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ABSTRACT

Due to the paucity of exposure, the formation and evolution of the Precambrian
basement of the Lhasa terrane remain poorly known. Here we report zircon and
titanite in situ U-Pb ages, bulk-rock geochemical and zircon Hf isotopic data on the
orthogneisses from the Dongjiu area of the southern Lhasa subterrane (SLT), southern
Tibet. Geochemical data suggest that the protoliths of the biotite-amphibole gneiss
and biotite gneiss are granodiorite and granite, respectively. Inherited magmatic
zircon cores from these orthogneisses give protolith crystalline ages of 1520-1506

Ma, whereas the overgrown zircon rims give metamorphic ages of 605-590 Ma. The
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Mesoproterozoic granitic rocks have bulk-rock enqg(t) values of -3.6 to +0.1 and zircon
core gye(t) values of -4.5 to +2.6, which give similar Tpy;, ages of 2.35-2.05 Ga and
2.54-2.10 Ga respectively, suggesting their derivation from partial melting of
Paleoproterozoic crustal material. The granitic rocks are also local provenance for the
Mesoproterozoic detrital zircons in the Paleozoic strata in the Lhasa terrane. Titanite
in situ U-Pb ages further indicate that the Dongjiu orthogneiss experienced more
recent metamorphism at ~ 26 Ma. The mineral assemblage and thermobarometry
calculations indicate that the Oligocene metamorphism occurred under medium-
pressure (MP) amphibolite-facies conditions (5.4-7.2 kbar, 691-765 °C). We propose
that the Dongjiu gneisses represent the Precambrian metamorphic basement of the
Lhasa terrane, the-oldest-basementrockssofarrecognized;-but have been intensively
reworked by metamorphism in the SLT in response to the continued India-Asia

convergence since the collision.

Keywords:
Zircon and Titanite in situ U-Pb dating; Mesoproterozoic; Precambrian metamorphic

basement; Reworking; Lhasa terrane

1. Introduction

Like much of the central and southeastern Asian geology, the Tibetan Plateau

formed via amalgamation of terranes during the Phanerozoic (Chang and Zheng,
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1973; Allégre et al., 1984; Chang et al., 1986; Sengor and Natal’in, 1996; Yin and
Nie, 1996). However, our knowledge on the histories of these terranes prior to their
amalgamation remains limited. The early history of these terranes that make up the
Tibetan Plateau is obscured by the paucity of basement exposure, by the strong

reworking of basement rocks during the later thermal events, and by the

predominance of younger supracrustal rocks—with-strongrewerking—of-later-thermal

events.

As the main tectonic component of the Tibetan Plateau, the Lhasa terrane has
been considered to be composed dominantly of Paleozoic to Mesozoic strata,
Mesozoic and Cenozoic igneous rocks and Precambrian basement (e.g..- Yin and
Harrison, 2000; Pan et al., 2004, 2006). The nature and spatial distribution of the
Precambrian basement beneath the entire terrane havehas been speculative. The
limited works on the basement to date suggest that the Lhasa terrane crust is relatively
young (< 2.0+5 Ga). U-Pb dating of zircons in gneissic rocks shows the presence of
the Neoproterozoic crystalline crust in the Amdo block (~ 850 and-560-Ma, Guynn et
al., 2006, 2012; Zhang et al., 2012a) and in the Xainza area in the central Lhasa
subterrane (CLT) (~ 925-760 Ma, Hu et al., 2005; Zhang et al., 2012b; Hu et al.,
2018a, b; Zeng et al., 2018). There is also ProterozoicMeseproterozeie crystalline
basement in the Bomi area in the eastern CLT (ca. 1866 Ma.f~ 1343—and-1250 Ma

and 824 Ma, Xu et al., 2013a; Chen et al., 2019) (Fig. 1a). These ages represent the

only known Precambrian crystalline basement from the Lhasa terrane. Nd-Hf isotopic

model ages have been used to suggest that the crust of the Lhasa terrane may be older,
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perhaps even Archean. Bulk-rock Nd isotope data on the Amdo Cambrian orthogneiss
give Mesoproterozoic model ages (Harris et al., 1988a), while bulk-rock Nd and
zircon Hf isotopic data on the Cretaceous granitoids of the Lhasa terrane yield
Proterozoic and Archean model ages (Chiu et al., 2009; Zhu et al., 2009a). Zhu et al.
(2011) suggest that the CLT was once a microcontinent with Proterozoic and Archean
basement rocks, whereas the southern and northern parts of the Lhasa terrane are
dominated by younger juvenile graniteid-crust. However, zircon Hf isotopic mapping
for the Mesozoic-Cenozoic magmatic rocks shows that the eastern segment of the
northern Lhasa subterrane (NLT) is an ancient block; the southern Lhasa subterrane
(SLT) is not entirely a juvenile block with inhomogeneity of crustal compositions
(Hou et al., 2015). However, no Archean rocks have been identified so far. It is
possible that the enriched radiogenic isotopic compositions could have resulted from
the assimilation of melted sedimentary rocks that were themselves sourced from older
continents (e.g..- Indian craton), rather than from pre-Neoproterozoic basement of the

Lhasa terrane itself (Ding et al., 2003). Therefore, the true and complete constituent of

the Precambrian basement beneath the Lhasa terrane remains to be revealed.

In this paper, we report the results of-eur petrological, geochronological and
geochemical studies on reworked Precambrian metamorphic basement rocks from the
Dongjiu area of the SLT (Fig. 1). The-Bengjit metamorphic rocks not only provide
information on their protolith, but also record two episodes of subsequent
metamorphism and Phanerozoic reworking of the Precambrian basement of the Lhasa

terrane.
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2. Geological setting and sample description

2.1. Geological setting

The Lhasa terrane on the southern segmentmargin of the Tibetan Plateau is
located between the Qiangtang terrane and Himalayan belt, bounded by the Bangong-
Nujiang suture zone to the north and the Indus-Yarlung Zangbo suture zone to the
south (Fig. la). From north to south, the Lhasa terrane has been divided into the
northern.—~™NEF); central (EE—and southern+SET) subterranes, separated by the
Shiquan River-Nam Tso mélange zone to the north and the Luobadui-Milashan fault
to the south (Fig. 1a; Zhu et al., 2009a).

The NLT is characterized by the presence of juvenile crust and absence of a
Precambrian basement (cf. Pan et al., 2004; Zhu et al., 2011). The sedimentary cover
in the NLT is mainly Jurassic—Cretaceous with minor Triassic in age (e.g., Pan et al.,
2004, 2006; Nimaciren et al., 2005). Voluminous Mesozoic volcanic rocks are
exposed in this subterrane, and Mesozoic plutonic rocks are mainly confined to its
western and eastern segments generally as huge batholiths (e.g., Zhu et al., 2011).

The CLT is covered with the widespread Permo-Carboniferous metasedimentary
rocks, plus minor Ordovician, Silurian; and Triassic strata (cf. Pan et al., 2004). The
volcanic rocks in this subterrane are mostly early Cretaceous in age with minor being
Permian. The Mesozoic plutonic rocks occur as batholiths of varying age (~ 215-88

Ma; cf. Zhu et al., 2011 and references therein). Cambrian volcanic rocks are
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scattered in the west and middle of the CLT (Fig. 1a, Zhu et al., 2012; Hu et al., 2013;
Ding et al., 2015). The late Permian high-pressure eclogite and late Triassic—early
Jurassic metamorphic rocks are exposed in the middle and eastern parts of the CLT
(e.g., Yang et al., 2009; Zeng et al., 2009; Dong et al., 2011a; Lin et al., 2013a; Cheng
et al., 2015; Weller et al., 2015; Chen et al., 2017). The Nyaingéntanglha Group in the
middle part of the CLT has been interpreted as its Precambrian basement (Li, 1955;
Allégre et al., 1984; Harris et al., 1988b; Pan et al., 2004). On the basis of zircon U—
Pb dating, the protoliths of the Nyaingéntanglha Group near Xainza area were
emplaced in the Neoproterozoic (Fig. 1a, Hu et al., 2005; Zhang et al., 2012b; Hu et
al., 2018a, b; Zeng et al., 2018). Recent petrological studies with zircon U-Pb age
data reveal that the rocks from the Xainza area are the relics of the Neoproterozoic (~

900 Ma) ocean crust metamorphosed subsequently at ~ 690-650 Ma (Dong et al.,

2011b; Zhang et al., 2012b). Moreover, Xu and co-workers (Xu et al., —2013a; Chen

et al., 2019) reported the presence of ProterozoicMeseproterezoie basement with a

crystallization agesage of ca. 1866—1360 Ma, 13431250 Ma and 824 Ma from the

Bomi complex in the southeastern part-efthe-CLT. Chen et al. (2019) suggested that

these Proterozoic gneisses revealed two metamorphic events at ca. 625—600 Ma and

80 Ma. These new data confirm the presence of a Precambrian metamorphic basement
in the CLT.

The SLT is mainly composed of the Paleogene volcanic rocks, Cretaceous—
Tertiary intrusions, Triassic—Cretaceous volcano-sedimentary rocks and minor

medium- to high-grade metamorphic rocks (e.g., Pan et al., 2004; Zhu et al., 2008,
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2013; Zhang et al., 2014a). The sedimentary cover in the SLT is largely restricted to
its eastern segment (cf. Pan et al., 2004). The Nyingchi complex in the eastern SLT
has been interpreted as the Precambrian basement (Pan et al., 2004; Yin et al., 2003;
Xie et al., 2007). However, more recent studies indicated that mostthe protoliths of
the Nyingchi complex included both sedimentary and magmatic rocks of Cambrian (~
496 Ma), Devonian (~ 360 Ma), Cretaceous (~ 90 Ma) and Eocene (~ 55 Ma),
metamorphosed in the Mesozoic to Cenozoic (Dong et al., 2010, 2012, 2014; Guo et
al., 2011, 2012; Palin et al., 2014; Xu et al., 2013b; Zhang et al., 2010, 2013, 2014a,
b, 2015). Based on zircon U-Pb dating, Lin et al. (2013b) reported a metamorphic age

of ~ 600 Ma from the Nyingchi complex in the eastern SLT, with a protolith age of ~

1780 Ma. However, their samples are close to the northeast of the Eastern Himalayan

Syntaxis, and are widely intruded by the Mesozoic—Cenozoic granitoids or occur as

xenoliths within these granitoids (Lin et al., 2013b).gnetsses—in—the—eastern—SEF-

Therefore, a Precambrian crystalline basement may indeed be present at least locally
in the SLT.

The presentOur study area is located northwest of the Dongjiu area at the eastern
edge of the SLT, where metamorphic rocks and Cenozoic intrusive rocks are exposed
(Fig. 1b). The metamorphic rocks are offset by an east-west fault. The rocks north of

the fault include schists and gneisses that experienced amphibolite-faciespeak

keyanite-grade metamorphism at ~ 190 Ma (Chen et al., 2017). The studied samples

areroeks—in—the—south—comprise gneisses_collected south of the fault.: These

metamorphic rocks are all intruded by the Cenozoic granites (~ 40-25 Ma; Booth et
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al., 2004).

2).

2.2. Sample description

Sample details are given in Table 1, including protolith type, location, mineral

assemblage, protolith andage; metamorphic ages.age and_metamorphic P-T

conditions.

The biotite-amphibole (Bt-amp) gneisses consist of plagioclase (~30 vol%), K-
feldspar (~15 vol%), quartz (~35 vol%), amphibole (~10 vol%), biotite (~5 vol%),
titanite (~3 vol%), allanite (~1 vol%), and accessory phases including epidote,
ilmenite, apatite, rutile and zircon (Fig. 2a3a—d). The biotiteBietite (Bt) gneisses are
comprised of plagioclase (~20 vol%), K-feldspar (~35 vol%), quartz (~40 vol%),
biotite (~4 vol%), and accessory minerals of allanite, epidote, apatite and zircon (Fig.
2e3e, f). The foliation is defined by aligned biotite flakes and quartz-feldspar bands.

Thereinto, allanite occurs in two ways: those withreplaced-by epidote at-rims and

zircon inclusions (Fig. 2c3e—¢), inecludingzircon—graimns—(Fig—3e—d)—and those as

inclusions within titanite (Fig. 7f8f, g, m, o, p). Most titanite grains rimare-riramed-by
ilmenite, and some have inclusions of biotite, allanite, apatite, plagioclase, quartz or

minorminer rutile. The gneisses have apetregraphy-shows-the mineral assemblage of

plagioclase + K-feldspar + biotite + quartz + epidote + amphibole = titanite.

The studied gneisses underwent partial melting as revealed by the following

evidence:prese
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seales;—sueh—as (1) feldspar grains with cuspate extensions along quartz-quartz
contacts (Fig. 2b3b), (2) narrow trains of K-feldspar blebs along quartz-plagioclase
contacts (Fig. 2a3a, f), (3) adjacent grains of quartz, feldspar and biotite grains-are
corroded (Fig. 2a3a, b, e, f). These microstructures are interpreted as crystallization

productspsendemerphs of the former presence—ef-melt (e.g., Sawyer, 2001; Brown,

2002; Timmermann et al., 2002).

3. Analytical methods and results

Analytical _method details are given in Supplementary Text 1, including
Cathodoluminescence (CL) images, back scattered electron (BSE) images and
analytical data on mineral major elements, bulk-rock major and trace elements, Sr—Nd
isotopes, zircon U-Pb dating, trace elements and Hf isotopes, and titanite in situ U-Pb

dating.

3.1. Mineral major element data

Major element compositions of plagioclase and amphibole in the (Bt-amp gneiss

(samples 169-1 and 39-1) are given in Supplementary Table 1 and 2, respectively.
Plagioclase grains in both samples are oligoclase, with An contents of 0.28—-0.30.
Amphibole grains have 10.98—-11.68 wt% CaO and 1.19-1.42 wt% Na,O classified as

calcic amphibole (Leake et al., 1997).
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3.2. Bulk-rock major and trace element and Sr-Nd isotope data

Bulk-rock major element, trace element and Sr—Nd isotopic compositions on the
studied samples are given in Table 2.

The Bt-amp gneiss samples (169-1, 169-2 and 39-1) have 64.2-68.4 wt% SiO,,
15.0-15.7 wt% Al,O3, 3.33-3.80 wt% CaO, 3.40—4.10 wt% Na,O and 2.40-3.72 wt%
K,0O. The Bt gneiss samples (168-1 and 169-4) are characterized by higher SiO,
(70.3-71.9 wt%) and K,O (4.33-5.34 wt%), but lower AL,O3 (13.9-14.7 wt%), CaO
(1.85-2.06 wt%) and Na,O (3.21-3.38 wt%). Using the Ab-An-Or classification for
silicic rocks (Barker, 1979), the Bt-amp gneisses are granodiorite whereas the Bt
gneisses are granite (Fig. 3a4a). These granitoid gneisses are metaluminous (Fig.
3b4b), with the aluminum saturation indices (A/CNK = molecular AL,O; / (CaO +
Na,0 + K,0)) of 0.95-1.02.

These orthogneisses are enriched in light rare earth elements (REE) and
relatively depleted in heavy REEs with highly fractionated REE patterns ((La/Yb)y =

15.3-143.5) and a weak negative Eu anomaly (Eu/Eu* = 0.62-0.87) (¢ar¥bjy =

153143-5-Fig. 4a5a, Table 2). Furthermore, most samples display characteristic arc-
like signature of negative Nb, Ta and Ti anomalies (except for sample 169-2 without
Ti anomaly due to low REE contents, Fig. 4b5b).

For_the analyzed four samples, their initial 87Sr/%6Sr isotopic ratios and eyq(t)
values calculated at # = 1520 Ma (see 3.3 below). The Bt-amp gneiss samples (169-1,
169-2 and 39-1) have relatively—high-initial 3Sr/3¢Sr ratios of 0.7008-0.7036 and

end(t) values of -3.6 to +0.1, with model ages Tpy; = 2.35-2.05 Ga. The Bt gneiss
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sample (168-1) gives eng(t) = -2.2 and Tpyp = 2.24 Ga, with an abnormally low

87Sr/86S 111 = 0.6866. This unusual-(Nete-that-this—initial-Sr isotopic ratio has no

petrogenetic significance because of the mobility of Rb, which led to the excessive

subtraction of 3’Rb/%Sr ratio.S¢)-

3.3. Zircon U-Pb age and Hf isotope

LA-ICP-MS zircon U-Pb dating and trace element analysis of five samples and
zircon Hf isotope compositions of four samples are given in Supplementary Tables 3
and 4, respectively.

Zircon grains from the five gneisses are mesthy—colorless, subhedral-euhedral
oblong or prismatic with varying size of ~ 100200 pm. CL images show that zircon
grains have a core—rim structure consisting of inherited cores with oscillatory zoning
and dark rims with weak or no zoning (Figs. 56 and 6). The7)-—-AH-the analyzed spots
on zircon cores from two Bt-amp gneiss samples (169-1 and 169-2) and two Bt gneiss
samples (168-1 and 169-4) yield weighted mean 27Pb/?°Pb ages of 1519+36 Ma (n =
=5, MSWD_= =0.016), 1520+18 Ma (n_= =12, MSWD = =0.85), 1516£15 Ma (n_=
=20, MSWD_= =0.046) and 1506+6 Ma (n_= =16, MSWD_= =0.45), with upper
intercept ages of 1544+47 Ma, 1551423 Ma, 1544+£26 Ma and 1498+6 Ma,
respectively (Figs. 5aéa, ¢ and 6a7a, c). All analyzed spots on core domains have
relatively high Th contents (57.7-927 ppm), Th/U ratios (0.10-1.52) and REE

contents (170—1576 ppm) with remarkable negative Eu anomalies (Euw/Eu* = #=0.07—

0.55) (+Figs. 5béb, d and 6b, d, Supplementary Tables 37b;—€). Analyzed spots on
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zircon rims from three Bt-amp gneiss samples (169-1, 169-2 and 39-1) and one Bt
gneiss sample (168-1) yield weighted mean 2°°Pb/>38U ages of 605427 Ma (n_= =15,
MSWD = =0.96), 59143 Ma (n_= 14=15, MSWD = =0.54) and 595+2 Ma (n_= =21,
MSWD_= =0.40), with lower intercept ages of 58511 Ma, 592+18 Ma, 588+6 Ma
and 563+£10 Ma, respectively (Figs. 5aéa, c, e and 6a7a). Only one zircon rim spot
from sample 169-2 is obtained with 2°°Pb/?3¥U age of 590+2 Ma (Figs. 5cée).
Compared with zircon cores, analyzed spots on rim domains have relatively low Th
contents (22.0-82.2 ppm), Th/U ratios (0.03—0.10) and REE contents (50.3-473
ppm), with weak or no negative Eu anomalies (Euw/Eu* = #=0.21-1.86) (:-Figs. 5béb,

d, f and 6a, Supplementary Tables 37&).

Therefore, the zircon LA-ICP-MS U-Pb analyses yield two age groups: 1520-
1506 Ma of weighted mean 2°7Pb/?%Pb age for zircon cores and 605-590 Ma of
weighted mean 2%Pb/?38U age for zircon rims.

Fifty-three Hf isotopic analyses on zircon cores from two Bt-amp gneiss samples
(169-1 and 169-2) and two Bt gneiss samples (168-1 and 169-4) give initial
I76Hf/177Hf isotopic ratios of 0.281697-0.281891 and eu(t) values ranging from -4.5

to +2.6, with two-stage model ages Tpy, of 2.54-2.10 Ga_(Supplementary Tables 4).-

3.4. Titanite in situ U-Pb age

Two titanite-rich gneiss samples (169-1 and 39-1) were selected for LA-ICP-MS
titanite in situ U-Pb dating. BSE images and photomicrographs of representative

titanite are shown in Fig. 78 and the titanite U-Pb dating and trace element data are
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given in Supplementary Table 5.

Most titanite crystals are brown and subhedral-anhedral in shape with inclusions
of ilmenite, biotite, allanite, apatite, plagioclase, quartz and minorsiner rutile (Fig.
78). BSE images show that the titanite crystals mostly have patchy zoning. The
analyzed spots of titanite yield lower intercept ages are 25.1+0.6 Ma for sample 169-1
(Fig. 8a9a) and 24.7+0.5 Ma for sample 39-1 (Fig. 8b9b). After correction using
207Pb, the weighted mean 29Pb/?38U ages are 26.2+0.4 Ma (n=40, MSWD=2.5) and

26.0+0.6 Ma (n=29, MSWD=3.1) (Fig. 89).

4. Metamorphic P-T conditions

4.1. Hbl-PI-Q thermobarometry

Amphibole—plagioclase thermometry (Holland and Blundy, 1994) and
amphibole—plagioclase—quartz barometry (Bhadra and Bhattacharya, 2007) are used
to calculate the peak-metamorphic P-T condition of the Bt-amp gneisses. The

amphibole—plagioclase—quartzHbl-P}-Q thermobarometry yields metamorphic P-T

conditions of 6.2—7.2 kbar and 691-736 °C for sample 169-1, and 5.4—6.5 kbar and

716765 °C for sample 39-1.

4.2. Zr-in-titanite thermometry

TitaniteEer-comparisons-titanite formation temperatures arewere estimated using

the Zr-in-titanite thermometry (7 (°C) = [7708 + 960P] / [10.52 — log(orioz) —
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log(asioz) — log(ppm Zr, titanite)] — 273; Hayden et al., 2008). The activity of TiO; is
assumed to be 0.5 (plausible lower limits in typical crustal rocks), with SiO, activity
assumed as 1.0 (Hayden and Watson 2007; Ferry and Watson 2007). Based on

amphibole—plagioclase—quartzZHbl-P}-Q barometer, the metamorphic pressure

conditions of the Bt-amp gneisses are ~ 6 kbar. Zr concentrations range from 158 to
591 ppm in sample 169-1, and from 276 ppm to 620 ppm in sample 39-1. The
calculations of Zr-in-titanite thermometry are 688—756 °C for sample 169-1 and 716—
759 °C for sample 39-1 (Supplementary Table 5). The temperature data display a
cluster at 700-750 °C (64/69, Fig. 948), which is consistent with the peak-temperature

conditions obtained by the amphiboleAmphibele—plagioclase thermometry.

5. Discussion

5.1. Age interpretation

Zircon LA-ICP-MS U-Pb dating shows two age groups of 1520-1506 Ma and
605-590 Ma. Most zircons of the studied Dongjiu gneisses show euhedral-prismatic
forms and display rounded terminations, which in some cases generate an ovoid
morphology. CL images show that all zircon grains have a core-rim structure, i.e.,

oscillatory-zoned core and rim with ne-er-weak or no zoning (Figs. 56 and 67). The

inherited zircon cores yield concordant ages of 1520-1506 Ma_without detrital age

distribution (analyses with concordance > 95%, Supplementary Tables 3). These

zircon cores have relatively high Th contents (usually > 50 ppm) with high Th/U
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ratios (> 0.1, up to 1) (Fig. 10H+) and REE patterns with remarkable negative Eu
anomalies (Figs. 5béb, d and 6b7b, d). These properties are consistent with the
zircons being—of magmatic origin (e.g., Hoskin and Schaltegger, 2003). Thus, the
Mesoproterozoic ageages of ~ 1500 Ma given by the zircon cores representsrepresent
the protolith crystallization age of the gneisses. By comparison, CL images show that
zircon rims have ne—er-weak or no zoning. Most zircon rims occur as lobes with
smooth or rough edges, and may overprint pre-existing structures (Fig. 5béb, f). All
these characteristics suggest that—mest zircon rims have developed during
metamorphic recrystallization near the solidus (Hoskin and Black, 2000; Rubatto,
2017). The zircon rims have lower Th contents (usually < 50 ppm) and Th/U ratios (<
0.1) (Fig. 104+) without remarkable negative Eu anomalies (Figs. 5béb, d, f and
6b7b), which are indeed-consistent with beirg—ef-metamorphic zirconerigin (e.g.,
Rubatto et al., 2009; Rubatto, 2017). Based on the zircon internal structure, Th/U
ratios and REE patterns, we suggest that the zircon rims provide the metamorphic
ages of 605-590 Ma for the orthogneisses in the Dongjiu area-in-the-SEF.

Titanite crystals from two Bt-amp gneiss samples are-alt subhedral-anhedral in
shape with metamorphic mineral inclusions of ilmenite, biotite, allanite, plagioclase,
quartz or minorminer rutile (Fig. 78). BSE images show that titanite crystals have
patchy zonation, characteristic of metamorphic titanite (Rubatto, 2017). Therefore,
LA-ICP-MS titanite in situ U-Pb dating indicates that these gneisses experienced
Oligocenereeent metamorphism at ~ 26 Ma.

In summaryeenelusion, the protolithspretelith of the gneisses from the Dongjiu
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area—ef-the-SLET crystallized in the Mesoproterozoic (1520-1506 Ma), and followed
by subsequent metamorphism in the Neoproterozoic (605-590 Ma) and more recently

in the Oligocene (~ 26 Ma).

5.2. Mesoproterozoic magmatism

The Lhasa terrane, as the southernmost part of the Asian continent, experienced
intense deformation, magmatism and metamorphism related to the northward Neo-
Tethyan seafloor subduction in the Mesozoic and the India-Asia continental collision
in the Cenozoic (e.g., Zhu et al., 2011; Zhang et al., 2014a). Due to these strong
reworking processes, the Precambrian thermotectonic records are rarely reported (e.g.,
Dong et al., 2010, 2011b; Guynn et al., 2012; Zhang et al., 2012b; Xu et al., 2013a;

Hu et al., 2018b; Chen et al., 2019).

Based on the zircon U-Pb geochronology, the inherited magmatic zircon cores of
the Dongjiu gneisses yield crystallization ages of 1520-1506 Ma (lack detrital
components; see above), indicate that the protoliths of Dongjiu gneisses are
Mesoproterozoic magmatic rocks. The bulk-rock chemical compositions of the
Dongjiu gneisses suggest that their protoliths are metaluminous granodiorite and
granite (Fig. 34), characteristic of arc-like signature with negative Nb, Ta and Ti
anomalies (Fig. 4b5b). The Mesoproterozoic granitic rocks have bulk-rock enq(t)
values of -3.6 to +0.1 and zircon eyft) values of -4.5 to +2.6, with similar Tpy, ages
of 2.35-2.05 Ga and 2.54-2.10 Ga; respectively, suggesting that the magmatic rocks

are derived from partial melting of Paleoproterozoic crustal material.
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The coeval ~ 1500 Ma magmatic rocks are widespread in several continental
fragments-in-different-tectonte-settings, including West Africa, South America, North
America, Australia, Baltica (Northern Europe), Siberia and India. The rock types are
mainly mafic dikes and sills (e.g., Ernst et al., 2013, 2016; Silveira et al., 2013), and
massif-type anorthosites (e.g., Emslie, 1978; Weis, 1986; Sadowski and Bettencourt,
1996, Mukherjee and Das, 2002). The Mesoproterozoic Era, dominated by the break-
up of the Columbia supercontinent and the formation of the Rodinia supercontinent,
was an important crust-forming period in many continents in Earth’s history. The
global Mesoproterozoic magmatism has commonly been attributed to the rifting and
fragmentation of the Columbia supercontinent (e.g., Rogers and Santosh, 2002; Zhao
et al., 2003). However, ~ 1.6—1.5 Ga metamorphic and magmatic rocks of the Central
Indian Tectonic Zone are the products of south-north Indian subcontinental collision
(e.g., Acharyya, 2003; Kroner et al., 2012). For the studied Mesoproterozoic granitic
rocks in the SLT, it is too-early-and difficult to discuss the tectonic setting in a global
context owing to their limited distribution and subsequent reworking.

The Mesoproterozoic inherited zircons in the Gangdese batholith (e.g., Zhu et al.,
2011; Ji et al., 2017), and detrital zircons from the sedimentary rocks of the
Carboniferous—Triassic strata (Leier et al., 2007; Pullen et al., 2008; Dong et al.,
2010; Zhu et al.,, 2013; Li et al., 2014; Guo et al., 2017) indicate that the
Mesoproterozoic magmatic rocks are probably more widely distributed than exposed
in the Lhasa terrane. Moreover, the metasedimentary rocks from the Nyingchi

complex in the SLT contain abundant ~1500 Ma detrital zircons (Guo et al., 2017).
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The 1550-1450 Ma detrital zircons from the CLT Permian—Triassic strata define a
broad band of eydt) values (-16.7 to +9.6; Fig. 1142). By comparison, the coeval
detrital zircons from the SLT metasedimentary rocks have lower eyft) values (-11.3
to +3.2; Fig. 1142). The studied Mesoproterozoic granitic rocks, with the coeval
gneisses of the southern Nyingchi complex (our unpublished data) have the similar
zircon gyg(t) values as the above, suggesting that they might be local sources for the

Mesoproterozoic detrital zircons of the Paleozoic strata (Fig. 1142).

5.3. Neoproterozoic and Oligocene metamorphism

Based on zircon and titanite U-Pb geochronology, the Dongjiu orthogneisses
experienced two metamorphic events at 605-590 Ma recorded by zircon and 26 Ma

by titanite, respectively.

5.3.1. Neoproterozoic metamorphism

Due to the Oligocene metamorphism, the Neoproterozoic metamorphic minerals
are usually overprinted. The petrography shows that ilmenite is all surrounded by
titanite; rare rutile only occurs as inclusions within titanite; and allanite is rimed by
epidote including zircon grains (Figs. 2c3¢, d and 78). Along with titanite formed in
the later metamorphism, we speculate that the mineral assemblage of the
Neoproterozoic metamorphism is represented as ilmenite and allanite. Lacking index
metamorphic minerals, it is difficult to calculate the detailed P-T conditions of the

Neoproterozoic metamorphism for the studied gneisses. However, the characteristics
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of zircon internal structure and chemistry show that zircon rims of the Dongjiu
gneisses likely form under conditions near solidus. Rubatto et al. (2009) show that the
metamorphic zircon rims of metatonalite with the similar mineral assemblage to this
study formed under amphibolite-facies condition (7' = 620-700 °C). For diorite bulk
composition, recent phase equilibrium modeling indicated that the H,O-saturated
(wet) solidus occurs between ~ 650—700 °C and garnet becomes stable above ~ 8.5
kbar (e.g., Palin et al., 2016). On the formation condition of zircon rim, bulk
composition and lack of garnet, we reasonspeeutate that the Dongjiu granitic gneisses
underwent MPmedium-pressare amphibolite-facies metamorphism at 605-590 Ma.

According to the Gondwana-derived affinity, the ~ 600 Ma metamorphic event

of the Lhasa terrane is likely related to the assembly of Gondwana supercontinent

(e.g., Meert, 2003: Veevers, 2004: Collins and Pisarevsky, 2005). Early

palacogeographic models based on limited data interpreted the presence of a single

super-continent throughout the Proterozoic (Piper, 1976). McWilliams (1981)

suggested that two Neoproterozoic continental masses, East Gondwana (India, East

Australia, Antarctica, Madagascar and Sri Lanka) and West Gondwana (Africa and

South America) collided along the Mozambique Belt to form Gondwana. Form the

Rodinia fragments to the final amalgamation Gondwana, there have been many

accretionary terranes and collisional events (Collins and Pisarevsky., 2005). Although

more work is needed on details of such amalgamation. Meert and co-workers (Meert,

et al.. 1995: Meert and Van der Voo, 1997: Meert, 2001, 2003) suggested a

multiphase assembly of two main periods of orogenesis, including an earlier East
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African Orogeny (EAO) (~ 750—620 Ma) and a later Kuunga Orogeny (~ 570-530

Ma). The later orogeny marks the collision of Australia and Antarctica with the rest of

Gondwana and was subsequently correlated with a broad belt of orogenesis from the

Damara Orogen in the west to the Pinjarra Orogen in the east (Meert, 2003). They

proposed a Neoproterozoic continent consisting of Sri Lanka, Madagascar and India

colliding with a combined Congo/Kalahari (African) continent at ~ 750-620 Ma,

followed by Australia/East Antarctica colliding with the bulk of Gondwana at ~ 570—

530 Ma (Meert, 2003; Meert and Torsvik, 2003). However, Boger and Miller (2004)

proposed that the EAO evolved as an accretionary orogeny and was partially

superimposed by a ~ 590—560 Ma orogen created by the collision of combined India,

Madagascar and part of Antarctica land masses with eastern Africa along the

Mozambique suture. In their model, Australia—Antarctica collided with India along

the Kuunga suture at ~ 535—520 Ma. Until now, the Precambrian metamorphic events

of the Lhasa terrane are only reported in the Nyaingéntanglha Group in the central

CLT (~ 690-650 Ma, Dong et al., 2011b: Zhang et al., 2012b), the Bomi complex in

the eastern CLT (~ 625—-600 Ma. Chen et al.. 2019). and the Nyingchi complex in the

eastern SLT (~ 600 Ma, Lin et al., 2013b and this study). The Nyaingéntanglha Group

experienced an early eranulite-facies peak-metamorphism at ~ 690—650 Ma, and late

amphibolite-facies retrogression at ~ 480 Ma (Dong et al., 2011b: Zhang et al.,

2012b). Zhang et al. (2012b. 2014a) suggested that the Neoproterozoic metamorphism

occurred during the assembly of East and West Gondwana within the EAQO. For all

other Precambrian metamorphic events, only the Nyingchi complex is speculated to
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experience  MP amphibolite-facies metamorphism without knowing exact P-T

conditions due to the Cenozoic metamorphic reworking. Therefore, this study

suggests that the ~ 600 Ma metamorphism events recorded in the Nyingchi complex

in the eastern SLT and the Bomi complex in the eastern CLT are likely response to

the assembly of Gondwana supercontinent.

5.3.2. Oligocene metamorphism and melting

In this study, titanite formed at ca.~ 26 Ma is observed either mostly riming
ilmenite or as separate grains. Titanite can be in contact with a variety of minerals,
e.g..- amphibole, biotite, plagioclase and epidote, and contains inclusions of biotite,
allanite, plagioclase and quartz (Fig. 78). The formation of titanite rims on the
ilmenite could be explained in terms of reactions such as: ilmenite + allanite + K-
feldspar + quartz = titanite + anorthite + annite + H,O (Harlov et al., 2006; Angiboust
and Harlov, 2017). Titanite rimming ilmenite is commonly present in the amphibolite-
facies rocks (e.g., Nijland and Maijer, 1993; Nijland and Visser, 1995; Hansen et al.,
2002; Harlov and Hansen, 2005). The mineral assemblage (plagioclase + K-feldspar +
biotite + quartz + epidote + amphibole =+ titanite) also indicates that the later
Oligocene metamorphism occurred at amphibolite-facies condition. HbI-P1-Q
thermobarometry shows that the Dongjiu gneisses experienced peak P—T conditions
of 5.4-7.2 kbar and 691-765 °C. Zr-in-titanite thermometry yields the similar 7'
conditions of 688—759 °C at ~ 6 kbar. Moreover, the microstructure proves that these

studied gneisses record the presence of melt.-along—grain-beundaries: Therefore, we
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suggest that the prior presence—ef—melt representsrepresent the product of the

Oligocene metamorphism, and the Dongjiu granitie-gneisses underwent MPmedium-
pressure amphibolite-facies metamorphism and melting at ca.~ 26 Ma. In_the southern
part of the studied area, the coeval metamorphic rocks of the Nyingchi complex have

also been reported to take place under amphibolite-facies conditions (e.g., Zhang et

al., 2010; Dong et al., 2012; Palin et al., 2014; Kang et al., 2019).

5.4. The nature of the Precambrian basement of the Lhasa terrane

The spatial distribution and nature of the Precambrian basement beneath the
entire Lhasa terrane havehas been speculative. Duo_to medium- to high-grade
metamorphism, the Nyaingéntanglha Group in the CLT and the Nyingchi complex in
the SLT have been regarded as the Precambrian metamorphic basement (Xu et al.
1985; Dewey et al. 1988; Harris 1988b; Hu et al. 2005). However, adequate age
constraints are lacking. Based on zircon Hf isotope data, Zhu et al (2011) suggested
that the CLT has ancient basement rocks of Proterozoic and Archean ages with NLT
and SLT being younger and juvenile crust (Phanerozoic) accreted towards the CLT.

The Amdo basement, consisting of orthogneisses and mafic granulites, is
reported to represent the Precambrian basement of the Lhasa terrane (Xu et al., 1985;
Coward et al., 1988; Kidd et al., 1988; Pan et al., 2004). The gneisses have
crystallization ages of Neoproterozoic (~820 Ma; Zhang et al., 2012a) and Cambro-
Ordovician (540—460 Ma; Xu et al., 1985; Xie et al., 2010; Guynn et al., 2012; Zhang

et al., 2012a). The mafic granulites have undergoneunderwent peak granulite-facies
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metamorphism at ~ 190 Ma and retrogressed under amphibolite-facies conditions at ~
180 Ma (e.g., Xu et al., 1985; Guynn et al., 2006; Zhang et al., 2012a; Zhang XR et
al., 2014). Therefore, the Amdo gneiss represents a Neoproterozoic crystallization
basement, which undergoesunderwent metamorphism in the early Jurassic.

The existence of a Precambrian basement in the CLT has been previously
inferred using older inherited zircon ages of the gneiss (Allégre et al., 1984) and the
bulk-rock Nd isotope composition from sedimentary rocks (Zhang KIJ et al., 2007).
Recently reported old rocks are the ca.~— 925-748 Ma granitoids and gabbros of the
Nyaingéntanglha Group in the Xianza area west of Nam Tso Lake (Hu et al., 2005;
Zhang et al., 2012b; Hu et al., 2018 a, b; Zeng et al., 2018). These rocks have
experienced amphibelite—te-granulite-facies peak-metamorphism at ca. 690~686—650
Ma and-486-Ma-(Dong et al., 2011b; Zhang et al., 2012b). Some studies suggest that
the Neoproterozoic magmatic rocks are crust of the Mozambique Ocean (Zhang et al.,
2012b; Zeng et al., 2018), but others propose that these rocks formed in a back-arc

setting (Hu et al., 2018 a, b). In addition, the Bomi complex consists of the

Proterozoic magmatic rocks formed at ca. 1866 Ma. 1343—1250 Ma and 824 Ma, and

undergoes metamorphism at ca. 625—600 Ma and 80 Ma (Xu et al., 2013a:; Chen et al.,

2019). Thereinto, the Paleoproterozoic and Neoproterozoic granitoid gneisses show

geochemical affinity of volcanic arc granites (Chen et al., 2019): the Mesoproterozoic

oranite gneisses have an aluminous A-type granite affinity (Xu et al., 2013a).

However, there is no constraint on the metamorphic condition. Therefore, the CLT
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+4-Gasuggesting-that CEF-may-have Proterozoic basement.

In the SLT, the Nyingchi complex has been interpreted to represent slivers of a
Precambrian basement of the Lhasa terrane (e.g., Pan et al., 2004; Xie et al., 2007,
Yin et al., 2003). However, more recent studies suggested that mostseme high-grade
metamorphic rocks in the eastern SLT underwent Mesozoic to Cenozoic
metamorphism and their protoliths included both sedimentary and magmatic rocks
with various protolith ages (Dong et al., 2010, 2012, 2014; Guo et al., 2011, 2012,
2017; Palin et al., 2014; Xu et al., 2013b; Zhang et al., 2010, 2013, 2014a, 2014b,
2015). Here, the Dongjiu gneisses, as a part of the Nyingchi complex, have_a protolith
crystalline age of 1520-1506 Ma, and experienced amphibolite-facies metamorphism
at 605-590 Ma, representing a Precambrian metamorphic basement of the SLT.
Moreover, the studied Mesoproterozoic granitic rocks have Tpyp, of 2.545-2.10 Ga,

along with Meso- to Paleoproterozoic zircon Hf model ages of Cambrian and

Devonian—Carboniferous granitoids (Ji et al., 2012; Dong et al., 2014, 2015).}-Ga;

implying the presence of an older early Paleoproterozoic curst_yet unidentified in the

SLT.

Excludingbtntil-new; the ca. 1780 Ma xenoliths reported by Lin et al. (2013b),

the ~ 1500 Ma granitic gneisses from the Dongjiu area we-—repert-here are the oldest
rocks reported of the SLT.Ehasa—terrane: The zircon Hf and bulk-rock Nd isotopes
give similar Tpyp, ages up to 2.5 Ga, suggesting that the Mesoproterozoic granitic

rocks are derived from melting of the Paleoproterozoic crustal material. By—ecentrast;
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Ga—Moreover, the ~ 1500 Ma gneisses from the southern Nyingchi complex give

Paleoproterozoic zircon Hf model ages (Fig. 11, our {unpublished_data). By

comparison, the Proterozoic granitoids from the Bomi complex in the CLT have

similar zircon Hf Tpy, ages ranging from 2.5 to 1.)}gtvezireen Hf Fpyp-age-of2-3 Ga

(Xu et al., 2013a; Chen et al., 2019). Furthermore, the magmatic rocks (before 360

Ma) from both the SLT and CLT have the same ranges of zircon eydt) values and

model ages (Fig. 11).—3+7—Ga- Therefore, we suggest thateither—the—SET s

the SLT and CLT

5.5. Reworking of the Precambrian basement of the Lhasa terrane

Although both SLT and CLT share a common Precambrian basement, the strong
thermal events (including metamorphism and mainly mantle-derived magmatism) as a
consequence of the northward subduction of the Neo-Tethyan seafloor beneath the
Lhasa terrane and the subsequent India-Asia continental collision have intensively
reworked the Precambrian basement.

Since the early Mesozoic, important mantle contributions have caused the

drastically elevated zircon eyg(t) of the magmatic rocks from the SLT (Fig 1142).
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However, their zircon gy(t) values vary significantly (up to 20 units from ~ -5 to +15;
Fig. 1142), indicating the presence of old basement. The input of mantle material not
only contributed to juvenile continental crust growth (e.g., Mo et al., 2007; Zhu et al.,
2011), but also reworked the Precambrian basement of the SLT. In contrast, the
granitoids from the CLT exhibit negative zircon eyg(t) and old Tpy, ages, suggesting
that they arewere mainly derived from partial melting of ancient continental crust.
Therefore, the basement of the CLT underwent weaker reworking, preserving more
rocks with Nd-Hf isotopes characteristic of ancient continental crust than the SLT.
This study shows that the Precambrian metamorphic basement of the Lhasa
terrane has also undergone more recent metamorphism at ~ 26 Ma. Due to similar
metamorphic conditions, it is difficult to distinguish mineral assemblages as the result
of recent metamorphism from those of the Neoproterozoic metamorphism, except for
the preserved inclusions of ilmenite and allanite. The main mineral assemblage of
plagioclase + K-feldspar + biotite + quartz + epidote = amphibole + titanite is the
product of the Oligocene metamorphism. The coeval metamorphic rocks have been
widely reported in the south part of the Nyingchi complex (e.g., Zhang et al., 2010,
2014a; Guo et al., 2011; Dong et al., 2012; Palin et al., 2014; Kang et al., 2019).
Zhang et al. (2015) suggested that the crustal shortening and thickening resulting from
the continental collision and continued convergence is the very tectonicphysieal

mechanism for the Oligocene reworking of the Lhasa terrane crust.
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6. Conclusion

(1)

2)

€)

(4)

The protoliths of the Dongjiu orthogneissesgneisses in the SLT are granodiorite

and granite emplaced at 1520-1506 Ma, which provide source materials for the

Paleozoic metasedimentary rocks in the Lhasa terrane. TheOn-the-basis-of-erustal

Mesoproterozoic granitoids—ust have derived from partial melting of earlier
Paleoproterozoic crustal material.

The Mesoproterozoic orthogneisseseranitie-gneisses from the Dongjiu area have
experienced the Neoproterozoic (605-590 Ma—en—zircon—U—Pb—dating)
metamorphism, and therefore represent the Precambrian metamorphic basement
of the SLT.

The Dongjiu gneisses also underwent the Oligocene (26 Ma-on-titanite-in-situ-—
Pb—dating) metamorphism under MPmedium-pressure amphibolite-facies
conditions as the result of crustal shortening and thickening in response to the
continued India-Asia continental convergence.

The CLT and SLT share a common Precambrian metamorphic basement, but the
SLT basement has been strongly reworked by mantle-derived magmatism and

metamorphism since the Mesozoic.
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of the Precambrian magmatic rocks for Amdo: ~ 820 Ma and 500 Ma (Zhang et al.,
2012a), 852 Ma (Guynn et al., 2006), 532 Ma (Guynn et al., 2012); the CLT from
west to east: 492 Ma (Zhu et al., 2012), 525-510 Ma (Hu et al., 2013), 512 Ma (Ding
et al., 2015), 787 Ma (Hu et al., 2005), 897-886 Ma (Zhang et al., 2012b), 760 Ma
(Hu et al., 2018a), 822—-806 Ma (Hu et al., 2018b), 925 Ma (Zeng et al., 2018), 1343~

Ma-and-1250 Ma (Xu et al., 2013a; Chen et al., 2019), 1866 Ma (Chen et al., 2019);

the SLT: 496 Ma (Dong et al., 2010). (b) Geological sketch map of the Dongjiu area

in the SLT, the Paleoproterozoic data (~ 1780 Ma) from Lin et al. (2013b).-

3—Photomicrographs of representative Dongjiu gneiss. (a) Biotite (Bt)- amphibole

(Ampamp) gneiss, consisting of amphibole, plagioclase (P1), K-feldspar (Kfs), biotite,
quartz (Qz) and titanite (Ttn) riming ilmenite (Ilm), with minor apatite (Ap). (b) Bt-
amp gneiss, showing plagioclase with cuspate extensions along quartz-quartz
contacts. (¢) and (d) Bt-amp gneiss, showing allanite (Aln) replaced by epidote (Ep)
in rim, with zircon (Zrn) inclusions. (e) Bt gneiss, consisting of plagioclase, K-
feldspar, biotite, quartz, with minor allanite replaced by epidote at rim; adjacent
grains of quartz, plagioclase and K-feldspar—grains are corroded. (f) Bt gneiss,
showing adjacent plagioclase and biotite grains are corroded; narrow K-feldspar blebs

at quartz-plagioclase contacts.
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Figure 34. (a) Ab-An-Or classification for silicic rocks from Barker (1979). (b)

A/CNK vs A/NK diagram from Maniar and Piccoli (1989)._The data of the Bomi

Mesoproterozoic granitoids are after Xu et al. (2013a).

Figure 4.5- (a) Chondrite-normalized REE and (b) Primitive-mantle-normalized trace
element patterns for the Dongjiu gneiss. The data of the Bomi Mesoproterozoic
granitoids are after Xu et al. (2013a). The normalization data are from Sun and

McDonough (1989).

Figure 5.6 Zircon U-Pb concordia diagrams and chondrite-normalized REE patterns
of the Dongjiu Bt-amp gneiss. (a), (c¢) and (e) Zircon U-Pb concordia diagrams, red
and blue elliptises represent zircon core and rim ages, respectively. (b), (d) and (f)
Chondrite-normalized REE patterns, showing CL images of representative zircon
grains. Red and blue circles indicate zircon core and rim dating spots with ages in Ma,

respectively. The normalization data are from Sun and McDonough (1989).

Figure 6.7 Zircon U-Pb concordia diagrams and chondrite-normalized REE patterns

of the Dongjiu Bt gneiss.gneisses- (a) and (c¢) Zircon U-Pb concordia diagrams, red

and blue ellipses represent zircon core and rim ages, respectively. (b) and (d)
Chondrite-normalized REE patterns, showing CL images of representative zircon
grains. Red and blue circles indicate zircon core and rim ages with ages in Ma,

respectively. The normalization data are from Sun and McDonough (1989).
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Figure 78. BSE images and photomicrographs of representative titanite for the
Dongjiu Bt-amp gneiss. Representative titanite (a)—(h) for sample 169-1, (i)~(p) for
sample 39-1. (a)—(d) and (i)—(1) Blue circles are spots for dating with 2’Pb corrected
206pp/238U ages in Ma. (e)—(h) and (m)—(p) Most titanite including ilmenite, biotite,

allanite, apatite, plagioclase, quartz and minorminer rutile.

Figure 89. Titanite U-Pb concordia diagrams of the Dongjiu Bt-amp gneiss.

Figure 910. Frequency histogram of Zr-in-titanite temperatures_for the Dongjiu Bt-

amp gneiss.

Figure 10. Zircon U vs Th contents diagram of the Dongjiu gneiss.

Figure 11. Zircon U-vs—Fh-diagram-Figure12ZireonU-Pb age vs gyt) diagram for

the Dongjiu gneiss and related rockssamples from the Lhasa terrane. Data sources:
SLT ~ 1500 Ma gneiss (our unpublished data); SLT granitoids (Chu et al., 2006;
Zhang et al., 2007a; Ji et al., 2009, 2012; Yang et al., 2011; Zhu et al. 2011; Dong et
al., 2013, 2014, 2015; Guo et al., 2013; Meng et al., 2016); CLT granitoids (Zhang et

al., 2007b; Zhu et al., 2009b, 2011, 2012; Xu et al., 2013a; Hu et al., 2018b; Chen et

al., 2019); SLT Paleozoic strata (Guo et al., 2017); CLT Paleozoic strata (Zhu et al.,

2013; Li et al., 2014).



HIGHLIGHTS

The Mesoproterozoic rocks (1520-1506 Ma) are recognized in the southern Lhasa

subterrane (SLT).

Bulk-rock Nd and zircon Hf isotopes show their derivation from the Paleoproterozoic

material.

The Mesoproterozoic rocks metamorphosed at 605-590 Ma represent the Precambrian

metamorphic basement of the Lhasa terrane.
Titanite in situ U-Pb dating gives more recent metamorphic age of ~ 26 Ma.

The SLT basement has been strongly reworked by mantle-derived magmatism and

metamorphism since the Mesozoic.
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Reworked Precambrian metamorphic basement of the Lhasa
terrane, southern Tibet: Zircon/Titanite U-Pb geochronology,

Hf isotope and Geochemistry
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ABSTRACT

Due to the paucity of exposure, the formation and evolution of the Precambrian
basement of the Lhasa terrane remain poorly known. Here we report zircon and
titanite in situ U-Pb ages, bulk-rock geochemical and zircon Hf isotopic data on the
orthogneisses from the Dongjiu area of the southern Lhasa subterrane (SLT), southern
Tibet. Geochemical data suggest that the protoliths of the biotite-amphibole gneiss
and biotite gneiss are granodiorite and granite, respectively. Inherited magmatic
zircon cores from these orthogneisses give protolith crystalline ages of 1520-1506

Ma, whereas the overgrown zircon rims give metamorphic ages of 605-590 Ma. The
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Mesoproterozoic granitic rocks have bulk-rock enqg(t) values of -3.6 to +0.1 and zircon
core gye(t) values of -4.5 to +2.6, which give similar Tpy;, ages of 2.35-2.05 Ga and
2.54-2.10 Ga respectively, suggesting their derivation from partial melting of
Paleoproterozoic crustal material. The granitic rocks are also local provenance for the
Mesoproterozoic detrital zircons in the Paleozoic strata in the Lhasa terrane. Titanite
in situ U-Pb ages further indicate that the Dongjiu orthogneiss experienced more
recent metamorphism at ~ 26 Ma. The mineral assemblage and thermobarometry
calculations indicate that the Oligocene metamorphism occurred under medium-
pressure (MP) amphibolite-facies conditions (5.4-7.2 kbar, 691-765 °C). We propose
that the Dongjiu gneisses represent the Precambrian metamorphic basement of the
Lhasa terrane, but have been intensively reworked by metamorphism in the SLT in

response to the continued India-Asia convergence since the collision.

Keywords:
Zircon and Titanite in situ U-Pb dating; Mesoproterozoic; Precambrian metamorphic

basement; Reworking; Lhasa terrane

1. Introduction

Like much of the central and southeastern Asian geology, the Tibetan Plateau
formed via amalgamation of terranes during the Phanerozoic (Chang and Zheng,

1973; Allégre et al., 1984; Chang et al., 1986; Sengdr and Natal’in, 1996; Yin and
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Nie, 1996). However, our knowledge on the histories of these terranes prior to their
amalgamation remains limited. The early history of these terranes that make up the
Tibetan Plateau is obscured by the paucity of basement exposure, by the strong
reworking of basement rocks during the later thermal events, and by the
predominance of younger supracrustal rocks.

As the main tectonic component of the Tibetan Plateau, the Lhasa terrane has
been considered to be composed dominantly of Paleozoic to Mesozoic strata,
Mesozoic and Cenozoic igneous rocks and Precambrian basement (e.g., Yin and
Harrison, 2000; Pan et al., 2004, 2006). The nature and spatial distribution of the
Precambrian basement beneath the entire terrane have been speculative. The limited
works on the basement to date suggest that the Lhasa terrane crust is relatively young
(< 2.0 Ga). U-Pb dating of zircons in gneissic rocks shows the presence of the
Neoproterozoic crystalline crust in the Amdo block (~ 850 Ma, Guynn et al., 2006,
2012; Zhang et al., 2012a) and in the Xainza area in the central Lhasa subterrane
(CLT) (~ 925-760 Ma, Hu et al., 2005; Zhang et al., 2012b; Hu et al., 2018a, b; Zeng
et al., 2018). There is also Proterozoic crystalline basement in the Bomi area in the
eastern CLT (ca. 1866 Ma, 1343—1250 Ma and 824 Ma, Xu et al., 2013a; Chen et al.,
2019) (Fig. la). These ages represent the only known Precambrian crystalline
basement from the Lhasa terrane. Nd-Hf isotopic model ages have been used to
suggest that the crust of the Lhasa terrane may be older, perhaps even Archean. Bulk-
rock Nd isotope data on the Amdo Cambrian orthogneiss give Mesoproterozoic model

ages (Harris et al., 1988a), while bulk-rock Nd and zircon Hf isotopic data on the
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Cretaceous granitoids of the Lhasa terrane yield Proterozoic and Archean model ages
(Chiu et al., 2009; Zhu et al., 2009a). Zhu et al. (2011) suggest that the CLT was once
a microcontinent with Proterozoic and Archean basement rocks, whereas the southern
and northern parts of the Lhasa terrane are dominated by younger juvenile crust.
However, zircon Hf isotopic mapping for the Mesozoic-Cenozoic magmatic rocks
shows that the eastern segment of the northern Lhasa subterrane (NLT) is an ancient
block; the southern Lhasa subterrane (SLT) is not entirely a juvenile block with
inhomogeneity of crustal compositions (Hou et al., 2015). However, no Archean
rocks have been identified so far. It is possible that the enriched radiogenic isotopic
compositions could have resulted from the assimilation of melted sedimentary rocks
that were themselves sourced from older continents (e.g., Indian craton), rather than
from pre-Neoproterozoic basement of the Lhasa terrane itself (Ding et al., 2003).
Therefore, the true and complete constituent of the Precambrian basement beneath the
Lhasa terrane remains to be revealed.

In this paper, we report the results of petrological, geochronological and
geochemical studies on reworked Precambrian metamorphic basement rocks from the
Dongjiu area of the SLT (Fig. 1). The metamorphic rocks not only provide
information on their protolith, but also record two episodes of subsequent
metamorphism and Phanerozoic reworking of the Precambrian basement of the Lhasa

terrane.
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2. Geological setting and sample description

2.1. Geological setting

The Lhasa terrane on the southern segment of the Tibetan Plateau is located
between the Qiangtang terrane and Himalayan belt, bounded by the Bangong-Nujiang
suture zone to the north and the Indus-Yarlung Zangbo suture zone to the south (Fig.
la). From north to south, the Lhasa terrane has been divided into the northern, central
and southern subterranes, separated by the Shiquan River-Nam Tso mélange zone to
the north and the Luobadui-Milashan fault to the south (Fig. 1a; Zhu et al., 2009a).

The NLT is characterized by the presence of juvenile crust and absence of a
Precambrian basement (cf. Pan et al., 2004; Zhu et al., 2011). The sedimentary cover
in the NLT is mainly Jurassic—Cretaceous with minor Triassic in age (e.g., Pan et al.,
2004, 2006; Nimaciren et al., 2005). Voluminous Mesozoic volcanic rocks are
exposed in this subterrane, and Mesozoic plutonic rocks are mainly confined to its
western and eastern segments generally as huge batholiths (e.g., Zhu et al., 2011).

The CLT is covered with the widespread Permo-Carboniferous metasedimentary
rocks, plus minor Ordovician, Silurian and Triassic strata (cf. Pan et al., 2004). The
volcanic rocks in this subterrane are mostly early Cretaceous in age with minor being
Permian. The Mesozoic plutonic rocks occur as batholiths of varying age (~ 21588
Ma; cf. Zhu et al., 2011 and references therein). Cambrian volcanic rocks are
scattered in the west and middle of the CLT (Fig. l1a, Zhu et al., 2012; Hu et al., 2013;

Ding et al., 2015). The late Permian high-pressure eclogite and late Triassic—early
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Jurassic metamorphic rocks are exposed in the middle and eastern parts of the CLT
(e.g., Yang et al., 2009; Zeng et al., 2009; Dong et al., 2011a; Lin et al., 2013a; Cheng
etal., 2015; Weller et al., 2015; Chen et al., 2017). The Nyaingéntanglha Group in the
middle part of the CLT has been interpreted as its Precambrian basement (Li, 1955;
Allégre et al., 1984; Harris et al., 1988b; Pan et al., 2004). On the basis of zircon U—
Pb dating, the protoliths of the Nyaingéntanglha Group near Xainza area were
emplaced in the Neoproterozoic (Fig. 1a, Hu et al., 2005; Zhang et al., 2012b; Hu et
al., 2018a, b; Zeng et al., 2018). Recent petrological studies with zircon U-Pb age
data reveal that the rocks from the Xainza area are the relics of the Neoproterozoic (~
900 Ma) ocean crust metamorphosed subsequently at ~ 690-650 Ma (Dong et al.,
2011b; Zhang et al., 2012b). Moreover, Xu and co-workers (Xu et al., 2013a; Chen et
al., 2019) reported the presence of Proterozoic basement with crystallization ages of
ca. 1866 Ma, 1343-1250 Ma and 824 Ma from the Bomi complex in the southeastern
CLT. Chen et al. (2019) suggested that these Proterozoic gneisses revealed two
metamorphic events at ca. 625-600 Ma and 80 Ma. These new data confirm the
presence of a Precambrian metamorphic basement in the CLT.

The SLT is mainly composed of the Paleogene volcanic rocks, Cretaceous—
Tertiary intrusions, Triassic—Cretaceous volcano-sedimentary rocks and minor
medium- to high-grade metamorphic rocks (e.g., Pan et al., 2004; Zhu et al., 2008,
2013; Zhang et al., 2014a). The sedimentary cover in the SLT is largely restricted to
its eastern segment (cf. Pan et al., 2004). The Nyingchi complex in the eastern SLT

has been interpreted as the Precambrian basement (Pan et al., 2004; Yin et al., 2003;
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Xie et al., 2007). However, more recent studies indicated that most protoliths of the
Nyingchi complex included both sedimentary and magmatic rocks of Cambrian (~
496 Ma), Devonian (~ 360 Ma), Cretaceous (~ 90 Ma) and Eocene (~ 55 Ma),
metamorphosed in the Mesozoic to Cenozoic (Dong et al., 2010, 2012, 2014; Guo et
al., 2011, 2012; Palin et al., 2014; Xu et al., 2013b; Zhang et al., 2010, 2013, 2014a,
b, 2015). Based on zircon U-Pb dating, Lin et al. (2013b) reported a metamorphic age
of ~ 600 Ma from the Nyingchi complex in the eastern SLT, with a protolith age of ~
1780 Ma. However, their samples are close to the northeast of the Eastern Himalayan
Syntaxis, and are widely intruded by the Mesozoic—Cenozoic granitoids or occur as
xenoliths within these granitoids (Lin et al., 2013b). Therefore, a Precambrian
crystalline basement may indeed be present at least locally in the SLT.

The present study area is located northwest of the Dongjiu area at the eastern
edge of the SLT, where metamorphic rocks and Cenozoic intrusive rocks are exposed
(Fig. 1b). The metamorphic rocks are offset by an east-west fault. The rocks north of
the fault include schists and gneisses that experienced amphibolite-facies
metamorphism at ~ 190 Ma (Chen et al., 2017). The studied samples are gneisses
collected south of the fault. These metamorphic rocks are all intruded by the Cenozoic

granites (~ 40-25 Ma; Booth et al., 2004).

2.2. Sample description

Sample details are given in Table 1, including protolith type, location, mineral

assemblage, protolith and metamorphic ages, and metamorphic P—T conditions.
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The biotite-amphibole (Bt-amp) gneisses consist of plagioclase (~30 vol%), K-
feldspar (~15 vol%), quartz (~35 vol%), amphibole (~10 vol%), biotite (~5 vol%),
titanite (~3 vol%), allanite (~1 vol%), and accessory phases including epidote,
ilmenite, apatite, rutile and zircon (Fig. 2a—d). The biotite (Bt) gneisses are comprised
of plagioclase (~20 vol%), K-feldspar (~35 vol%), quartz (~40 vol%), biotite (~4
vol%), and accessory minerals of allanite, epidote, apatite and zircon (Fig. 2e, f). The
foliation is defined by aligned biotite flakes and quartz-feldspar bands. Thereinto,
allanite occurs in two ways: those with epidote rims and zircon inclusions (Fig. 2c—e),
and those as inclusions within titanite (Fig. 7f, g, m, o, p). Most titanite grains rim
ilmenite, and some have inclusions of biotite, allanite, apatite, plagioclase, quartz or
minor rutile. The gneisses have a mineral assemblage of plagioclase + K-feldspar +
biotite + quartz + epidote + amphibole = titanite.

The studied gneisses underwent partial melting as revealed by the following
evidence: (1) feldspar grains with cuspate extensions along quartz-quartz contacts
(Fig. 2b), (2) narrow trains of K-feldspar blebs along quartz-plagioclase contacts (Fig.
2a, 1), (3) adjacent grains of quartz, feldspar and biotite are corroded (Fig. 2a, b, e, f).
These microstructures are interpreted as crystallization products of the former melt

(e.g., Sawyer, 2001; Brown, 2002; Timmermann et al., 2002).

3. Analytical methods and results

Analytical method details are given in Supplementary Text 1, including
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Cathodoluminescence (CL) images, back scattered electron (BSE) images and
analytical data on mineral major elements, bulk-rock major and trace elements, Sr—Nd
isotopes, zircon U—-Pb dating, trace elements and Hf isotopes, and titanite in situ U-Pb

dating.

3.1. Mineral major element data

Major element compositions of plagioclase and amphibole in the Bt-amp gneiss
(samples 169-1 and 39-1) are given in Supplementary Table 1 and 2, respectively.

Plagioclase grains in both samples are oligoclase, with An contents of 0.28-0.30.
Amphibole grains have 10.98-11.68 wt% CaO and 1.19-1.42 wt% Na,O classified as

calcic amphibole (Leake et al., 1997).

3.2. Bulk-rock major and trace element and Sr-Nd isotope data

Bulk-rock major element, trace element and Sr—Nd isotopic compositions on the
studied samples are given in Table 2.

The Bt-amp gneiss samples (169-1, 169-2 and 39-1) have 64.2-68.4 wt% SiO,,
15.0-15.7 wt% Al,O3, 3.33-3.80 wt% CaO, 3.40-4.10 wt% Na,0 and 2.40-3.72 wt%
K;0. The Bt gneiss samples (168-1 and 169-4) are characterized by higher SiO,
(70.3-71.9 wt%) and K,0 (4.33-5.34 wt%), but lower Al,O;3 (13.9-14.7 wt%), CaO
(1.85-2.06 wt%) and Na,O (3.21-3.38 wt%). Using the Ab-An-Or classification for
silicic rocks (Barker, 1979), the Bt-amp gneisses are granodiorite whereas the Bt

gneisses are granite (Fig. 3a). These granitoid gneisses are metaluminous (Fig. 3b),
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with the aluminum saturation indices (A/CNK = molecular Al,O; / (CaO + Na,O +
K,0)) of 0.95-1.02.

These orthogneisses are enriched in light rare earth elements (REE) and
relatively depleted in heavy REEs with highly fractionated REE patterns ((La/Yb)x =
15.3-143.5) and a weak negative Eu anomaly (Eu/Eu* = 0.62-0.87) (Fig. 4a, Table
2). Furthermore, most samples display characteristic arc-like signature of negative
Nb, Ta and Ti anomalies (except for sample 169-2 without Ti anomaly due to low
REE contents, Fig. 4b).

For the analyzed four samples, their initial 87Sr/%6Sr isotopic ratios and eyq(t)
values calculated at = 1520 Ma (see 3.3 below). The Bt-amp gneiss samples (169-1,
169-2 and 39-1) have initial 8’Sr/3Sr ratios of 0.7008-0.7036 and exqy(t) values of -3.6
to +0.1, with model ages Tpyp = 2.35-2.05 Ga. The Bt gneiss sample (168-1) gives
enda(t) = -2.2 and Tpye = 2.24 Ga, with an abnormally low 87Sr/30Sr;ia1 = 0.6866. This
unusual isotopic ratio has no petrogenetic significance because of the mobility of Rb,

which led to the excessive subtraction of 8’Rb/8¢Sr ratio.

3.3. Zircon U-Pb age and Hf isotope

LA-ICP-MS zircon U-Pb dating and trace element analysis of five samples and
zircon Hf isotope compositions of four samples are given in Supplementary Tables 3
and 4, respectively.

Zircon grains from the five gneisses are colorless, subhedral-euhedral oblong or

prismatic with varying size of ~ 100-200 um. CL images show that zircon grains have
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a core-rim structure consisting of inherited cores with oscillatory zoning and dark
rims with weak or no zoning (Figs. 5 and 6). The analyzed spots on zircon cores from
two Bt-amp gneiss samples (169-1 and 169-2) and two Bt gneiss samples (168-1 and
169-4) yield weighted mean 207Pb/?%°Pb ages of 1519+36 Ma (n =5, MSWD = 0.016),
152018 Ma (n = 12, MSWD = 0.85), 1516+15 Ma (n = 20, MSWD = 0.046) and
15066 Ma (n = 16, MSWD = 0.45), with upper intercept ages of 1544+47 Ma,
1551423 Ma, 1544+26 Ma and 1498+6 Ma, respectively (Figs. 5a, ¢ and 6a, c). All
analyzed spots on core domains have relatively high Th contents (57.7-927 ppm),
Th/U ratios (0.10-1.52) and REE contents (170-1576 ppm) with remarkable negative
Eu anomalies (Eu/Eu* = 0.07-0.55) (Figs. 5b, d and 6b, d, Supplementary Tables 3).
Analyzed spots on zircon rims from three Bt-amp gneiss samples (169-1, 169-2 and
39-1) and one Bt gneiss sample (168-1) yield weighted mean 2°°Pb/?33U ages of
605+27 Ma (n = 15, MSWD = 0.96), 591+3 Ma (n = 14, MSWD = 0.54) and 595+2
Ma (n = 21, MSWD = 0.40), with lower intercept ages of 58511 Ma, 592+18 Ma,
588+6 Ma and 563+10 Ma, respectively (Figs. 5a, c, e and 6a). Only one zircon rim
spot from sample 169-2 is obtained with 2°°Pb/233U age of 590+2 Ma (Figs. 5c¢).
Compared with zircon cores, analyzed spots on rim domains have relatively low Th
contents (22.0-82.2 ppm), Th/U ratios (0.03—0.10) and REE contents (50.3-473
ppm), with weak or no negative Eu anomalies (Ew/Eu* = 0.21-1.86) (Figs. 5b, d, f
and 6a, Supplementary Tables 3).

Therefore, the zircon LA-ICP-MS U-Pb analyses yield two age groups: 1520-

1506 Ma of weighted mean 2°7Pb/?%Pb age for zircon cores and 605-590 Ma of
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weighted mean 2°Pb/238U age for zircon rims.

Fifty-three Hf isotopic analyses on zircon cores from two Bt-amp gneiss samples
(169-1 and 169-2) and two Bt gneiss samples (168-1 and 169-4) give initial
I76Hf/177Hf isotopic ratios of 0.281697-0.281891 and eu(t) values ranging from -4.5

to +2.6, with two-stage model ages Tpyp of 2.54-2.10 Ga (Supplementary Tables 4).

3.4. Titanite in situ U-Pb age

Two titanite-rich gneiss samples (169-1 and 39-1) were selected for LA-ICP-MS
titanite in situ U-Pb dating. BSE images and photomicrographs of representative
titanite are shown in Fig. 7 and the titanite U-Pb dating and trace element data are
given in Supplementary Table 5.

Most titanite crystals are brown and subhedral-anhedral in shape with inclusions
of ilmenite, biotite, allanite, apatite, plagioclase, quartz and minor rutile (Fig. 7). BSE
images show that the titanite crystals mostly have patchy zoning. The analyzed spots
of titanite yield lower intercept ages are 25.1+0.6 Ma for sample 169-1 (Fig. 8a) and
24.7+0.5 Ma for sample 39-1 (Fig. 8b). After correction using 2°’Pb, the weighted
mean 2%°Pb/238U ages are 26.2+0.4 Ma (n=40, MSWD=2.5) and 26.0+0.6 Ma (n=29,

MSWD=3.1) (Fig. 8).
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4. Metamorphic P-T conditions

4.1. Hbl-PI-Q thermobarometry

Amphibole—plagioclase thermometry (Holland and Blundy, 1994) and
amphibole—plagioclase—quartz barometry (Bhadra and Bhattacharya, 2007) are used
to calculate the metamorphic P—T condition of the Bt-amp gneisses. The amphibole—
plagioclase—quartz thermobarometry yields metamorphic P-T7 conditions of 6.2—7.2
kbar and 691-736 °C for sample 169-1, and 5.4-6.5 kbar and 716-765 °C for sample

39-1.

4.2. Zr-in-titanite thermometry

Titanite formation temperatures are estimated using the Zr-in-titanite
thermometry (7 (°C) = [7708 + 960P] / [10.52 — log(arioz) — log(asioz) — log(ppm Zr,
titanite)] — 273; Hayden et al., 2008). The activity of TiO, is assumed to be 0.5
(plausible lower limits in typical crustal rocks), with SiO, activity assumed as 1.0
(Hayden and Watson 2007; Ferry and Watson 2007). Based on amphibole—
plagioclase—quartz barometer, the metamorphic pressure conditions of the Bt-amp
gneisses are ~ 6 kbar. Zr concentrations range from 158 to 591 ppm in sample 169-1,
and from 276 ppm to 620 ppm in sample 39-1. The calculations of Zr-in-titanite
thermometry are 688—756 °C for sample 169-1 and 716-759 °C for sample 39-1
(Supplementary Table 5). The temperature data display a cluster at 700-750 °C

(64/69, Fig. 9), which is consistent with the temperature conditions obtained by the
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amphibole—plagioclase thermometry.

5. Discussion

5.1. Age interpretation

Zircon LA-ICP-MS U-Pb dating shows two age groups of 1520-1506 Ma and
605-590 Ma. Most zircons of the studied Dongjiu gneisses show euhedral-prismatic
forms and display rounded terminations, which in some cases generate an ovoid
morphology. CL images show that all zircon grains have a core-rim structure, i.e.,
oscillatory-zoned core and rim with weak or no zoning (Figs. 5 and 6). The inherited
zircon cores yield concordant ages of 1520-1506 Ma without detrital age distribution
(analyses with concordance > 95%, Supplementary Tables 3). These zircon cores
have relatively high Th contents (usually > 50 ppm) with high Th/U ratios (= 0.1, up
to 1) (Fig. 10) and REE patterns with remarkable negative Eu anomalies (Figs. 5b, d
and 6b, d). These properties are consistent with the zircons of magmatic origin (e.g.,
Hoskin and Schaltegger, 2003). Thus, the Mesoproterozoic age of ~ 1500 Ma given
by the zircon cores represents the protolith crystallization age of the gneisses. By
comparison, CL images show that zircon rims have weak or no zoning. Most zircon
rims occur as lobes with smooth or rough edges, and may overprint pre-existing
structures (Fig. 5b, f). All these characteristics suggest that zircon rims have
developed during metamorphic recrystallization near the solidus (Hoskin and Black,

2000; Rubatto, 2017). The zircon rims have lower Th contents (usually < 50 ppm) and
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Th/U ratios (< 0.1) (Fig. 10) without remarkable negative Eu anomalies (Figs. 5b, d, f
and 6b), which are consistent with metamorphic zircon (e.g., Rubatto et al., 2009;
Rubatto, 2017). Based on the zircon internal structure, Th/U ratios and REE patterns,
we suggest that the zircon rims provide the metamorphic ages of 605-590 Ma for the
orthogneisses in the Dongjiu area.

Titanite crystals from two Bt-amp gneiss samples are subhedral-anhedral in
shape with metamorphic mineral inclusions of ilmenite, biotite, allanite, plagioclase,
quartz or minor rutile (Fig. 7). BSE images show that titanite crystals have patchy
zonation, characteristic of metamorphic titanite (Rubatto, 2017). Therefore, LA-ICP—
MS titanite in situ U-Pb dating indicates that these gneisses experienced Oligocene
metamorphism at ~ 26 Ma.

In summary, the protoliths of the gneisses from the Dongjiu area crystallized in
the Mesoproterozoic (1520-1506 Ma), and followed by subsequent metamorphism in

the Neoproterozoic (605-590 Ma) and more recently in the Oligocene (~ 26 Ma).

5.2. Mesoproterozoic magmatism

The Lhasa terrane, as the southernmost part of the Asian continent, experienced
intense deformation, magmatism and metamorphism related to the northward Neo-
Tethyan seafloor subduction in the Mesozoic and the India-Asia continental collision
in the Cenozoic (e.g., Zhu et al., 2011; Zhang et al., 2014a). Due to these strong
reworking processes, the Precambrian thermotectonic records are rarely reported (e.g.,

Dong et al., 2010, 2011b; Guynn et al., 2012; Zhang et al., 2012b; Xu et al., 2013a;
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Hu et al., 2018b; Chen et al., 2019).

Based on the zircon U-Pb geochronology, the inherited magmatic zircon cores of
the Dongjiu gneisses yield crystallization ages of 1520-1506 Ma (lack detrital
components; see above), indicate that the protoliths of Dongjiu gneisses are
Mesoproterozoic magmatic rocks. The bulk-rock chemical compositions of the
Dongjiu gneisses suggest that their protoliths are metaluminous granodiorite and
granite (Fig. 3), characteristic of arc-like signature with negative Nb, Ta and Ti
anomalies (Fig. 4b). The Mesoproterozoic granitic rocks have bulk-rock eny(t) values
of -3.6 to +0.1 and zircon gy(t) values of -4.5 to +2.6, with similar Tpy, ages of 2.35—
2.05 Ga and 2.54-2.10 Ga respectively, suggesting that the magmatic rocks are
derived from partial melting of Paleoproterozoic crustal material.

The coeval ~ 1500 Ma magmatic rocks are widespread in several continental
fragments, including West Africa, South America, North America, Australia, Baltica
(Northern Europe), Siberia and India. The rock types are mainly mafic dikes and sills
(e.g., Ernst et al., 2013, 2016; Silveira et al., 2013), and massif-type anorthosites (e.g.,
Emslie, 1978; Weis, 1986; Sadowski and Bettencourt, 1996; Mukherjee and Das,
2002). The Mesoproterozoic Era, dominated by the break-up of the Columbia
supercontinent and the formation of the Rodinia supercontinent, was an important
crust-forming period in many continents in Earth’s history. The global
Mesoproterozoic magmatism has commonly been attributed to the rifting and
fragmentation of the Columbia supercontinent (e.g., Rogers and Santosh, 2002; Zhao

et al., 2003). However, ~ 1.6—1.5 Ga metamorphic and magmatic rocks of the Central
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Indian Tectonic Zone are the products of south-north Indian subcontinental collision
(e.g., Acharyya, 2003; Kroner et al., 2012). For the studied Mesoproterozoic granitic
rocks in the SLT, it is too difficult to discuss the tectonic setting in a global context
owing to their limited distribution and subsequent reworking.

The Mesoproterozoic inherited zircons in the Gangdese batholith (e.g., Zhu et al.,
2011; Ji et al., 2017), and detrital zircons from the sedimentary rocks of the
Carboniferous—Triassic strata (Leier et al., 2007; Pullen et al., 2008; Dong et al.,
2010; Zhu et al.,, 2013; Li et al., 2014; Guo et al., 2017) indicate that the
Mesoproterozoic magmatic rocks are probably more widely distributed than exposed
in the Lhasa terrane. Moreover, the metasedimentary rocks from the Nyingchi
complex in the SLT contain abundant ~1500 Ma detrital zircons (Guo et al., 2017).
The 1550-1450 Ma detrital zircons from the CLT Permian—Triassic strata define a
broad band of gy(t) values (-16.7 to +9.6; Fig. 11). By comparison, the coeval detrital
zircons from the SLT metasedimentary rocks have lower eydt) values (-11.3 to +3.2;
Fig. 11). The studied Mesoproterozoic granitic rocks, with the coeval gneisses of the
southern Nyingchi complex (our unpublished data) have the similar zircon eyg(t)
values as the above, suggesting that they might be local sources for the

Mesoproterozoic detrital zircons of the Paleozoic strata (Fig. 11).

5.3. Neoproterozoic and Oligocene metamorphism

Based on zircon and titanite U-Pb geochronology, the Dongjiu orthogneisses

experienced two metamorphic events at 605-590 Ma recorded by zircon and 26 Ma
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by titanite, respectively.

5.3.1. Neoproterozoic metamorphism

Due to the Oligocene metamorphism, the Neoproterozoic metamorphic minerals
are usually overprinted. The petrography shows that ilmenite is all surrounded by
titanite; rare rutile only occurs as inclusions within titanite; and allanite is rimed by
epidote including zircon grains (Figs. 2¢, d and 7). Along with titanite formed in the
later metamorphism, we speculate that the mineral assemblage of the Neoproterozoic
metamorphism is represented as ilmenite and allanite. Lacking index metamorphic
minerals, it is difficult to calculate the detailed P-T conditions of the Neoproterozoic
metamorphism for the studied gneisses. However, the characteristics of zircon internal
structure and chemistry show that zircon rims of the Dongjiu gneisses likely form
under conditions near solidus. Rubatto et al. (2009) show that the metamorphic zircon
rims of metatonalite with the similar mineral assemblage to this study formed under
amphibolite-facies condition (7' = 620-700 °C). For diorite bulk composition, recent
phase equilibrium modeling indicated that the H,O-saturated (wet) solidus occurs
between ~ 650-700 °C and garnet becomes stable above ~ 8.5 kbar (e.g., Palin et al.,
2016). On the formation condition of zircon rim, bulk composition and lack of garnet,
we reason that the Dongjiu granitic gneisses underwent MP amphibolite-facies
metamorphism at 605-590 Ma.

According to the Gondwana-derived affinity, the ~ 600 Ma metamorphic event

of the Lhasa terrane is likely related to the assembly of Gondwana supercontinent
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(e.g., Meert, 2003; Veevers, 2004; Collins and Pisarevsky, 2005). Early
palacogeographic models based on limited data interpreted the presence of a single
super-continent throughout the Proterozoic (Piper, 1976). McWilliams (1981)
suggested that two Neoproterozoic continental masses, East Gondwana (India, East
Australia, Antarctica, Madagascar and Sri Lanka) and West Gondwana (Africa and
South America) collided along the Mozambique Belt to form Gondwana. Form the
Rodinia fragments to the final amalgamation Gondwana, there have been many
accretionary terranes and collisional events (Collins and Pisarevsky, 2005). Although
more work is needed on details of such amalgamation. Meert and co-workers (Meert,
et al., 1995; Meert and Van der Voo, 1997; Meert, 2001, 2003) suggested a
multiphase assembly of two main periods of orogenesis, including an earlier East
African Orogeny (EAO) (~ 750-620 Ma) and a later Kuunga Orogeny (~ 570-530
Ma). The later orogeny marks the collision of Australia and Antarctica with the rest of
Gondwana and was subsequently correlated with a broad belt of orogenesis from the
Damara Orogen in the west to the Pinjarra Orogen in the east (Meert, 2003). They
proposed a Neoproterozoic continent consisting of Sri Lanka, Madagascar and India
colliding with a combined Congo/Kalahari (African) continent at ~ 750-620 Ma,
followed by Australia/East Antarctica colliding with the bulk of Gondwana at ~ 570—
530 Ma (Meert, 2003; Meert and Torsvik, 2003). However, Boger and Miller (2004)
proposed that the EAO evolved as an accretionary orogeny and was partially
superimposed by a ~ 590-560 Ma orogen created by the collision of combined India,

Madagascar and part of Antarctica land masses with eastern Africa along the
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Mozambique suture. In their model, Australia—Antarctica collided with India along
the Kuunga suture at ~ 535-520 Ma. Until now, the Precambrian metamorphic events
of the Lhasa terrane are only reported in the Nyaingéntanglha Group in the central
CLT (~ 690-650 Ma, Dong et al., 2011b; Zhang et al., 2012b), the Bomi complex in
the eastern CLT (~ 625-600 Ma, Chen et al., 2019), and the Nyingchi complex in the
eastern SLT (~ 600 Ma, Lin et al., 2013b and this study). The Nyaingéntanglha Group
experienced an early granulite-facies peak-metamorphism at ~ 690—-650 Ma, and late
amphibolite-facies retrogression at ~ 480 Ma (Dong et al., 2011b; Zhang et al.,
2012b). Zhang et al. (2012b, 2014a) suggested that the Neoproterozoic metamorphism
occurred during the assembly of East and West Gondwana within the EAO. For all
other Precambrian metamorphic events, only the Nyingchi complex is speculated to
experience MP amphibolite-facies metamorphism without knowing exact P-T
conditions due to the Cenozoic metamorphic reworking. Therefore, this study
suggests that the ~ 600 Ma metamorphism events recorded in the Nyingchi complex
in the eastern SLT and the Bomi complex in the eastern CLT are likely response to

the assembly of Gondwana supercontinent.

5.3.2. Oligocene metamorphism and melting

In this study, titanite formed at ca. 26 Ma is observed either mostly riming
ilmenite or as separate grains. Titanite can be in contact with a variety of minerals,
e.g., amphibole, biotite, plagioclase and epidote, and contains inclusions of biotite,

allanite, plagioclase and quartz (Fig. 7). The formation of titanite rims on the ilmenite
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could be explained in terms of reactions such as: ilmenite + allanite + K-feldspar +
quartz = titanite + anorthite + annite + H,O (Harlov et al., 2006; Angiboust and
Harlov, 2017). Titanite rimming ilmenite is commonly present in the amphibolite-
facies rocks (e.g., Nijland and Maijer, 1993; Nijland and Visser, 1995; Hansen et al.,
2002; Harlov and Hansen, 2005). The mineral assemblage (plagioclase + K-feldspar +
biotite + quartz + epidote + amphibole =+ titanite) also indicates that the later
Oligocene metamorphism occurred at amphibolite-facies condition. Hbl-P1-Q
thermobarometry shows that the Dongjiu gneisses experienced peak P—7 conditions
of 5.4-7.2 kbar and 691-765 °C. Zr-in-titanite thermometry yields the similar 7'
conditions of 688—759 °C at ~ 6 kbar. Moreover, the microstructure proves that these
studied gneisses record the presence of melt. Therefore, we suggest that the prior melt
represents the product of the Oligocene metamorphism, and the Dongjiu gneisses
underwent MP amphibolite-facies metamorphism and melting at ca. 26 Ma. In the
southern part of the studied area, the coeval metamorphic rocks of the Nyingchi
complex have also been reported to take place under amphibolite-facies conditions

(e.g., Zhang et al., 2010; Dong et al., 2012; Palin et al., 2014; Kang et al., 2019).

5.4. The nature of the Precambrian basement of the Lhasa terrane

The spatial distribution and nature of the Precambrian basement beneath the
entire Lhasa terrane have been speculative. 