terrane was derived from
the northern EAO between the Arabian and Indian-Australian conti-
nents (Hu et al., 2018a).

If the North Lhasa Terrane has an affinity to the northern EAO, then a
further question arises as to whether it originated from the African or
Indian side of the EAO. As discussed above, our detrital zircon age data
are inconsistent with those from India (Fig. 10f and g). In contrast, the
1200-1000 Ma age population is common on the African side of the
northern EAO, such as in Neoproterozoic metasedimentary rocks from
Ghana (Fig. 10c; Kalsbeek et al., 2008), Permian sedimentary rocks in
Mozambique (Fig. 10d; Bicca et al., 2018), and Quaternary sediments
in modern African rivers (Fig. 10e; the Niger, Nile, Congo, Zambezi,
and Orange rivers; lizuka et al., 2013). The 1200-1000 Ma detrital zir-
cons from the North Lhasa Terrane and Africa have similar ey
(t) values (mostly between —15 and + 10; Fig. 6a and b). Although
the quartzite samples contain numerous 1200-1700 Ma detrital zircons,
which are absent in Quaternary sediments in modern African rivers
(Fig. 10e), a coeval age population has been recognized in
Neoproterozoic metasedimentary rocks from Ghana (Fig. 10c). It is
noteworthy that the remarkable ca. 2000 Ma zircon U—Pb age peaks
shown by detrital zircons from Ghana of Africa (Fig. 10c) and African
modern rivers (Fig. 10e) are nearly absent in the detrital zircon age
data of this study. This may be because the ca. 2000 Ma rocks were
not extensively exposed and eroded at ca. 900 Ma or rivers did not
pass through these rocks at this time. For example, Permian rocks
from the Perth Basin, located next to the present-day Archean Yilgarn
Craton of Western Australia, have few Archean ages (Cawood and
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Nemchin, 2000). Typically, absence of an age peak is not particularly di-
agnostic; it is the presence of ages that provides strong evidence.

The sedimentation and mafic magmatism documented in this con-
tribution are related to an early Neoproterozoic rift. The identification
of matching rift events in different regions can provide constraints on
paleogeographic reconstructions. Coeval rift-related igneous rocks
have been identified from the S3o Francisco, Congo, West African,
Tarim, and North China cratons and the Afif-Abas Terrane (Fig. 12a).
In the S3o Francisco craton, mafic dikes with baddeleyite U—Pb ages
of ca. 920 Ma have been reported (Evans et al., 2015). Coeval mafic
dikes, continental flood basalts, and rift-related rhyolitic volcanic rocks
(ca. 924-912 Ma) are present in the Congo craton (Correa-Gomes and
Oliveira, 2000; Franssen and André, 1988; Tack et al., 2001). Correa-

Gomes and Oliveira (2000) correlated the dikes of the Sdo Francisco
and Congo cratons, thereby suggesting a paleogeographic link between
these cratons. Early Neoproterozoic rift-related magmatism is also
found at the Anti-Atlas margin of the West African Craton (Alvaro
et al., 2014). The early Neoproterozoic oceanic plateaus in the Afif-
Abas Terrane were related to a ca. 900 Ma mantle plume (Stein,
2003). Rift-related mafic dikes and sills were intruded into the North
China Craton at ca. 925-900 Ma (Peng et al., 20113, 2011b), and slightly
younger bimodal, rift-related volcanism (ca. 900-870 Ma) occurred in
the Tarim Craton (Wang et al., 2015). In a recently published full-plate
global reconstruction for ca. 900 Ma (Merdith et al., 2017; Wu et al.,
2017), the aforementioned cratons and terrane formed two continental
collages (Fig. 12b): (1) Sao Francisco-Congo-West African-Afif-Abas;
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and (2) Tarim-North China. Detrital zircons with ages of 1200-1000 Ma
are rare in the Neoproterozoic sediments of the Tarim-North China con-
tinental collage (Fig. 10i and j) and, as such, the North Lhasa Terrane
could not have been part of this continental collage.

In summary, we speculate that the North Lhasa Terrane originated
from the African side of the northern EAO because of the: (1) distinctive
1200-1000 Ma age population of detrital zircons (Zhu et al., 2011a; this
study); (2) middle Neoproterozoic arc-related magmatism and meta-
morphism (ca. 822-660 Ma; Dong et al., 2011; Zhang et al., 2013; Hu
et al., 2018b) and collision-related high-pressure metamorphism (ca.
650 Ma; Zhang et al., 2012); (3) relatively prolonged Ediacaran-early
Paleozoic (ca. 568-488 Ma) Andean-type magmatism (Hu et al,,
2018a and references therein); and (4) early Neoproterozoic rifting
event (ca. 900 Ma; this study) in this terrane. The North Lhasa Terrane
may not come from India or Australia, because these two continents
do not have Ediacaran Andean-type and early Neoproterozoic rifting-
related magmatism and the Australia is characterized by lack of middle
Neoproterozoic arc-related magmatism and metamorphism.

5.4.2. Neoproterozoic geodynamic evolution of the North Lhasa Terrane
Here we integrate the Neoproterozoic geological record of the North
Lhasa Terrane and the history of rift sedimentation and mafic
magmatism documented in this paper, and propose for the first time
that a Wilson cycle occurred during ca. 925-650 Ma (Fig. 13). During
the early Neoproterozoic (ca. 925-886 Ma), N-MORB-like magmatism
(Zhang et al., 2012; Hu et al., 2016; this study) occurred in the North
Lhasa Terrane in response to the final stages of a rift (Fig. 13a). Coeval
sedimentary rocks in the rift basin incorporated a large amount of ca.
1200-1000 Ma detrital zircons from African cratons. This rift probably
finally formed an oceanic basin, as suggested by the ca. 850 Ma
MORB-like rocks in the North Lhasa Terrane (Dong et al., 2011). During
the middle Neoproterozoic (ca. 822-660 Ma), arc-related basaltic rocks
(ca. 822-806 Ma, Hu et al., 2018b; ca. 760 Ma, Hu et al., 2018c; ca.
742 Ma; Zhang et al., 2013) were generated and metamorphism (ca.

680-660 Ma, Dong et al., 2011; ca. 666 Ma, Zhang et al., 2013) occurred
in the North Lhasa Terrane, related to subduction of oceanic lithosphere,
which marked the suturing of this oceanic basin (Fig. 13b). High-
pressure metamorphism at ca. 650 Ma, which is typical of a collision
zone, represented the final closure of the oceanic basin (Zhang et al.,
2012) (Fig. 13c). Subsequently, the North Lhasa Terrane was influenced
by Ediacaran-early Paleozoic (568-488 Ma) Andean-type magmatism
along the proto-Tethyan margin of Gondwana (Hu et al.,, 2018a)
(Fig. 11).

Previous studies have indicated that oceanic subduction occurred
adjacent to Madagascar (Archibald et al., 2018), Sri Lanka (He et al.,
2016), and East Antarctica (Jacobs et al., 2015) at ca. 900 Ma, and so
the Mozambique Ocean had already formed by this time. Therefore,
the Neoproterozoic oceanic basin probably represented a branch of
the Mozambique Ocean, which was adjacent to eastern Africa. Our in-
terpretations are based primarily on the limited data currently available
for the Neoproterozoic geology of the North Lhasa Terrane and, as such,
further research is required to test our hypothesis.

6. Conclusions

(1) Zircon U—Pb dating of amphibolites and quartzites from the
North Lhasa Terrane has revealed that early Neoproterozoic sed-
imentation and mafic magmatism occurred at ca. 900 Ma. The
detrital zircons in the quartzites are characterized by a main
age population of 1200-1000 Ma and an absence of
1000-900 Ma ages.

(2) The amphibolites have N-MORB-like compositions and are char-
acterized by high positive zircon eyg(t) (+7.2 to +14.0) and
whole-rock eng(t) (+5.5 to +6.0) values. The amphibolite
protoliths were most likely derived from relatively high degrees
of partial melting (>20%) of spinel lherzolite with a depleted
mantle composition. These basaltic magmas were modified by
crustal contamination.


Image of Fig. 13

414 P. Hu et al. / Lithos 320-321 (2018) 403-415

(3) The formation of these quartzites and amphibolites was related
to an early Neoproterozoic rift adjacent to the African side of
the northern EAO, which was associated with the opening of a
branch of the Mozambique Ocean.
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