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Abstract: The origin of ancient continental blocks in the Tibetan plateau and their 

paleogeographic locations in the Rodinia supercontinent remain enigmatic. Here, we report 

the early Cryogenian metamorphic magmatic rocks (including amphibolites and granitic 

gneisses) from the North Lhasa terrane of the central Tibetan Plateau. The amphibolites (ca. 

822 Ma) are tholeiitic and exhibit both MORB- (e.g., flat patterns of rare-earth and high field 

strength elements) and arc-like (e.g., elevated Th/Yb tatios) geochemical affinities. In 

combination with high positive zircon εHf(t) (+6.9 to +12.4) and whole-rock εNd(t) (+4.4 to 

+10.4) and low zircon δ
18

O (4.87 to 5.81 ‰) values, their geochemical data indicate a 

depleted mantle source affected by subduction components. The granitic gneisses (ca. 810 

and 806 Ma) are A2-type granitoids and have relatively lower zircon εHf(t) (+4.7 to +6.9) and 

whole-rock εNd(t) (+3.5) and higher zircon δ
18

O (5.44 to 8.08 ‰) values. Their protoliths 

were probably generated by partial melting of Mesoproterozoic crustal rocks. The 

amphibolites and granitic gneisses are geochemically distinct from the Cryogenian rift-related 

magmatic rocks in the interior of the Rodinia supercontinent but similar to the coeval 

back-arc magmatic rocks at the northwestern edge of the Rodinia supercontinent, thus 

providing new constraints on the early Cryogenian paleogeographic location of the North 

Lhasa terrane. 

 

Keywords: Tibet; North Lhasa terrane; Rodinia; Back-arc; Petrogenesis 
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1. Introduction 

The paleogeographic reconstruction of ancient supercontinents is one of the key issues 

of Precambrian research (Zhao et al., 2002, 2004; Rogers and Santosh, 2003; Li et al., 2008). 

The Rodinia supercontinent is supposed to have been assembled and then broken up in the 

late Mesoproterozoic to Neoproterozoic (Dalziel, 1991; Li et al., 1995, 2008; Zheng, 2004). 

The Cryogenian (ca. 850–635 Ma) is a key epoch of the breakup of the Rodinia 

supercontinent (e.g., Li et al., 1999). The worldwide Cryogenian magmatisms include the 

rift-related magmatism in the interior of the Rodinia supercontinent (e.g., Zhao et al., 1994; 

Cox et al., 2018; Milton et al., 2017) and the arc-related magmatism around its periphery (e.g., 

Tucker et al., 2001; Archibald et al., 2016; Wang et al., 2018). These magmatisms play a key 

role in the paleogeographic reconstruction of the Rodinia supercontinent. 

In the eastern Asia, studies have been focused on the paleogeographic locations of the 

Tarim (e.g., Wu et al., 2018), North China (e.g., Peng et al., 2011), and South China (e.g., 

Zhou et al., 2006; Li et al., 2002a, 2002b) terranes in the Rodinia supercontinent, with only 

limited work on the Precambrian origin of the ancient continental blocks in the Tibetan 

plateau. The North Lhasa terrane is one of the major continental blocks of the Tibetan plateau 

(Yin and Harrison, 2000; Yang et al., 2009; Zhang et al., 2014). Previous studies have 

indicated that the North Lhasa terrane contains ancient Precambrian basement rocks (e.g., Hu 

et al., 2016a; Zhu et al., 2011a). However, its Precambrian origin and paleogeographic 

location in the Rodinia supercontinent remain poorly understood. 

 The Nyainqentanglha Group widely occurs in the North Lhasa terrane and is commonly 

considered to be its Precambrian basement (Hu et al., 2005, 2016a; Dong et al., 2011a, 2011b; 

Zhang et al., 2012a). In this paper, we report new zircon LA–ICP–MS U–Pb ages, whole-rock 

major and trace element compositions, and Sr–Nd–Hf–O isotopic data of the early 
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Cryogenian metamorphic magmatic rocks (ca. 822–806 Ma) of the Nyainqentanglha Group 

in the Ren Co area of the North Lhasa terrane. These data will be used to discuss the 

petrogenesis and tectonic setting of the early Cryogenian metamorphic magmatic rocks, as 

well as the Precambrian origin of the North Lhasa terrane and its paleogeographic location in 

the Rodinia supercontinent. 

 

2. Geological background and sample descriptions 

 The Tibetan Plateau forms the eastern end of the Himalayan–Alpine orogenic belt. 

Traditionally, the Tibetan Plateau was considered to comprise four E–W trending terranes 

(Kunlun, North Qiangtang, South Qiangtang, and Lhasa terranes) and the northernmost India 

continent (Himalaya region) (Yin and Harrison, 2000; Zhai et al., 2013, 2016). Recently, a 

Carboniferous–Permian Paleo-Tethyan suture zone (including ophiolite, arc magmatism, and 

eclogite), named the North Gangdese suture zone, was identified in the middle of the Lhasa 

terrane (Yang et al., 2009; Chen et al., 2009; Cheng et al., 2012, 2015; Wu et al., 2013; 

Zhang et al., 2014; Cao et al., 2017). The Lhasa terrane can thus be further subdivided into 

the South and North Lhasa terranes by this suture zone (Fig. 1a). Previous studies identified 

the North Lhasa terrane to be dominantly constituted of Precambrian metamorphic basement, 

Paleozoic to Mesozoic sedimentary rocks, and Mesozoic to Cenozoic igneous rocks (Zhu et 

al., 2011b). 

 The Precambrian metamorphic basement rocks of the North Lhasa terrane were generally 

called as the Nyainqentanglha Group (Hu et al., 2005, 2016a) and Amdo gneisses (Guynn et 

al., 2012, 2013; Zhang et al., 2012b; Xie et al., 2014). The Amdo gneisses only occur in the 

northeastern part of the North Lhasa terrane (Fig. 1a) and are characterized by Cryogenian 

A-type (ca. 842–820 Ma; Xie et al., 2014) and Andean-type (ca. 822–799 Ma; Zhang et al., 
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2012b) granidoids. The Nyainqentanglha Group occurs in the whole North Lhasa terrane and 

is composed of a suit of tectonic slices with variable sizes, including paragneisses 

(meta-sedimentary rocks, such as biotite gneisses and quart schists) and orthogneisses 

(meta-volcanic and meta-basic-acid intrusive rocks, such as amphibolites and granitic 

gneisses) (Hu et al., 2005, 2016a). Parts of these gneisses have subjected to amphibolite- and 

even granulite-facies metamorphisms (Dong et al., 2011a, 2011b; Zhang et al., 2012a). Zhang 

et al. (2012a) reported the presence of Late Neoproterozoic high-pressure granulites in the 

Nyainqentanglha Group of the Ren Co area (Fig. 1b), whose protoliths were Early 

Neoproterozoic MORB-like rocks (ca. 897–886 Ma). These Early Neoproterozoic ages are 

broadly consistent with determined isotopic ages (ca. 850 Ma, Dong et al., 2011b; ca. 925 Ma, 

Hu et al., 2016a) for adjacent MORB-like basaltic rocks. A ca. 787 Ma trondhjemitic pluton 

and coeval tholeiites were also reported from this area (Hu et al., 2005). To the northwest and 

in the Yongzhu area (Fig. 1a), ca. 742 Ma island-arc calc-alkaline basaltic rocks were 

established (Zhang et al., 2013a). The above-mentioned rocks represent the oldest 

magmatism in the North Lhasa terrane so far. 

 The Ren Co area is located in the core of the North Lhasa terrane (Fig. 1a). The 

dominant rocks in this area are the Nyainqentanglha Group, Cambrian volcanic–sedimentary 

sequences, Silurian–Permian sedimentary sequences, Mesozoic sandstones and limestones, 

Jurassic ophiolite fragments, and Cenozoic sediments (Fig. 1b). The Nyainqentanglha Group 

is controlled by several faults and overlain unconformably by Cenozoic rocks. The 

amphibolites of this study (Fig. 2a) and the other rocks in the Nyainqentanglha Group have 

tectonic contacts. Their main minerals include hornblende (50–60 vol.%), plagioclase (35–45 

vol.%), and minor zircon, magnetite, and biotite (<5 vol.%) (Fig. 2c). Although the minerals 

were modified by metamorphism, their primary igneous textures were mostly conserved. 
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Fragmentation and chloritization were observed at some margins of hornblende grains. 

Biotite flakes cluster disorderly and plagioclase grains have been subjected to various degrees 

of saussuritization and sericitization. The granitic gneisses of this study (Fig. 2b) intruded 

into the paragneisses of the Nyainqentanglha Group. They mainly consist of quartz (25–45 

vol.%), plagioclase (30–60 vol.%), and K-feldspar (5–10 vol.%), together with minor 

muscovite (< 5 vol.%) (Fig. 2d). Although their field outcrops show gneissic structure, 

directional arrangement of minerals is not obvious under a microscope (Fig. 2d). 

 

3. Analytical methods 

3.1. Zircon U–Pb analyses 

One amphibolite (15T127) and two granitic gneiss (15T012 and 15T081) samples were 

collected for zircon U–Pb dating. Zircons were separated by conventional heavy-liquid and 

magnetic techniques at the Special Laboratory of the Geological Team of Hebei Province, 

Langfang, China. CL (Cathodoluminescence) images were taken using a HITACH S-3000N 

scanning electron microscope fitted with a Gatan Chroma CL imaging system at the Institute 

of Geology, Chinese Academy of Geological Sciences, Beijing, China. 

U–Pb zircon analyses were performed at the Beijing Createch Test Technology Co. 

Ltd., China. The U–Pb analyses were conducted by a laser-ablation–inductively coupled 

plasma–mass spectrometry (LA–ICP–MS). Laser sampling was performed using an ESI 

NWR 193nm laser ablation system and an AnlyitikJena PQMS Elite ICP-MS instrument was 

used to acquire ion-signal intensities. The analyses were carried out with a beam diameter of 

25 μm, a repetition rate of 10 Hz, and an energy of 4 J/cm
2
. The analytical procedures 

followed those described by Hou et al. (2009). Off-line raw data selection and integration of 

background and analyte signals, and time-drift correction and quantitative calibration for 
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U–Pb dating were performed by ICPMSDataCal (Liu et al., 2010). The age calculations and 

concordia diagrams were made using Isoplot/Ex ver. 3.0 (Ludwig, 2003). During the analysis, 

the zircon standard GJ-1 was analyzed to evaluate accuracy and precision, and the obtained 

mean 
206

Pb/
238

U age (600.6 ± 2.1 Ma, 2σ, n = 26) is consistent with the recommended value 

(599.8 ± 1.7 Ma; Jackson et al., 2004). 

3.2. In situ zircon Hf-isotope analyses 

In situ zircon Hf-isotope analyses were performed at the same sites, or in the same age 

domains (identified used CL images), in the zircons using for U–Pb analyses. The analyses 

were performed using a Neptune MC–ICP–MS equipped with a GeoLas 200M ArF excimer 

193 nm laser-ablation system (MicroLas, Germany) at the Institute of Geology and 

Geophysics, Chinese Academy of Sciences, Beijing. The detailed analytical technique is 

described in Wu et al. (2006). A 44 μm laser spot size was selected during the ablation with a 

repetition rate of 8 Hz at 15 J/cm
2
. 

175
Lu/

176
Lu of 0.02655 was used for elemental 

fractionation correction (Xie et al., 2008). Isobaric interference of 
176

Yb on 
176

Hf was 

corrected using the mean fractionation index proposed by Iizuka and Hirata (2005) and a 

176
Yb/

172
Yb ratio of 0.5886 (Chu et al., 2002). Repeated measurements on the Mud standard 

yielded a mean 
176

Hf/
177

Hf ratio of 0.282506 ± 11 (2σ, n = 177), which is consistent with the 

standard reference value of 0.282500 within error (Wu et al., 2006). 

3.3. In situ zircon O-isotope analyses 

Zircon oxygen isotopes were measured using the SHRIMP-II instrument in the Beijing 

SHRIMP Center, Institute of Geology, Chinese Academy of Geological Sciences, Beijing, 

China. After U–Pb dating, the sample mount was re-ground by ~5 μm, and re-polished to 

ensure that any oxygen implanted in the zircon surface from the O2-beam used for U–Pb 

analysis was completely removed. Oxygen isotopic measurements were made on the same 
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zircon grains that had previously been analyzed for U–Pb. Each 
18

O/
16

O analysis took 

approximately 7 min and the analytical procedures and conditions were similar to those 

described by Ickert et al. (2008). The spots were about 20 μm in diameter. The reference 

material used for calibration of instrumental mass fractionation was TEMORA 2 zircon, and 

the obtained values (δ
18

O = 8.19 ± 0.04 ‰, 2σ, n = 30) are consistent with the recommended 

value (δ
18

O = 8.20 ‰; Black et al., 2004) within error. 

3.4. Whole-rock major and trace element analyses 

Thirteen amphibolite and twelve granitic gneiss samples were collected for whole-rock 

geochemical analyses which were performed at the National Research Center for Geoanalysis, 

Beijing, 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 

using about 1 g of sample powder heated at 980 °C for 30 min. The trace elements were 

analyzed by Agilent 7500ce inductively coupled plasma mass spectrometry (ICP-MS). About 

50 mg of powder was dissolved for about 7 days at ~100 °C using HF–HNO3 (10:1) mixtures 

in screw-top Teflon beakers, followed by evaporation to dryness. The material was dissolved 

in 7 N HNO3 and taken to incipient dryness again, and then was re-dissolved in 2% HNO3 to 

a sample/solution weight ratio of 1:1000. The analyses of the international standards (GSR-3) 

were in good agreement with the recommended values (Wang et al., 2003). Trace and rare 

earth elements were analyzed with analytical uncertainties 10% for elements with abundances 

< 10 ppm and approximately 5% for those > 10 ppm. The detailed analytical procedures were 

similar to those described by Luo et al. (2011) and Li (2013). 

3.5. Whole-rock Sr–Nd isotopic analyses 

Three amphibolite and a granitic gneiss samples were selected for subsequent whole-rock 

Sr–Nd isotopic analyses. The measurement procedures were the same as described by Hu et 
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al. (2015). Mass analyses were performed using a Finnigan MAT-262 mass spectrometer at 

the Institute of Geology, Chinese Academy of Geological Sciences, Beijing. Blanks for the 

whole chemical procedure were ~10
–11

 g for Sm and Nd, and ~10
–10

 g for Rb and Sr. 
87

Sr/
86

Sr 

ratios were corrected for mass fractionation relative to 
88

Sr/
86

Sr = 8.37521. The average 

87
Sr/

86
Sr ratio of the NBS987 standard was 0.710247 ± 12 (2). 

143
Nd/

144
Nd ratios were 

corrected for mass fractionation relative to 
146

Nd/
144

Nd = 0.7219, and were reported relative 

to the JMC Nd2O3 standard = 0.511230 ± 10 (2). The decay constants () used were 1.42 × 

10
–11

 a
–1

 for 
87

Rb and 6.54 × 10
–12

 a
–1

 for 
147

Sm. Nd(T) values were calculated on the basis of 

the following present-day reference values for the chondritic uniform reservoir (CHUR): 

(
143

Nd/
144

Nd)CHUR = 0.512638 and (
147

Sm/
144

Nd)CHUR = 0.1967. 

 

4. Results 

4.1. Zircon U–Pb geochronology 

The zircon grains from the amphibolite sample (15T127) are transparent, colorless, and 

euhedral. They have lengths of 100–150 μm and aspect ratios of ~3:1. Most zircon grains 

have dark magmatic cores surrounded by narrow light metamorphic rims (< 10 μm). All 

analytical spots were located at the magmatic cores and their high Th/U ratios of 1.96–8.00 

suggest a magmatic origin (Hoskin and Schaltegger, 2003). It is noteworthy that these 

analytical spots have high U (481–4118 ppm) and Th (1258–21519 ppm) concentrations, 

which seem to suggest radiogenic damage on zircon lattice resulting in loss of radiogenic Pb, 

but their concordant ages (Table 1) are inconsistent with this interpretation. The weighted 

mean 
206

Pb/
238

U age for the sample is 822 ± 4 Ma (n = 19) (Fig. 3a), which most likely 

reflects the formation age of its protolith. 

The zircon grains from the other two granitic gneiss samples are mostly similar, and their 
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lengths range from 50 to 150 μm with length:width ratios of ~2:1. Most grains are transparent, 

colorless, and euhedral, and they exhibit regular oscillatory zoning (Fig. 3b and c). The U and 

Th contents of zircons in these samples are 137–2007 ppm and 62–1272 ppm, respectively 

(Table 1). The Th/U ratios (0.12–1.00; i.e., > 0.1), together with the presence of oscillatory 

zoning, indicate an igneous origin (Hoskin and Schaltegger, 2003). The analyses of zircons 

from samples 15T012 and 15T081 yielded weighted mean 
206

Pb/
238

U ages of 806 ± 3 Ma (n = 

22) (Fig. 3b) and 810 ± 5 Ma (n = 21) (Fig. 3c), respectively, which most likely reflect the 

formation ages of their protoliths. 

4.2. Zircon Hf–O and whole-rock Sr–Nd isotopes 

The zircon Hf and O isotopic data for the three U–Pb dated samples are given in Table 

2 and 1, respectively. Fifteen analyses of the zircons from the amphibolite sample yield high 

positive εHf(t) (+6.9 to +12.4) and low δ
18

O (4.87 to 5.81 ‰) values (Fig. 4). In contrast, The 

zircons in the two granitic gneiss samples have relatively lower εHf(t) (+4.7 to +6.9) and 

higher δ
18

O (5.44 to 8.08 ‰) values (Fig. 4). They also display old Hf crustal model ages 

(T
C

DM = 1267 to 1403 Ma). 

The whole-rock Sr–Nd isotope data for four samples are given in Table 3. Three 

amphibolite samples show initial 
87

Sr/
86

Sr ratios (ISr) of 0.707 to 0.711 and εNd(t) values of 

+4.4 to +10.4. However, a granitic gneiss sample appear to have relatively higher ISr of 0.712 

and lower εNd(t) value of +3.5. This granitic gneiss sample also displays an ancient Nd crustal 

model age (T
C

DM = 1144 Ma) which is comparable with its zircon Hf crustal model ages. 

4.3. Whole-rock major and trace element data 

4.3.1. Amphibolites 

The amphibolite samples have variable SiO2 (47.32–51.29 wt.%; hereafter, all 

whole-rock major element data have been normalized to an anhydrous basis), TiO2 
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(1.03–1.82 wt.%), and Al2O3 (14.05–16.69 wt.%) and high Fe2O3t (11.61–14.45 wt.%) and 

MgO (7.17–8.48 wt.%) contents (Table 4). They fell in the field of sub-alkaline basalts when 

plotted in the Nb/Y vs. Zr/Ti diagram (Fig. 5a). Furthermore, these samples mostly fall in the 

field of tholeiitic basalts in the Co vs. Th (Fig. 5b) and SiO2 vs. FeOt/MgO (Fig. 5c) diagrams. 

In the chondrite-normalized rare-earth element (REE) patterns (Fig. 6a) and primitive 

mantle-normalized spidergrams (Fig. 6b), the samples are characterized by flat patterns, and 

no significant Eu anomalies are observed (Eu/Eu* = 0.92–1.18). 

4.3.2. Granitic gneisses 

The granitic gneisses contain various SiO2 (63.49–80.05 wt.%) and Al2O3 (12.23–20.73 

wt.%) contents (Table 4). They fall in the fields of rhyolite and rhyodacite/dacite in the Nb/Y 

vs. Zr/Ti diagram (Fig. 5a), but their protoliths might have an affinity to pantellerites because 

their Zr/Ti and Nb/Y ratios were probably reduced by metamorphism and alteration (see 

section 5.1.1). Their Ga/Al × 10,000 ratios and Zr contents may be also reduced in the 

metamorphism and alteration processes, but their geochemical data (Ga/Al × 10,000 = 

2.72–3.91; Zr + Nb + Ce + Y = 284–481 ppm; Zr = 143–283 ppm) are still comparable with 

those of typical A-type grantoids (Eby, 1990; Whalen et al., 1987). Moreover, the samples 

have flat chondrite-normalized REE patterns and significant Eu anomalies (Eu/Eu* = 

0.67–1.10) (Fig. 6c). In the primitive mantle-normalized spidergrams (Fig. 6d), they are 

characterized by depletion in Nb and Ti. 

 

5. Discussion 

5.1. Petrogenesis 

5.1.1. Metamorphism and alteration effects 

Previous studies indicated that the Nyainqentanglha Group had undergone amphibolite- 



  

 

 

 

 

 

12 

 

and even granulite-facies metamorphisms (Dong et al., 2011a, 2011b; Zhang et al., 2012a). 

Fluid alteration may also happen during later period as evidenced by the chloritization, 

saussuritization, and sericitization of minerals. Metamorphism and alteration processes might 

have modified the concentrations of mobile elements (e.g., Na, K, Ca, Rb, Ba, Sr, and Pb) 

(e.g., Hart and Staudigel, 1982; Verma, 1981). The abundances of REEs, HFSEs (high field 

strength elements; e.g., Th, Nb, Ta, Zr, Hf, and Y), V, Co, Ni, Cr, Mg, and Fe were generally 

considered to remain unaffected during alteration and metamorphism (e.g., Jochum et al., 

1991), however, some studies indicated that they may become mobile during intense carbonic 

hydrothermal alteration and/or metamorphism (Lahaye and Arndt, 1996; Ding et al., 2013; 

Schmidt et al., 2014). 

In order to evaluate the effects of alteration and metamorphism on the compositions of 

the early Cryogenian metamorphic magmatic rocks in this contribution, the contents of 

typical elements or their oxides are plotted against LOI (Fig. 7). The Al2O3 (Fig. 7a), K2O 

(Fig. 7c), Rb (Fig. 7e), Sr (Fig. 7f), TiO2 (Fig. 7g), and Cr (Fig. 7q) contents of the 

amphibolites increase with increasing LOI. There are negative correlations between the Na2O 

(Fig. 7b), Rb (Fig. 7e), and Zr (Fig. 7h) contents and LOL of the granitic gneisses. The 

granitic gneisses also display positive correlations between Al2O3 (Fig. 7a), CaO (Fig. 7d), Sr 

(Fig. 7f), Y (Fig. 7k), Co (Fig. 7l), Yb (Fig. 7n), Fe2O3t (Fig. 7p), Ni (Fig. 7r), and V (Fig. 7s) 

contents and LOL. These features indicate the modification of rock composition during 

alteration and metamorphism. In contrast, the contents of the other elements and oxides are 

scattered, suggesting that they are probably immobile. Note that some ratios (e.g., Nb/Y, 

Yb/Ta, Zr/TiO2, and Ga/Al) were also modified by alteration and metamorphism (Fig. 7t, u, v, 

and x). 
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5.1.2. Amphibolites 

The amphibolites show positive zircon εHf(t) values of +6.9 to +12.4 (Table 2) and 

whole-rock εNd(t) values of +4.4 to +10.4 (Table 3), which is consistent with those of 

depleted mantle or juvenile crust (Wu et al., 2006). The restricted zircon δ18O values ranging 

from 4.87 ‰ to 5.81 ‰ are comparable with those of mantle-derived zircons (Fig. 4), 

suggesting a mantle source (Valley et al., 1998). As pointed out by Pearce and Stern (2006), 

Nb/Yb ratios are a proxy for the enrichment and depletion of a mantle source (the higher 

value, the more fertile mantle). The amphibolites exhibit Nb/Yb ratios similar to those of 

N-MORB (Fig. 8b), indicating generation from a depleted mantle source. This inferred 

depleted mantle source was also identified by the adjacent ca. 925–886 Ma basaltic rocks, 

which are characterized by N-MORB-like compositions and high positive zircon εHf(t) values 

(+8.3 to +13.7) (Zhang et al., 2012a; Hu et al., 2016a). 

The REE contents of mafic rocks could constrain the nature and depth of their magma 

source (D'Orazio et al., 2001; Chen et al., 2017; Wang et al., 2018). The amphibolite samples 

show flat REE patterns with low (La/Yb)N ratios of 0.78–1.34 (Fig. 6a), hinting at the 

instability of garnet in their mantle source. Moreover, the plots in the (Sm/Yb)N vs. (La/Sm)N 

diagram indicate that these samples could be formed by ~20% melting of spinel lherzolite 

(D'Orazio et al., 2001) (Fig. 9c). This implies that their mantle source is relatively shallower 

than ~85 km, where the transition from garnet to spinel in the mantle occurs (Robinson and 

Wood, 1998). 

It is noteworthy that the amphibolite samples plot above the MORB–OIB array on the 

Th/Yb vs. Nb/Yb diagram (Fig. 8b). Although elevated Th/Nb ratios can be sourced from 

crustal contamination, we rule out this possibility because of the parallel incompatible trace 

element patterns (Fig. 6b) and lack of positive trends in the Nb/Th vs. Nb/La (Fig. 9a) and 



  

 

 

 

 

 

14 

 

εNd(t) vs. MgO (Fig. 9b) diagrams (Li et al., 2006). Magma mixing between mantle- and 

crust-derived melts may be another mechanism of elevating Th/Nb ratios. The constant δ
18

O 

values (4.87 to 5.81 ‰; Fig. 4), which are comparable with those of mantle-derived zircons, 

are inconsistent with this mechanism. Therefore, the elevated Th/Nb ratios can be attributed 

to enrichment of mantle source. 

Fluids and melts from oceanic sedimentary, oceanic plate, or underlying asthenospheric 

mantle are believed to be the candidates of enriched components (Guo et al., 2017; Wang et 

al., 2018). The samples have relatively low Th/Zr ratios (0.003–0.013) and show a trend of 

melt-related enrichment in the Nb/Zr vs. Th/Zr diagram (Fig. 9d). Enrichment by melts from 

deep asthenospheric source (e.g., OIB) would fractionate REE patterns and elevate Nb/Yb 

ratios, which is contrary to what is actually observed (Fig. 6a and 8b) (e.g., Wang et al., 

2018). The melts derived from oceanic sediments would elevate the δ18O values and reduce 

the εHf(t) and εNd(t) values due to contrast values between depleted mantle-derived melts and 

oceanic sediments (Wu et al., 2006; Valley et al., 1998), but the isotopic compositions of the 

amphibolites are consistent with a typical depleted mantle source. Oceanic plate derived 

melts are considered to be the enriched component because their isotopic compositions are 

mostly similar to depleted mantle (e.g., Li et al., 2015a; Zhai et al., 2016). 

The amphibolites have a range of Mg
# 

[=Mg/(Mg + FeT)] values of 56 to 62, which can 

be attributed to variable fractional crystallization because crustal contamination and magma 

mixing have been precluded. The negative correlations between Mg
#
 and Fe2O3t (Fig. 10b) 

and V (Fig. 10d) suggest a separation of Fe–Ti oxides in the late stages of magma 

crystallization. The scattered contents of TiO2 (Fig. 10c), which seem to be inconsistent with 

this separation, may be interpreted as a result of metamorphism and alteration effects (Fig. 

7g). A positive correlation is identified between Zr and Mg
# 

(Fig. 10e); this is consistent with 
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zircon crystallization and further corroborates the conclusion that the ca. 822 Ma age 

recognized in this contribution can represent the crystallization ages of the protoliths of the 

amphibolites. It is noteworthy that the samples fail to show positive correlative relationships 

in the CaO vs. Mg
# 

(Fig. 10a) and Ni vs. Mg
# 

(Fig. 10f) diagrams, indicative of insignificant 

fractionation of olivine and clinopyroxene. 

5.1.3. Granitic gneisses 

Chappell and White (1974, 1992) first suggested the S–I classification for granitoids, and 

this was subsequently developed further into the “alphabet classification” of S-, I-, M-, and 

A-type granites (Bonin, 2007). Although the granitic gneisses have low K2O contents 

(0.02–1.77 wt.%), we rule out the possibility of M-type because their Th contents are much 

higher than those of the plagiogranites in the Troodos ophiolite (Freund et al., 2014) (Fig. 5b) 

which are commonly considered as typical M-type granitoids. Although their Ga/Al × 10,000 

ratios were probably reduced during the metamorphism and alteration processes, these ratios 

are still higher than those of S- and I-types granitoids but are comparable with those of 

typical A-type granitoids (Fig. 8c and d). This affinity to A-type granitoids is further 

supported by their high HFSE contents (Zr + Nb + Ce + Y = 284–481 ppm; Zr = 143–283 

ppm) which distinguish them from S- and I-types granitoids (Fig. 8c and d) (Eby, 1990; 

Whalen et al., 1987). 

A-type granitoids may represent differentiation products of mantle-derived magmas 

through extensive fractional crystallization (Eby, 1990; Turner et al., 1992; Han et al., 1997; 

Anderson et al., 2003; Zhong et al., 2007). They could also be produced by partial melting of 

crustal materials (Whalen et al., 1987; Patino Douce, 1997; Martin, 2006). The direct product 

of differentiation of mantle-derived magmas would have similar δ
18

O values to those of 

mantle-derived zircons (e.g., Li et al., 2015a; Hu et al., 2017), which is different to what is 
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actually observed (Fig. 4). Another possibility is product of differentiation of mantle derived 

magma assimilated by minor crustal components. This possibility seems to be reasonable 

because their Nd–Hf isotopic data are slightly less radiogenic than those of the amphibolites. 

We argue against this possibility as well because of the lack of crustal contamination trend 

between the amphibolites and granitic gneisses in the Nb/Th vs. Nb/La diagram (Fig. 9a). 

Therefore, partial melting of crustal materials is the most likely origin for the protoliths of the 

granitic gneisses. 

The granitic gneisses have positive whole-rock εNd(t) (+3.5) and zircon εHf(t) (+4.7 to 

+6.9) values. Their zircon Hf crustal model ages (T
C

DM) range from 1267 to 1403 Ma (Table 

2) and a similar crustal model age is obtained by whole-rock Nd isotopic analysis (T
C

DM = 

1144 Ma; Table 3). These data indicate a relatively juvenile Mesoproterozoic crustal source 

for their protoliths. Similar crustal source was also indicated by the isotopic data of the 

Mesozoic magmatic rocks in the North Lhasa terrane (Zhu et al., 2011b). As discussed above, 

Al2O3 (Fig. 7a), CaO (Fig. 7d), Na2O (Fig. 7b), Rb (Fig. 7e), Sr (Fig. 7f), and Fe2O3t (Fig. 7p) 

contents of the granitic gneisses were modified in the alteration and metamorphism processes, 

so it is hard to constrain the crystal fractionation of minerals after the partial melting 

processes. 

5.2. Tectonic setting 

As discussed above, the protoliths of the amphibolites were probably derived from a 

depleted mantle source which was affected by subduction components. These amphibolites 

are tholeiitic and exhibited both MORB- (e.g., flat HFSE and REE pattern) and arc-like (e.g., 

elevated Th/Yb ratios) geochemical affinities. These geochemical features suggest an affinity 

to both MORB- and arc-like components. 

Mafic rocks with both MORB- and arc-like geochemical affinities were generally related 
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to fore-arc or back-arc basin settings (e.g., Hawkins, 1995; Shinjo et al., 1999; Sandemanet 

al., 2006; Teklay, 2006; Zhang et al., 2013b). A fore-arc basin setting might not be suitable 

because there is no other evidence to support that a fore-arc basin existed in the North Lhasa 

terrane in this time (e.g., Hawkins, 1995; Gribble et al., 1998; Shuto et al., 2006; Rolland et 

al., 2009). It is commonly believed that magmatic rocks produced in a fore-arc setting are 

characterized by large compositional variations from boninitic to andesitic–felsic components 

(e.g., Gribble et al., 1998; Polat et al., 2002; Stern et al., 2003). However, the amphibolites in 

this contribution have uniform major oxides compositions and the coeval granitoids in the 

Amdo (Zhang et al., 2012b; Xie et al., 2014) and Ren Co (this study) areas are geochemically 

distinct to boninitic rocks. Basaltic rocks with both MORB- and arc-like geochemical 

features have been widely recognized in back-arc basins in the Okinawa Trough (Shinjo et al., 

1999), Mariana arc (Monnier et al., 1995), and Tibetan Plateau (Chen et al., 2015; Zhai et al., 

2016). Note that the amphibolites are geochemically similar to the coeval back-arc 

MORB-like rocks in the Madagascar (ca. 850–700 Ma; Jöns and Schenk, 2008) and Tarim 

(ca. 822 Ma; Liao et al., 2018) (Fig. 6a and b), and they display similar Zr/Y, Th/Nb, and 

Nb/Yb ratios to those of typical back-arc basin basalts (Fig. 8a and b). A back-arc setting is 

also a good explanation for the coexistence of Cryogenian Andean- (ca. 822–799 Ma; Zhang 

et al., 2012b) and A-type (ca. 842–820 Ma; Xie et al., 2014) granidoids in the Amdo area of 

the northeastern North Lhasa terrane. 

Eby (1992) identified two sub-groups of A-type granitoids and suggested that they may 

have different origins. The A1-type granitoids represent differentiates of magmas derived 

from OIB-like sources and emplace in continental rifts or during intraplate magmatism, 

whereas the A2-type granitoids are derived from melting of continental crust or underplated 

mafic crust that has been through a cycle of continent–continent collision or island-arc 
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magmatism (Eby, 1992). Generally, A1- and A2-type granitoids can be distinguished by Y/Nb 

and Yb/Ta ratios (Eby, 1992). Unfortunately, the Y/Nb (Fig. 7t) and Yb/Ta (Fig. 7u) ratios of 

the granitic gneisses of this study were modified by metamorphism and alteration. Even so, 

these granitic gneisses were interpreted to be A2-type granitoids because they were most 

likely produced by partial melting of relatively juvenile Mesoproterozoic materials as 

discussed above. In the past few decades, numerous A2-type granitoids were recognized from 

back-arc setting (e.g., Hu et al., 2016b; Liu et al., 2018; Wang et al., 2018). 

5.3. Precambrian origin of the North Lhasa terrane 

 Cryogenian magmatic rocks are widespread in several continental fragments of the 

Rodinia supercontinent, including Australia (e.g., Zhao et al., 1994), Laurentia (e.g., Heaman 

et al., 1992; Milton et al., 2017; Cox et al., 2018), South China (e.g., Li et al., 2002a, 2002b; 

Zhou et al., 2006; Huang et al., 2008), India (e.g., Torsvik et al., 2001; Singh et al., 2006; 

Wang et al., 2018), and Tarim (e.g., Wu et al., 2018; Liao et al., 2018). The correlations 

between these rocks and the coeval magmatic rocks in the North Lhasa terrane give us an 

opportunity to explore its Precambrian origin. 

 Most of the Cryogenian magmatic rocks of the interior of the Rodinia supercontinent 

have been attributed to mantle plumes or a mantle superplume that caused the rifting and 

fragmentation of the supercontinent (e.g., Heaman et al., 1992; Zhao et al., 1994; Park et al., 

1995; Li et al., 1999, 2002a, 2002b, 2008; Frimmel et al., 2001; Shellnutt et al., 2004; 

Maruyama et al., 2007; Wang et al., 2009). These rift-related magmatic rocks are represented 

by the Gunbarrel magmatic event (ca. 780 Ma; Sandeman et al., 2014; Milton et al., 2017), 

the Franklin Large Igneous Province (ca. 720 Ma; Heaman et al., 1992; Cox et al., 2018), and 

the Gairdner dyke swarm (ca. 827 Ma; Zhao et al., 1994) (Fig. 8). These rocks are mainly 

basaltic rocks and characterized by an enriched magma source (e.g., enriched patterns of light 
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REE; Fig. 6a) and variably crustal contamination (Zhao et al., 1994; Milton et al., 2017; Cox 

et al., 2018). The amphibolites of this study have an N-MORB-type mantle source, arguing 

against a central paleogeographic location in the Rodinia supercontinent. 

 The breakup of Rodinia supercontinent was associated with the oceanic subduction 

around its periphery (Li et al., 1999, 2008; Cawood et al., 2016). As a result of these 

processes, an active Andean-type orogeny was recognized on the northwestern edge of the 

Rodinia supercontinent (e.g., Torsvik et al., 1996; Tucker et al., 2001; Meert and Torsvik, 

2003; Gregory et al., 2009; Bybee et al., 2010). Cryogenian Andean-type magmatic rocks 

were identified in western India (ca. 769–762 Ma; Torsvik et al., 2001; Singh et al., 2006; 

Wang et al., 2018), Seychelles (ca. 809–748 Ma; Tucker et al., 2001; Ashwal et al., 2002), 

Madagascar (ca. 850–700 Ma; Jöns and Schenk, 2008; Thomas et al., 2009; Archibald et al., 

2016), and Tarim (ca. 850 Ma; Wu et al., 2018). Although the widespread Neoproterozoic 

bimodal magmatism in the South China terrane has been commonly correlated to a 

continental rift environment in response to the break-up of the Rodinia supercontinent (e.g., 

Li et al., 2008), Cryogenian arc-related magmatism was also recognized in this terrane (e.g., 

Zhou et al., 2002, 2006; Du et al., 2014). It is noteworthy that several back-arc basins opened 

at ca. 800 Ma as a result of the rollback of oceanic slab. Typical back-arc basaltic rocks 

occurred in the Madagascar (ca. 850–700 Ma; Jöns and Schenk, 2008) and Tarim (ca. 822 Ma; 

Liao et al., 2018), and they are geochemically similar to the amphibolites of this study (Fig. 6 

and 8). Under the back-arc extensional tectonic background, numerous A2-type grantoids 

were generated in the Madagascar (ca. 790–780 Ma; Nédélec et al., 1995, 2016), South China 

(ca. 803–767 Ma; Li et al., 2002b; Huang et al., 2008), and Malani (western India; ca. 

790–762 Ma; Wang et al., 2018). These grantoids are geochemically comparable with the 

coeval granitic gneisses of this study (Fig. 6 and 8). 
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 Based on the points discussed above, we suggest that the North Lhasa terrane was 

probably located at the northwestern edge of the Rodinia supercontinent and closed to the 

Madagascar, Seychelles, and western India (Fig. 11). This paleogeographic location is further 

supported by the Cryogenian high-pressure metamorphism and arc magmatism in the North 

Lhasa terrane. Zhang et al. (2012b) report the discovery of ca. 650 Ma eclogite-facies 

metamorphism which is comparable with the coeval high-pressure metamorphism in the 

Madagascar (ca. 647–565 Ma; Jöns and Schenk, 2008). Cryogenian island-arc calc-alkaline 

basaltic rocks (ca. 742 Ma) were established in the Yongzhu area of the North Lhasa terrane 

(Zhang et al., 2013a) and have an age equivalent to the arc-related rocks in the Madagascar 

(ca. 850–700 Ma; Jöns and Schenk, 2008) and Seychelles (ca. 800–700 Ma; Ashwal et al., 

2002). Moreover, this paleogeographic location is also consisted with the recently proposed 

hypothesis that the North Lhasa terrane was located in the transitional area between the 

Arabian and Indian continents in the Gondwana supercontinent (Zhang et al., 2012b; Hu et al., 

2018). 

5.4. Crustal components of the North Lhasa terrane 

Our results also have some implications for recognizing the crustal components of the 

North Lhasa terrane. Surface wave tomography records an increase in lithospheric thickness 

beneath north of ~30°N in the North Lhasa terrane where lithospheric structure similar to that 

of Archaean and Proterozoic cratons is inferred to exist (McKenzie and Priestley, 2008), but 

the nature of crystalline basement beneath the entire terrane remains unknown because 

seismic tomography provides no age information. Zhu et al. (2011b) discussed the crustal 

growth of the North Lhasa terrane in detail based on abundant zircon Hf isotopic data of 

Mesozoic magmatic rocks, and suggested that this terrane had Archaean and Paleoproterozoic 

basement rocks because of the presence of inherited zircons of Archean age (up to ca. 2877 
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Ma with a crustal model age as old as 3.85 Ga) and the very large negative εHf(t) values of 

zircons representing the timing of the host rock emplacement (up to −22.0 with 

Paleoproterozoic to Archean crustal model ages). In this contribution, we established early 

Cryogenian metamorphic magmatic rocks in the Ren Co area of the central North Lhasa 

terrane. Previous studies recognized Neoproterozoic magmatic rocks in the Ren Co (ca. 

925–787 Ma; Zhang et al., 2012a; Dong et al., 2011b; Hu et al., 2005, 2016a), Yongzhu (ca. 

758–666 Ma; Zhang et al., 2013a), and Amdo (ca. 920–799 Ma; Guynn et al., 2012, 2013; 

Zhang et al., 2012b; Xie et al., 2014) areas of this terrane. These findings suggest that 

Neoproterozoic crust may compose a more significant component in the crystalline basement 

of the North Lhasa terrane than hitherto recognized. 

 

6. Conclusions 

(1) Zircon U–Pb chronology of the amphibolites and granitic gneisses from the North 

Lhasa terrane reveals an early Cryogenian magmatic pulse at ca. 822–806 Ma, suggesting 

that Neoproterozoic crust may compose a more significant component in the crystalline 

basement of this terrane than hitherto recognized. 

(2) The amphibolites are tholeiitic and exhibit both MORB- and arc-like geochemical 

affinities. In combination with high positive zircon εHf(t) (+6.9 to +12.4) and whole-rock εNd(t) 

(+4.4 to +10.4) and low zircon δ
18

O (4.87 to 5.81 ‰) values, their geochemical data indicate 

a depleted mantle source affected by subduction components. The granitic gneisses are 

A2-type granitoids and have relatively lower zircon εHf(t) (+4.7 to +6.9) and whole-rock εNd(t) 

(+3.5) and higher zircon δ
18

O (5.44 to 8.08 ‰) values. Their protoliths were probably 

generated by partial melting of Mesoproterozoic crustal rocks. 

(3) The early Cryogenian magmatism of the North Lhasa terrane was probably formed 
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in a back-arc setting. The North Lhasa terrane was probably located at the northwestern edge 

of the Rodinia supercontinent in the early Cryogenian and closed to the Madagascar, 

Seychelles, and western India. 

 

Acknowledgments 

This study was supported by the National Science Foundation of China (Grant No. 41502216, 

41522204, and 91755103), Ministry of Science and Technology of China 

(2016YFC0600304), the Institute of Geology of the Chinese Academy of Geological 

Sciences (Grant No. J1705 and YYWF201704), and the Geological Survey Project of 

Chinese (Grant No. DD20160123-05 and DD20160345). 

 



  

 

 

 

 

 

23 

 

References 

Anderson, I.C., Frost, C.D., Frost, B.R., 2003. Petrogenesis of the Red Mountain pluton, 

Laramie anorthosite complex, Wyoming: implications for the origin of A-type granite. 

Precambrian Research 124, 243–267. 

Archibald, D.B., Collins, A.S., Foden, J.D., Payne, J.L., Holden, P., Razakamanana, T., 

Waele, B.D., Thomas, R.J., Pitfield, P.E.J., 2016. Genesis of the Tonian 

Imorona–Itsindro magmatic Suite in central Madagascar: Insights from U–Pb, oxygen 

and hafnium isotopes in zircon. Precambrian Research 281, 312–337. 

Ashwal, L.D., Demaiffe, D., Torsvik, T.H., 2002. Petrogenesis of Neoproterozoic granitoids 

and related rocks from the Seychelles: the Case for an Andean-type arc origin. Journal 

of Geology 43, 45–83. 

Black, L.P., Kamo, S.L., Allen, C.M., Davis, D.W., Aleinikoff, J.N., Valley, J.W., Mundil, R., 

Campbell, I.H., Korsch, R.J., Williams, I.S., Foudoulis, C., 2004. Improved 

Pb-206/U-258 microprobe geochronology by the monitoring of a trace element-related 

matrix effect; SHRIMP, ID-TIMS, ELA-ICP-MS and oxygen isotope documentation for 

a series of zircon standards. Chemical Geology 205, 115–140. 

Bonin, B., 2007. A-type granites and related rocks: evolution of a concept, problems and 

prospects. Lithos 97, 1–29. 

Bybee, G.M., Ashwal, L.D., Wilson, A.H., 2010. New evidence for a volcanic arc on the 

western margin of a rifting Rodinia from the ultramafic intrusions in the Andriamena 

region, north-central Madagascar. Earth and Planetary Science Letters 293, 42–53. 

Cao, D.D., Cheng, H., Zhang, L.M., Wang, K., 2017. Post-peak metamorphic evolution of the 

Sumdo eclogite from the Lhasa terrane of southeast Tibet. Journal of Asian Earth 

Sciences 143, 156–170. 



  

 

 

 

 

 

24 

 

Cawood, P.A., Strachan, R.A., Pisarevsky, S.A., Gladkochub, D.P., Murphy, J.B., 2016. 

Linking collisional and accretionary orogens during Rodinia assembly and breakup: 

Implications for models of supercontinent cycles. Earth and Planetary Science Letters 

449, 118–126. 

Chappell, B.W., White, A.J.R., 1974. Two contrasting granite types. Pacific Geology 8, 

173–174. 

Chappell, B.W., White, A.J.R., 1992. I- and S-type granites in the Lachlan Fold Belt. 

Transactions of the Royal Society of Edinburgh: Earth Sciences 83, 1–26. 

Chen, S.Y., Yang, J.S., Li, Y., Xu, X.Z., 2009. Ultramafic Blocks in Sumdo Region, Lhasa 

Block, Eastern Tibet Plateau: An Ophiolite Unit. Journal of Earth Science 20, 332–347. 

Chen, S.S., Shi, R.D., Zou, H.B., Huang, Q.S., Liu, D.L., Gong, X.H., Yi, G.D., Wu, K., 

2015. Late Triassic island-arc–back-arc basin development along the Bangong–Nujiang 

suture zone (central Tibet): Geological, geochemical and chronological evidence from 

volcanic rocks. Lithos 230, 30–45. 

Chen, S.S., Shi, R.D., Fan, W.M., Gong, X.H., Wu, K., 2017. Early Permian mafic dikes in 

the Nagqu area, central Tibet, China, associated with embryonic oceanic crust of the 

Meso-Tethys Ocean. Journal of Geophysical Research: Solid Earth 122, 4172–4190. 

Cheng, H., Zhang, C., Vervoort, J.D., Lu, H.H., Wang, C., Cao, D.D., 2012. Zircon U–Pb and 

garnet Lu–Hf geochronology of eclogites from the Lhasa Block, Tibet. Lithos 155, 

341–359. 

Cheng, H., Liu, Y.M., Vervoort, J.D., Lu, H.H., 2015. Combined U-Pb, Lu-Hf, Sm-Nd and 

Ar-Ar multichronometric dating on the Bailang eclogite constrains the closure timing of 

the Paleo-Tethys Ocean in the Lhasa terrane, Tibet. Gondwana Research 28, 1482–1499. 

Chu, N.C., Taylor, R.N., Chavagnac, V., Nesbitt, R.W., Boella, R.M., Mitton, J.A., German, 



  

 

 

 

 

 

25 

 

C.R., Bayon, G., Burton, K., 2002. Hf isotope ratio analysis using multi-collector 

inductively coupled plasma mass spectrometry: an evaluation of isobaric interference 

corrections. Journal of Analytical Atomic Spectrometry 17, 1567–1574. 

Cox, G.M., Halversonc, G.P., Denyszynd, S., Foden, J., Macdonald, F.A., 2018. Cryogenian 

magmatism along the north-western margin of Laurentia: Plume or rift? Precambrian 

Research, doi: 10.1016/j.precamres.2017.09.025 

D'Orazio, M., Agostini, S., Innocenti, F., Haller, M.J., Manetti, P., Mazzarini, F., 2001. Slab 

window-related magmatism from southernmost South America: the late Miocene mafic 

volcanics from the Estancia Glencross area (∼52°S, Argentina–Chile). Lithos 57, 

67–89. 

Dalziel, I.W.D., 1991. Pacific margins of Laurentia and East Antarctica-Australia as a 

conjugate rift pair: evidence and implications for an Eocambrian supercontinent. 

Geology 19, 598–601. 

Ding, X., Hu, Y.H., Zhang, H., Li, C.Y., Ling, M.X., Sun, W.D., 2013. Major Nb/Ta 

fractionation recorded in garnet amphibolite facies metagabbro. The Journal of Geology 

121, 255–274. 

Dong, X., Zhang, Z.M., Liu, F., Wang, W., Yu, F., Shen, K., 2011a. Zircon U–Pb 

geochronology of the Nyainqentanglha Group from the Lhasa terrane: New constraints 

on the Triassic orogeny of the south Tibet. Journal of Asian Earth Sciences 42, 732–739. 

Dong, X., Zhang, Z.M., Santosh, M., Wang, W., Yu, F., Liu, F., 2011b. Late Neoproterozoic 

thermal events in the northern Lhasa terrane, south Tibet: zircon chronology and 

tectonic implications. Journal of Geodynamics 52, 389–405. 

Du, L.L., Guo, J.H., Nutman, A.P., Wyman, D., Geng, Y.S., Yang, C.H., Liu, F.L., Ren, L.D., 

Zhou, X.W., 2014. Implications for Rodinia reconstructions for the initiation of 



  

 

 

 

 

 

26 

 

Neoproterozoic subduction at ~860 Ma on the western margin of the Yangtze Block: 

Evidence from the Guandaoshan Pluton. Lithos 196–197, 67–82. 

Eby, G.N., 1990. The A-type granitoids: a review of their occurrence and chemical 

characteristics and speculations on their petrogenesis. Lithos 26, 115–134. 

Eby, G.N., 1992. Chemical subdivision of the A-type granitoids: petrogenetic and tectonic 

implications. Geology 20, 641–644. 

Freund, S., Haase, K.M., Keith, M., Beier, C., Garbe-Schönberg, D., 2014. Constraints on the 

formation of geochemically variable plagiogranite intrusions in the Troodos Ophiolite, 

Cyprus. Contributions to Mineralogy and Petrology 167, 978. 

Frimmel, H.E., Zartman, R., Späth, E., 2001. The Richtersveld igneous complex, South 

Africa: U-Pb zircon and geochemical evidence for the beginning of Neoproterozoic 

continental breakup. Journal of Geology 109, 493–508. 

Gregory, L.C., Meert, J.G., Bingen, B., Pnadit, M.K., Torsvik, T.H., 2009. Paleomagnetism 

and geochronology of the Malani Igneous Suite, Northwest India: implications for the 

configuration of Rodinia and the assemblage of Gondwana. Precambrian Research 170, 

13–26. 

Gribble, R.F., Stern, R.J., Newman, S., Bloomer, S.H., O‘Hearn, T., 1998. Chemical and 

isotopic composition of lavas from the Northern Mariana Trough: implications for 

magma genesis in back-arc–arc basins. Journal of Petrology 39, 125–154. 

Guo, K., Zeng, Z.G., Chen, S., Zhang, Y.X., Qi, H.Y., Ma, Y., 2017. The influence of a 

subduction component on magmatism in the Okinawa Trough: Evidence from thorium 

and related trace element ratios. Journal of Asian Earth Sciences 145, 205–216. 

Guynn, J., Kapp, P., Gehrels, G.E., Ding, L., 2012. U–Pb geochronology of basement rocks 

in central Tibet and paleogeographic implications. Journal of Asian Earth Sciences 43, 



  

 

 

 

 

 

27 

 

23–50. 

Guynn, J., Tropper, P., Kapp, P., Gehrels, G.E., 2013. Metamorphism of the Amdo 

metamorphic complex, Tibet: implications for the Jurassic tectonic evolution of the 

Bangongsuture zone. Journal of Metamorphic Geology 31, 705–727. 

Han, B.F., Wang, S.G., Jahn, B.M., Hong, D.W., Kagami, H., Sun, Y.L., 1997. Depleted 

mantle source for the Ulungur River A-type granites from North Xinjiang, China: 

geochemistry and Nd–Sr isotopic evidence, and implications for Phanerozoic crustal 

growth. Chemical Geology 138, 135–159. 

Hart, S.R., Staudigel, H., 1982. The control of alkalies and uranium in seawater by ocean 

crust alteration. Earth and Planetary Science Letters 58(2), 202–212. 

Hastie, A.R., Kerr, A.C., Pearce, J.A., Mitchell, S.F., 2007. Classification of altered volcanic 

island arc rocks using immobile trace elements: development of the Th–Co 

discrimination diagram. Journal of Petrology 48, 2341–2357. 

Hawkins, J.W., 1995. The geology of the Lau Basin. In: Taylor, B. (Ed.), Back-arc Basins: 

Tectonics and Magmatism. Plenum Press, New York, pp. 63–138. 

Heaman, L.M., LeCheminant, A.N., Rainbird, R.H., 1992. Nature and timing of Franklin 

igneous events, Canada: Implications for a Late Proterozoic mantle plume and the 

break-up of Laurentia. Earth and Planetary Science Letters, 109, 117–131. 

Hoskin, P.W.O., Schaltegger, U., 2003. The composition of zircon and igneous and 

metamorphic petrogenesis. Reviews of Mineralogy and Geochemistry 53, 27–62. 

Hou, K.J., Li, Y.H., Tian, Y.R., 2009. In situ U-Pb zircon dating using laser ablation-multi 

ion counting-ICP-MS. Mineral Deposits 28, 481–492 (in Chinese with English 

Abstract). 

Hu, D.G., Wu, Z.H., Jiang, W., Shi, Y.R., Ye, P.S., Liu, Y.S., 2005. SHRIMP zircon U-Pb 



  

 

 

 

 

 

28 

 

age and Nd isotopic study on the Nyainqêntanglha Group in Tibet. Science China Earth 

Sciences 48, 1377–1386. 

Hu, P.Y., Zhai, Q.G., Jahn, B.M., Wang, J., Li, C., Lee, H.Y., Tang, S.H., 2015. Early 

Ordovician granites from the South Qiangtang terrane, northern Tibet: Implications for 

the early Paleozoic tectonic evolution along the Gondwanan proto-Tethyan margin. 

Lithos 220–223, 318–338. 

Hu, P.Y., Zhai, Q.G., Tang, Y., Wang, J., Wang, H.T., 2016a. Early Neoproterozoic 

meta-gabbro (~925 Ma) from the Lhasa terrane, Tibetan Plateau and its geological 

significance. Chinese Science Bulletin 61, 2176–2186 (in Chinese with English 

abstract). 

Hu, P.Y., Li, C., Wu, Y.W., Xie, C.M., Wang, M., Li, J., 2016b. A back-arc extensional 

environment of the early Carboniferous Paleo-Tethys ocean in Tibetan 

Plateau——evidences from A-type granites. Acta Petrologica Sinica 32, 1219–1231 (in 

Chinese with English abstract). 

Hu, P.Y., Zhai, Q.G., Wang, J., Tang, Y., Ren, G.M., 2017. The Shimian ophiolite in the 

western Yangtze Block, SW China: Zircon SHRIMP U-Pb ages, geochemical and Hf-O 

isotopic characteristics, and tectonic implications. Precambrian Research 298, 107–122. 

Hu, P.Y., Zhai, Q.G., Wang, J., Tang, Y., Wang, H.T., Hou, K.J., 2018. Ediacaran 

magmatism in the North Lhasa terrane, Tibet and its tectonic implications. Precambrian 

Research 307, 137–154. 

Huang, X.L., Xu, Y.G., Li, X.H., Li, W.X., Lan, J.B., Zhang, H.H., Liu, Y.S., Wang, Y.B., Li, 

H.Y., Luo, Z.Y., Yang, Q.J., 2008. Petrogenesis and tectonic implications of 

Neoproterozoic, highly fractionated A-type granites from Mianning, South China. 

Precambrian Research 165, 190–204. 



  

 

 

 

 

 

29 

 

Iizuka, T., Hirata, T., 2005. Improvements of precision and accuracy in situ Hf isotope 

microanalysis of zircon using the laser ablation-MC-ICPMS technique. Chemical 

Geology 220, 121–137. 

Ickert, R.B., Hiess, J., Williams, I.S., Holden, P., Ireland, T.R., Lanc, P., Schram, N., Foster, 

J.J., Clement, S.W., 2008. Determining high precision, in situ, oxygen isotope ratios 

with a SHRIMP II: Analyses of MPI-DING silicate-glass reference materials and zircon 

from contrasting granites. Chemical Geology 257, 114–128. 

Jackson, S.E., Pearson, N.J., Griffin, W.L., Belousova, E.A., 2004. The application of laser 

ablation-inductively coupled plasma-mass spectrometry to in situ U-Pb zircon 

geochronology. Chemical Geology 211, 47–69. 

Jöns, N., Schenk, V., 2008. Relics of the Mozambique Ocean in the central East African 

Orogen: evidence from the Vohibory Block of southern Madagascar. Journal of 

Metamorphic Geology 26, 17–28. 

Jochum, K.P., Arndt, N.T., Hofmann, A.W., 1991. Nb-Th-La in komatiites and basalts: 

constraints on komatiite petrogenesis and mantle evolution. Earth and Planetary Science 

Letters 107, 272–289. 

Kepezhinskas, P., McDermott, F., Defant, M.J., Hochstaedter, A., Drummond, M.S., 

Hawkesworth, C.J., Koloskov, A., Maury, R.C., Bellon, H., 1997. Trace element and 

Sr-Nd-Pb isotopic constraints on a three-component model of Kamchatka Arc 

petrogenesis. Geochimica et Cosmochimica Acta 61, 577–600. 

Lahaye, Y., Arndt, N., 1996. Alteration of a komatiite flow from Alexo, Ontario, Canada. 

Journal of Petrology 37, 1261–1284. 

Li, Z.X., Zhang, L., Powell, C.M., 1995. South China in Rodinia: part of the missing link 

between Australia-East Antarctica and Laurentia? Geology 23, 407–410. 



  

 

 

 

 

 

30 

 

Li, Z.X., Li, X.H., Kinny, P.D., Wang, J., 1999. The breakup of Rodinia: did it start with a 

mantle plume beneath South China? Earth and Planetary Science Letters 173, 171–181. 

Li, X.H., Li, Z.X., Ge, W.C., Zhou, H.W., Li, W.X., Liu, Y., Wingate, M.T.D., 2002a. 

Neoproterozoic granitoids in South China: crustal melting above a mantle plume at ca. 

825 Ma? Precambrian Research 122, 45–83. 

Li, X.H., Li, Z.X., Zhou, H.W., Liu, Y., Kinny, P.D., 2002b. U–Pb zircon geochronology, 

geochemistry and Nd isotopic study of Neoproterozoic bimodal volcanic rocks in the 

Kangdian Rift of South China: implications for the initial rifting of Rodinia. 

Precambrian Research 113, 135–154. 

Li, X.H., Li, Z.X., Sinclair, J.A., Li, W.X., Garter, G., 2006. Revisiting the “Yanbian 

Terrane”: Implications for Neoproterozoic tectonic evolution of the western Yangtze 

Block, South China. Precambrian Research 151, 14–30. 

Li, Z.X., Bogdanova, S.V., Collins, A.S., Davidson, A., Waele, B.D., Ernst, R.E., Fitzsimons, 

I.C. W., Fuck, R.A., Gladkochub, D.P., Jacobs, J., Karlstrom, K.E., Lu, S., Natapov, 

L.M., Pease, V., Pisarevsky, S.A., Thrane, K., Vernikovsky, V., 2008. Assembly, 

configuration, and break-up history of Rodinia: a synthesis. Precambrian Research 160, 

179–210. 

Li, S., 2013. A brief description of service test techniques in National Research Center for 

Geoanalysis. Chinese Journal of Spectroscopy 30, 2508–2511 (in Chinese with English 

abstract). 

Li, X.H., Faure, M., Rossi, P., Lin, W., Lahondère, D., 2015a. Age of Alpine Corsica 

ophiolites revisited: Insights from in situ zircon U–Pb age and O–Hf isotopes. Lithos 

220–223, 179–190. 

Li, C.S., Arndt, N.T., Tang, Q.Y., Ripley, E.M., 2015b. Trace element in discrimination 



  

 

 

 

 

 

31 

 

diagrams. Lithos 232, 76–83. 

Liao, F.X., Wang, Q.Y., Chen, N.S., Santosh, M., Xu, Y.X., Mustafa, H.A., 2018. 

Geochemistry and geochronology of the ∼0.82 Ga high–Mg gabbroic dykes from the 

Quanji Massif, southeast Tarim Block, NW China: Implications for the Rodinia 

supercontinent assembly. Journal of Asian Earth Sciences 157, 3–21. 

Liu Y.S., Gao S., Hu Z.C., Gao C.G., Zong K.Q. and Wang D.B., 2010. Continental and 

oceanic crust recycling-induced melt-peridotite interactions in the Trans-North China 

Orogen: U-Pb dating, Hf isotopes and trace elements in zircons from mantle xenoliths. 

Journal of Petrology 51, 537–571. 

Liu, J.H., Xie, C.M., Li, C., Wang, M., Wu, H., Li, X.K., Liu, Y.M., Zhang, T.Y., 2018. 

Early Carboniferous adakite-like and I-type granites in central Qiangtang, northern Tibet: 

Implications for intra-oceanic subduction and back-arc basin formation within the 

Paleo-Tethys Ocean. Lithos 296–299, 265–280. 

Ludwig, K.J., 2003. ISOPLOT 3.0. Berkeley Geochronology Center Special, Publication No. 

4, p. 70. 

Luo, D.H., Wu, S.Q., Wu, X.J., Gan, L., Zheng, Y.J., Wen, H.L., Han, H.M., Lv, C.F., 2011. 

Laboratory Information Management System in National Research Center for 

Geoanalysis. Rock and Mineral analysis 30, 110–115 (in Chinese with English abstract). 

Martin, R.F., 2006. A-type granites of crustal origin ultimately result form open system 

fenitization-type reactions in an extensional environment. Lithos 91, 125–136. 

Maruyama, S., Santosh, M., Zhao, D., 2007. Superplume, supercontinent, and post perovskite: 

mantle dynamics and anti-plate tectonics on the core–mantle boundary. Gondwana 

Research 11, 7–37. 

McKenzie, D., Priestley, K., 2008. The influence of lithospheric thickness variation on 



  

 

 

 

 

 

32 

 

continental evolution. Lithos 102, 1–11. 

Meert, J.G., Torsvik, T.H., 2003. The making and unmaking of a supercontinent: Rodinia 

revisited. Tectonophysics 375, 261–288. 

Milton, J.E., Hickey, K.A., Gleeson, S.A., Friedman, R.M., 2017. New U-Pb constraints on 

the age of the Little Dal Basalts and Gunbarrel-related volcanism in Rodinia. 

Precambrian Research 296, 168–180. 

Miyashiro, A., 1974. Volcanic rock series in island arc and active continental margins. 

American Journal of Science 274, 321–355. 

Monnier, C., Girardeau, J., Maury, R.C., Cotten, J., 1995. Back-arc basin origin for the East 

Sulawesi ophiolite (eastern Indonesia). Geology 23, 851–854. 

Nédélec, A., Stephens, W.E., Fallick, A.E., 1995. The Panafrican stratoid granites of 

Madagascar: alkaline magmatism in a post-collisional extensional setting. Journal of 

Petrology 36, 1367–1391. 

Nédélec, A., Paquette, J.L., Antonio, P., Paris, G., Bouchez, J.L., 2016. A-type stratoid 

granites of Madagascar revisited: Age, source and links with the breakup of Rodinia. 

Precambrian Research 280, 231–248. 

Park, J.K., Buchan, K.L., Harlan, S.S., 1995. A proposed giant radiating dyke swarm 

fragmented by the separation of Laurentia and Australia based on paleomagnetism of ca. 

780 Ma mafic intrusions in western North America. Earth and Planetary Science Letters 

132, 129–139. 

Patino Douce, A.E.P., 1997. Generation of metaluminous A-type granites by low-pressure 

melting of calc-alkaline granitoids. Geology 25, 743–746. 

Pearce, J.A., Norry, M.J., 1979. Petrogenetic implications of Ti, Zr, Y, and Nb variations in 

volcanic-rocks. Contributions to Mineralogy and Petrology 69(1), 33–47. 



  

 

 

 

 

 

33 

 

Pearce, J.A., Peate, D.W., 1995. Tectonic implications of the composition of volcanic ARC 

magmas. Annual Review of Earth and Planetary Sciences 23, 251–285. 

Pearce, J.A., Stern, R.J., 2006. Origin of back-arc basin magmas: trace element and isotope 

perspectives. Back-Arc Spreading Systems: Geological, Biological, Chemical, and 

Physical Interactions, pp. 63–86. 

Peng, P., Bleeker, W., Ernst, R.E., Söderlund, U., McNicoll, V., 2011. U–Pb baddeleyite ages, 

distribution and geochemistry of 925 Ma mafic dykes and 900 Ma sills in the North 

China craton: Evidence for a Neoproterozoic mantle plume. Lithos 127, 210–221. 

Polat, A., Hofmann, A.W., Rosing, M.T., 2002. Boninite-like volcanic rocks in the 3.7–3.8 

Ga Isua greenstone belt, West Greenland: geochemical evidence for intra-oceanic 

subduction zone processes in the early Earth. Chemical Geology 184, 231–254. 

Robinson, J.A.C., Wood, B.J., 1998. The depth of the spinel to garnet transition at the 

peridotite solidus. Earth and Planetary Science Letters 164, 277–284. 

Rogers, J.J.W., Santosh, M., 2003. Supercontinents in Earth history. Gondwana Research 6, 

357–368. 

Rolland, Y., Galoyan, G., Bosch, D., Sosson, M., Corsini, M., Fornari, M., Verati, C., 2009. 

Jurassic back-arc and Cretaceous hot-spot series In the Armenian ophiolites: 

implications for the obduction process. Lithos 112, 163–187. 

Sandeman, H.A., Hanmer, S., Tella, S., Armitage, A.A., Davis, W.J., Ryand, J.J., 2006. 

Petrogenesis of Neoarchaean volcanic rocks of the MacQuoid supracrustal belt: a 

back-arc setting for the northwestern Hearne subdomain, western Churchill Province, 

Canada. Precambrian Research 144(1–2), 126–139. 

Sandeman, H.A., Ootes, L., Cousens, B., Kilian, T., 2014. Petrogenesis of Gunbarrel 

magmatic rocks: Homogeneous continental tholeiites associated with extension and 



  

 

 

 

 

 

34 

 

rifting of Neoproterozoic Laurentia. Precambrian Research 252, 166–179. 

Schmidt, K., Bau, M., Hein, J.R., Koschinsky, A., 2014. Fractionation of the geochemical 

twins Zr–Hf and Nb–Ta during scavenging from seawater by hydrogenetic 

ferromanganese crusts. Geochimica et Cosmochimica Acta 140, 468–487. 

Shellnutt, J.G., Dostal, J., Keppie, J.D., 2004. Petrogenesis of the 723 Ma Coronation sills, 

Amundsen basin, Arctic Canada: implications for the breakup of Rodinia. Precambrian 

Research 129, 309–324. 

Shinjo, R., Chung, S.L., Kato, Y., Kimura, M., 1999. Geochemical and Sr–Nd isotopic 

characteristics of volcanic rocks from the Okinwa Trough and Ryukyu Arc: implications 

for the evolution of a young, intracontinental back arc basin. Journal Geophysical 

Research 104(B5), 10591–10608. 

Shuto, K., Ishimoto, H., Hirahara, Y., Sato, M., Matsui, K., Fujibayashi, N., Takazawa, E., 

Yabuki, K., Sekine, M., Kato, M., Rezanov, A.I., 2006. Geochemical secular variation 

of magma source during Early to Middle Miocene time in the Niigata area, NE Japan: 

asthenosphere mantle upwelling during back-arc basin opening. Lithos 86, 1–33. 

Singh, A.K., Singh, R.K.B., Vallinayagam, G., 2006. Anorogenic acid volcanic rocks in the 

Kundal area of the Malani igneous suite, northwestern India: geochemical and 

petrogenetic studies. Journal of Asian Earth Sciences 27, 544–557. 

Stern, R., Fouch, M.J., Klemperer, S.L., 2003. An overview of the Izu–Bonin–Mariana 

subduction factory. In: Eiler (Ed.), Inside the Subduction Factory. AGU Geophysical 

Monograph 138, pp. 175–222. 

Sun, S.S., McDonough, W.F., 1989. Chemical and isotopic systematics of oceanic basalts: 

implications for mantle composition and processes. Geological Society of London 

Special Publications 42, 313–345. 



  

 

 

 

 

 

35 

 

Teklay, M., 2006. Neoproterozoic arc–back-arc system analog to modern arc–back-arc 

systems: evidence from tholeiite–boninite association, serpentinite mudflows and 

across-arc geochemical trends in Eritrea, southern Arabian–Nubian shield. Precambrian 

Research 145(5), 81–92. 

Thomas, R.J., Waele, B.D., Schofield, D.I., Goodenough, K.M., Horstwood, M., Tucker, R., 

Bauer, W., Annells, R., Howard, K., Walsh, G., Rabarimanana, M., Rafahatelo, G.M., 

Ralison, A.V., Randriamananjara, T., 2009. Geological evolution of the Neoproterozoic 

Bemarivo Belt, northern Madagascar. Precambrian Research 172, 279–300. 

Torsvik, T.H., Smethurst, M.A., Meert, J.G., Van der Voo, R., McKerrow, W.S., Brasier, 

M.D., Sturt, B.A., Walderhaug, H.J., 1996. Continental break-up and collision in the 

Neoproterozoic and Palaeozoic—a tale of Baltica and Laurentia. Earth-Science Review 

40, 229–258. 

Torsvik, T.H., Carter, L.M., Ashwal, L.D., Bhushan, S.K., Pandit, M.K., Jamtveit, B., 2001. 

Rodinia refined or obscured: palaeomagnetism of the Malani igneous suite (NW India). 

Precambrian Research 108, 319–333. 

Tucker, R.D., Ashwal, L.D., Torsvik, T.H., 2001. U-Pb geochronology of Seychelles 

granitoids: a Neoproterozoic continental arc fragment. Earth and Planetary Science 

Letters 187, 27–38. 

Turner, S.P., Foden, J.D., Morrison, R.S., 1992. Derivation of some A-type magmas by 

fractionation of basaltic magma: an example from the Padthway Ridge, South Australia. 

Lithos 28, 151–179. 

Valley, J.W., Kinny, P.D., Schulze, D.J., Spicuzza, M.J., 1998. Zircon megacrysts from 

kimberlite: oxygen isotope variability among mantle melts. Contributions to Mineralogy 

and Petrology 133, 1–11. 



  

 

 

 

 

 

36 

 

Verma, S.P., 1981. Seawater alteration effects on 
87

Sr
86

Sr, K, Rb, Cs, Ba and Sr in oceanic 

igneous rocks. Chemical Geology 34(1–2), 81–89. 

Wang, Y.M., Gao, Y.S., Han, H.M., Wang, X.H., 2003. Practical Handbook of Reference 

Materials for Geoanalysis. Geological Publishing House (in Chinese). 

Wang, X.C., Li, X.H., Li, W.X., Li, Z.X., 2009. Variable involvements of mantle plumes in 

the genes of mid-Neoproterozoic basaltic rocks in South China: a review. Gondwana 

Research 15, 381–395. 

Wang, W., Pandit, M.K., Zhao, J.H., Chen, W.T., Zheng, J.P., 2018. Slab break-off triggered 

lithosphere–asthenosphere interaction at a convergent margin: The Neoproterozoic 

bimodal magmatism in NW India. Lithos 296–299, 281–296. 

Whalen, J.B., Currie, K.L., Chappell, B.W., 1987. A-type granites: geochemical 

characteristics, discrimination and petrogenesis. Contributions to Mineralogy and 

Petrology 95, 407–419. 

Winchester, J.A., Floyd, P.A., 1977. Geochemical discrimination of different magma series 

and their differentiation products using immobile elements. Chemical Geology 20, 

325–343. 

Wu, F.Y., Yang, Y.H., Xie, L.W., Yang, J.H., Ping, C., 2006. Hf isotopic compositions of the 

standard zircons and baddeleyites used in U-Pb geochronology. Chemical Geology 234, 

105–126. 

Wu, X.Y., Wang, Q., Zhu, D.C., Zhao, Z.D., Chen, Y., Jia, L.L., Zheng, J.P., Mo, X.X., 2013. 

Origin of the Early Carboniferous granitoids in the southern margin of the Lhasa 

Terrane and its implication for the opening of the Songdo Tethyan Ocean. Acta 

Petrologica Sinica 29(11), 3716–3730 (in Chinese with English abstract). 

Wu, G.H., Xiao, Y., Bonin, B., Ma, D.B., Li, X., Zhu, G.Y., 2018. Ca. 850 Ma magmatic 



  

 

 

 

 

 

37 

 

events in the Tarim Craton: age, geochemistry and implications for assembly of Rodinia 

supercontinent. Precambrian Research, 305, 489–503. 

Xie, L.W., Zhang, Y.B., Zhang, H.H., Sun, J.F., Wu, F.Y., 2008. In situ simultaneous 

determination of trace elements, U-Pb and Lu-Hf isotopes in zircon and baddeleyite. 

Chinese Science Bulletin 53, 1565–1573. 

Xie, C.M., Li, C., Wang, M., Wu, Y.W., Hu, Z.C., 2014. Tectonic affinity of the Nyainrong 

microcontinent: Constraints from zircon U-Pb age and Hf isotopes compositions. 

Geological Bulletin of China 33, 1778–1792 (in Chinese with English abstract). 

Yang, J.S., Xu, Z.Q., Li, Z.L., Xu, X.Z., Li, T.F., Ren, Y.F., Li, H.Q., Chen, S.Y., Robinson, 

P.T., 2009. Discovery of an eclogite belt in the Lhasa block, Tibet: a new border for 

Paleo-Tethys? Journal of Asian Earth Sciences 34, 76–89. 

Yin, A., Harrison, T.M., 2000. Geologic evolution of the Himalayan–Tibetan orogen. Annual 

Review of Earth and Planetary Sciences 28, 211–280. 

Zhai, Q.G., Jahn, B.M., Wang, J., Su, L., Mo, X.X., Wang, K.L., Tang, S.H., Lee, H.Y., 2013. 

The Carboniferous ophiolite in the middle of the Qiangtang terrane, Northern Tibet: 

SHRIMP U–Pb dating, geochemical and Sr–Nd–Hf isotopic characteristics. Lithos 

168–169, 186–199. 

Zhai, Q.G., Jahn, B.M., Wang, J., Hu, P.Y., Chung, S.L., Lee, H.Y., Tang, S.H., Tang, Y., 

2016. Oldest Paleo-Tethyan ophiolitic mélange in the Tibetan Plateau. GSA Bulletin 

128, 355–373. 

Zhang, Z.M., Dong, X., Liu, F., Lin, Y., Yan, R., He, Z., Santosh, M., 2012a. The making of 

Gondwana: discovery of 650 Ma HP granulites from the North Lhasa, Tibet. 

Precambrian Research 212–213, 107–116. 

Zhang, Z.M., Dong, X., Liu, F., Lin, Y.H., Yan, R., Santosh, M., 2012b. Tectonic Evolution 



  

 

 

 

 

 

38 

 

of the Amdo Terrane, Central Tibet: Petrochemistry and Zircon U-Pb Geochronology. 

The Journal of Geology 120, 431–451. 

Zhang, X.Z., Dong, Y.S., Li, C., Xie, C.M., Yang, H.T., Wang, M., 2013a. Delineation of 

Middle Neoproterozoic ophiolite mélange in the northern Lhasa terrane, South Tibet and 

its significance. Acta Petrologica Sinica 29, 698–722 (in Chinese with English 

Abstract). 

Zhang, Y.Z., Wang, Y.J., Geng, H.Y., Zhang, Y.H., Fan, W.M., Zhong, H., 2013b. Early 

Neoproterozoic (∼850 Ma) back-arc basin in the Central Jiangnan Orogen (Eastern 

South China): Geochronological and petrogenetic constraints from meta-basalts. 

Precambrian Research 251, 325–342. 

Zhang, Z.M., Dong, X., Santosh, M., Zhao, G.C., 2014. Metamorphism and tectonic 

evolution of the Lhasa terrane, Central Tibet. Gondwana Research 25, 170–189. 

Zhao, J.X., McCulloch, M.T., Korsch, R.J., 1994. Characterisation of a plume-related ~800 

Ma magmatic eventand its implications for basin formationin central-southern Australia. 

Earth and Planetary Science Letters 121, 349–367. 

Zhao, G.C., Cawood, P.A., Wilde, S.A., Sun, M., 2002. Review of global 2.1–1.8 Ga orogens: 

implications for a pre-Rodinia supercontinent. Earth-Science Reviews 59, 125–162. 

Zhao, G.C., Sun, M., Wilde, S.A., Li, S.Z., 2004. A Paleo-Mesoproterozoic supercontinent: 

assembly, growth and breakup. Earth-Science Reviews 67, 91–123. 

Zheng, Y.F., 2004. Position of South China in configuration of Neoproterozoic 

supercontinent. Chinese Science Bulletin 49, 751–753. 

Zhong, H., Zhu, W.G., Chu, Z.Y., He, D.F., Song, X.Y., 2007. Shrimp U–Pb zircon 

geochronology, geochemistry, and Nd–Sr isotopic study of contrasting granites in the 

Emeishan large igneous province, SW China. Chemical Geology 236, 112–133. 



  

 

 

 

 

 

39 

 

Zhou, M.F., Yan, D.P., Kennedy, A.K., Li, Y.Q., Ding, J., 2002. SHRIMP U–Pb zircon 

geochronological and geochemical evidence for Neoproterozoic arc-magmatism along 

the western margin of the Yangtze Block, South China. Earth and Planetary Science 

Letters 196, 51–67. 

Zhou, M.F., Ma, Y.X., Yan, D.P., Xia, X.P., Zhao, J.H., Sun, M., 2006. The Yanbian Terrane 

(Southern Sichuan Province, SW China): A Neoproterozoic arc assemblage in the 

western margin of the Yangtze Block. Precambrian Research 144, 19–38. 

Zhu, D.C., Zhao, Z.D., Niu, Y., Dilek, Y., Mo, X.X., 2011a. Lhasa terrane in southern Tibet 

came from Australia. Geology 39, 727–730. 

Zhu, D.C., Zhao, Z.D., Niu, Y.L., Mo, X.X., Chung, S.L., Hou, Z.Q., Wang, L.Q., Wu, F.Y., 

2011b. The Lhasa Terrane: record of a microcontinent and its histories of drift and 

growth. Earth and Planetary Science Letters 301, 241–255. 

 

 



  

 

 

 

 

 

40 

 

Figure captions 

 

Fig. 1. (a) Tectonic framework of the Tibetan Plateau (modified from Zhang et al., 2012a). (b) 

Simplified geologic map of the Ren Co area in the North Lhasa terrane, Tibet. JSSZ = 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: 787 Ma, Hu et al., 2005; 850 Ma, Dong et al., 2011b; 886 and 897 Ma, 

Zhang et al., 2012a; 925 Ma, Hu et al., 2016a. 

 

Fig. 2. Photographs and photomicrographs of the early Cryogenian metamorphic magmatic 

rocks from the North Lhasa terrane, Tibet. Q = quartz; Pl = plagioclase; Hbl = hornblende; Bt 

= biotite; Kfs = K-feldspar. 

 

Fig. 3. Cathodoluminescence (CL) images of representative zircon grains and zircon U–Pb 

concordia diagrams of the early Cryogenian metamorphic magmatic rocks from the North 

Lhasa terrane, Tibet. Solid and dashed circles show the locations of U–Pb dating and Hf–O 

analyses, respectively. The scale bar on the CL images is 100 μm. 

 

Fig. 4. Histograms of zircon εHf(t) and δ
18

O values for the early Cryogenian metamorphic 

magmatic rocks from the North Lhasa terrane, Tibet. The data of mantle-derived zircons are 

after Valley et al. (1998). 

 

Fig. 5. Early Cryogenian metamorphic magmatic rocks from the North Lhasa terrane, Tibet, 

plotted on the (a) Nb/Y vs. Zr/Ti (Winchester and Floyd, 1977), (b) Co vs. Th (Hastie et al., 
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2007), and (c) SiO2 vs. FeOt/MgO (Miyashiro, 1974) diagrams. The data of the 

plagiogranites in the Troodos ophiolite are after Freund et al. (2014). 

 

Fig. 6. Chondrite-normalized REE patterns (a and c) and primitive-mantle-normalized spider 

diagrams (b and d) for the early Cryogenian metamorphic magmatic rocks from the North 

Lhasa terrane, Tibet. Values of chondrite, primitive mantle, N-MORB (normal mid-ocean 

ridge basalt), and E-MORB (enriched mid-ocean ridge basalt) are from Sun and McDonough 

(1989). Data sources: Madagascar MORB-like rocks (Jöns and Schenk, 2008); Franklin 

Large Igneous Province (Cox et al., 2018); Gunbarrel magmatic event (Milton et al., 2017); 

Gairdner dyke swarm (Zhao et al., 1994); Madagascar A-type grantoids (Nédélec et al., 1995, 

2016); Malani A-type grantoids (Wang et al., 2018); South China A-type grantoids (Li et al., 

2002b; Huang et al., 2008); and Tarim gabbroic dykes (Liao et al., 2018). 

 

Fig. 7. Plots of selected major and trace elements and their ratios vs. LOL of the early 

Cryogenian metamorphic magmatic rocks from the North Lhasa terrane, Tibet 

 

Fig. 8. Geochemical data for the early Cryogenian metamorphic magmatic rocks from the 

North Lhasa terrane, Tibet, plotted on the (a) Zr vs. Zr/Y (Pearce and Norry, 1979), (b) 

Nb/Yb vs. Th/Yb (Pearce and Peate, 1995), (c) Ga/Al × 10,000 vs. (Zr + Nb + Ce + Y) (Eby, 

1992), and (d) Ga/Al × 10,000 vs. Zr (Eby, 1992) diagrams. The fields of back-arc basin 

basalts are from Li et al. (2015b). See Fig. 6 for other data sources. OIB = Oceanic island 

basalt. 

 

Fig. 9. Geochemical data for the early Cryogenian metamorphic magmatic rocks from the 
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North Lhasa terrane, Tibet, plotted on the (a) Nb/La vs. Nb/Th (Li et al., 2006), (b) MgO vs. 

εNd(t) (Li et al., 2006), (c) (La/Sm)N vs. (Sm/Yb)N, and (d) Th/Zr vs. Nb/Zr (Wang et al., 

2018) diagrams. N denotes normalized to the chondrite values of Sun and McDonough 

(1989). Batch melting trends for spine lherzolite and garnet lherzolite in the residue solid are 

taken from D'Orazio et al. (2001). Numbers along lines represent the degree of the partial 

melting. The fields for the Kamchatka, Golovin/Belaya, and Valovayam/Tymlat lavas are 

from Kepezhinskas et al. (1997). FC = fractional crystallization; AFC = assimilation and 

fractional crystallization. 

 

Fig. 10. Harker diagrams showing the chemical variation as function of Mg
#
 for the 

amphibolites from the North Lhasa terrane, Tibet. 

 

Fig. 11. Reconstruction of Rodinia supercontinent showing the oceanic subduction system 

along the northwestern margin of Rodinia (modified after Meert and Torsvik, 2003). The 

thick black lines represent rift margins. NL = North Lhasa terrane; TA = Tarim terrane. 
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Table captions 

Table 1  LA–ICP–MS U–Pb and O isotopic data for zircon grains from the early Cryogenian 

metamorphic magmatic rocks from the North Lhasa terrane, Tibet 

 

Table 2  Hf isotopic compositions of zircons from the early Cryogenian metamorphic 

magmatic rocks from the North Lhasa terrane, Tibet 

 

Table 3  Whole-rock Sr-Nd isotopic compositions of the early Cryogenian metamorphic 

magmatic rocks from the North Lhasa terrane, Tibet 

 

Table 4  Whole-rock major (wt.%) and trace element (ppm) data of the early Cryogenian 

metamorphic magmatic rocks from the North Lhasa terrane, Tibet 
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Highlights 

Early Cryogenian magmatic rocks occur in the North Lhasa terrane, Tibet 

 

Their geochemical data suggest a back-arc basin setting 

 

The North Lhasa terrane originated from the northwestern edge of the Rodinia 
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Table 1 LA–ICP–MS U–Pb and O isotopic data for zircon grains from the early Cryogenian metamorphic 

magmatic rocks from the North Lhasa terrane, Tibet 
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514 

0.0

600 

0.1

335 

0.0

022 

87

6 

10

0 

82

4 

2

7 

80

8 

1

3 

6.

91 

0.

14 

15 50 
19

0 

30

8 

0.

62 

0.0

674 

0.0

029 

1.2

423 

0.0

531 

0.1

343 

0.0

018 

85

0 
85 

82

0 

2

4 

81

2 

1

0 

6.

56 

0.

22 

16 64 
33

8 

40

8 

0.

83 

0.0

685 

0.0

019 

1.2

679 

0.0

362 

0.1

335 

0.0

015 

88

3 
53 

83

1 

1

6 

80

8 
8 

6.

28 

0.

10 

17 52 
19

8 

33

8 

0.

59 

0.0

665 

0.0

031 

1.2

252 

0.0

544 

0.1

342 

0.0

018 

83

3 
96 

81

2 

2

5 

81

2 

1

0   

18 60 
26

3 

38

6 

0.

68 

0.0

657 

0.0

019 

1.2

130 

0.0

351 

0.1

342 

0.0

014 

79

8 
56 

80

7 

1

6 

81

2 
8 

  

19 62 
25

9 

41

0 

0.

63 

0.0

682 

0.0

020 

1.2

643 

0.0

386 

0.1

336 

0.0

013 

87

6 
94 

83

0 

1

7 

80

8 
7 

7.

20 

0.

25 

20 34 
13

0 

20

5 

0.

63 

0.0

683 

0.0

081 

1.2

191 

0.1

330 

0.1

344 

0.0

060 

87

6 

24

8 

80

9 

6

1 

81

3 

3

4 

5.

89 

0.

19 

21 48 
17

0 

32

3 

0.

53 

0.0

673 

0.0

026 

1.2

316 

0.0

462 

0.1

334 

0.0

021 

85

6 
80 

81

5 

2

1 

80

7 

1

2 

6.

63 

0.

27 
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Table 2 Hf isotopic compositions of zircons from the early Cryogenian metamorphic magmatic rocks from 

the North Lhasa terrane, Tibet 

Spo

t 

Age 

(Ma) 

176
Yb/

177
Hf 

2σ 
176

Lu/
177

Hf 
2σ 

176
Hf/

177
Hf 


176

Hf/
177

Hfi 

eHf

(0) 

eHf

(t) 

2

σ 

TDM 

(Ma) 

TDM
C 

(Ma) 

fLu

/Hf 

15T

127               

1 833 
0.062

977 

0.00

0880 

0.002

342 

0.00

0027 

0.282

625 

0.00

0020 

0.282

589 

-5.

2 

11

.9 

0

.

7 

921 968 
-0.

93 

2 818 
0.057

387 

0.00

1040 

0.002

110 

0.00

0034 

0.282

491 

0.00

0026 

0.282

458 

-9.

9 

7.

0 

0

.

9 

1110 1270 
-0.

94 

3 822 
0.042

604 

0.00

0429 

0.001

491 

0.00

0013 

0.282

601 

0.00

0020 

0.282

578 

-6.

0 

11

.3 

0

.

7 

934 998 
-0.

96 

4 827 
0.056

935 

0.00

1907 

0.002

050 

0.00

0066 

0.282

546 

0.00

0016 

0.282

515 

-8.

0 

9.

2 

0

.

6 

1028 1138 
-0.

94 

5 828 
0.048

828 

0.00

0361 

0.001

748 

0.00

0016 

0.282

508 

0.00

0018 

0.282

481 

-9.

3 

8.

0 

0

.

6 

1075 1214 
-0.

95 

6 815 
0.076

663 

0.00

0275 

0.002

759 

0.00

0010 

0.282

586 

0.00

0017 

0.282

543 

-6.

6 

9.

9 

0

.

6 

990 1081 
-0.

92 

7 830 
0.055

150 

0.00

0383 

0.002

195 

0.00

0011 

0.282

617 

0.00

0019 

0.282

583 

-5.

5 

11

.6 

0

.

7 

930 984 
-0.

93 

8 830 
0.066

524 

0.00

1240 

0.002

343 

0.00

0039 

0.282

605 

0.00

0018 

0.282

569 

-5.

9 

11

.1 

0

.

6 

950 1015 
-0.

93 

9 824 
0.087

983 

0.00

1370 

0.003

049 

0.00

0046 

0.282

656 

0.00

0020 

0.282

608 

-4.

1 

12

.4 

0

.

7 

894 930 
-0.

91 

10 817 
0.077

711 

0.00

1571 

0.002

763 

0.00

0048 

0.282

531 

0.00

0022 

0.282

489 

-8.

5 

8.

0 

0

.

8 

1071 1202 
-0.

92 

11 813 
0.054

238 

0.00

1285 

0.002

001 

0.00

0044 

0.282

588 

0.00

0021 

0.282

557 

-6.

5 

10

.4 

0

.

7 

966 1050 
-0.

94 

12 818 
0.053

858 

0.00

1515 

0.001

981 

0.00

0052 

0.282

488 

0.00

0021 

0.282

458 

-1

0.0 

6.

9 

0

.

8 

1110 1272 
-0.

94 

14 808 
0.046

438 

0.00

0932 

0.001

719 

0.00

0029 

0.282

614 

0.00

0018 

0.282

587 

-5.

6 

11

.3 

0

.

6 

922 986 
-0.

95 

15 818 
0.021

164 

0.00

0367 

0.000

815 

0.00

0014 

0.282

593 

0.00

0014 

0.282

581 

-6.

3 

11

.3 

0

.

5 

929 996 
-0.

98 

16 826 
0.055

778 

0.00

0330 

0.002

057 

0.00

0011 

0.282

613 

0.00

0018 

0.282

582 

-5.

6 

11

.5 

0

.

6 

931 989 
-0.

94 

15T

012               

1 802 
0.038

659 

0.00

0724 

0.001

644 

0.00

0020 

0.282

432 

0.00

0014 

0.282

407 

-1

2.0 

4.

8 

0

.
1180 1394 

-0.

95 



  

 

 

 

 

 

49 

 

5 

3 804 
0.023

446 

0.00

0103 

0.000

909 

0.00

0004 

0.282

427 

0.00

0016 

0.282

414 

-1

2.2 

5.

1 

0

.

5 

1164 1379 
-0.

97 

4 804 
0.061

815 

0.00

0403 

0.002

370 

0.00

0008 

0.282

439 

0.00

0012 

0.282

403 

-1

1.8 

4.

7 

0

.

4 

1194 1403 
-0.

93 

5 805 
0.044

793 

0.00

0628 

0.001

668 

0.00

0023 

0.282

442 

0.00

0013 

0.282

416 

-1

1.7 

5.

2 

0

.

5 

1167 1372 
-0.

95 

7 802 
0.044

923 

0.00

0424 

0.001

780 

0.00

0013 

0.282

465 

0.00

0014 

0.282

438 

-1

0.9 

5.

9 

0

.

5 

1137 1325 
-0.

95 

8 802 
0.025

624 

0.00

0077 

0.001

029 

0.00

0004 

0.282

434 

0.00

0014 

0.282

418 

-1

2.0 

5.

2 

0

.

5 

1158 1369 
-0.

97 

9 804 
0.031

492 

0.00

0635 

0.001

218 

0.00

0024 

0.282

457 

0.00

0012 

0.282

438 

-1

1.1 

5.

9 

0

.

4 

1132 1324 
-0.

96 

10 801 
0.017

502 

0.00

0396 

0.000

731 

0.00

0014 

0.282

473 

0.00

0015 

0.282

461 

-1

0.6 

6.

7 

0

.

5 

1095 1274 
-0.

98 

11 808 
0.030

935 

0.00

0331 

0.001

300 

0.00

0005 

0.282

467 

0.00

0014 

0.282

447 

-1

0.8 

6.

4 

0

.

5 

1120 1301 
-0.

96 

12 816 
0.031

783 

0.00

0309 

0.001

263 

0.00

0010 

0.282

466 

0.00

0014 

0.282

447 

-1

0.8 

6.

5 

0

.

5 

1120 1298 
-0.

96 

13 811 
0.026

784 

0.00

0395 

0.001

160 

0.00

0015 

0.282

473 

0.00

0013 

0.282

456 

-1

0.6 

6.

7 

0

.

4 

1107 1281 
-0.

97 

14 808 
0.038

746 

0.00

0170 

0.001

462 

0.00

0003 

0.282

449 

0.00

0015 

0.282

427 

-1

1.4 

5.

6 

0

.

5 

1150 1347 
-0.

96 

15 808 
0.042

202 

0.00

0575 

0.001

634 

0.00

0021 

0.282

464 

0.00

0016 

0.282

439 

-1

0.9 

6.

1 

0

.

6 

1134 1319 
-0.

95 

15T

081               

1 814 
0.030

196 

0.00

0146 

0.001

267 

0.00

0009 

0.282

451 

0.00

0012 

0.282

432 

-1

1.3 

5.

9 

0

.

4 

1141 1332 
-0.

96 

2 814 
0.024

425 

0.00

0384 

0.001

044 

0.00

0018 

0.282

444 

0.00

0013 

0.282

429 

-1

1.6 

5.

8 

0

.

5 

1144 1340 
-0.

97 

5 807 
0.047

856 

0.00

0828 

0.001

863 

0.00

0027 

0.282

448 

0.00

0016 

0.282

419 

-1

1.5 

5.

3 

0

.

6 

1165 1364 
-0.

94 

6 806 
0.041

838 

0.00

1633 

0.001

645 

0.00

0056 

0.282

451 

0.00

0016 

0.282

426 

-1

1.4 

5.

5 

0

.

6 

1154 1351 
-0.

95 

7 806 
0.047

556 

0.00

0452 

0.001

780 

0.00

0016 

0.282

468 

0.00

0013 

0.282

441 

-1

0.8 

6.

1 

0

.

5 

1134 1317 
-0.

95 

8 810 
0.032

262 

0.00

0294 

0.001

244 

0.00

0012 

0.282

462 

0.00

0013 

0.282

443 

-1

1.0 

6.

3 

0

.
1125 1309 

-0.

96 
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5 

9 805 
0.045

978 

0.00

0618 

0.001

718 

0.00

0032 

0.282

442 

0.00

0014 

0.282

416 

-1

1.7 

5.

2 

0

.

5 

1168 1373 
-0.

95 

10 817 
0.027

413 

0.00

0623 

0.001

133 

0.00

0017 

0.282

438 

0.00

0014 

0.282

420 

-1

1.8 

5.

6 

0

.

5 

1156 1356 
-0.

97 

13 811 
0.034

025 

0.00

0683 

0.001

323 

0.00

0020 

0.282

482 

0.00

0019 

0.282

462 

-1

0.3 

6.

9 

0

.

7 

1100 1267 
-0.

96 

14 808 
0.036

903 

0.00

0861 

0.001

404 

0.00

0030 

0.282

437 

0.00

0016 

0.282

416 

-1

1.8 

5.

2 

0

.

6 

1165 1371 
-0.

96 

15 812 
0.030

001 

0.00

0174 

0.001

204 

0.00

0011 

0.282

454 

0.00

0016 

0.282

436 

-1

1.2 

6.

0 

0

.

6 

1135 1324 
-0.

96 

16 808 
0.019

119 

0.00

0373 

0.000

827 

0.00

0012 

0.282

467 

0.00

0011 

0.282

455 

-1

0.8 

6.

6 

0

.

4 

1106 1285 
-0.

98 
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Table 3 Whole-rock Sr-Nd isotopic compositions of the early Cryogenian metamorphic magmatic rocks 

from the North Lhasa terrane, Tibet 

Sa

mpl

e 

Age 

(Ma) 

[R

b] 

[Sr

] 87
Rb

/
86

Sr 

87
Sr/

86
Sr 

±2σ

(m) 
ISr 

[S

m] 

[N

d] 147
Sm

/
144

Nd 

143
Nd

/
144

N

d 

±2σ

(m) 

εNd

(0) 

εN

d(t

) 

fS

m/

Nd 

T
C

DM 

(p

pm

) 

(p

pm

) 

(p

pm

) 

(p

pm

) 

(

M

a) 

15T

127 
822 

16.

73 

13

0.3 

0.40

1 

0.71

506

9 

15 

0.

71

0 

2.2

3 

6.5

7 

0.205

0 

0.512

906 
12 

5.2 

4.

4 

0.

04 

50

9 

15T

129 
822 

17.

83 

11

6.7 

0.47

7 

0.71

255

3 

16 

0.

70

7 

2.2

1 

7.2

6 

0.183

9 

0.512

890 
10 

4.9 

6.

3 

-0.

07 

50

6 

15T

132 
822 

17.

32 

11

7.1 

0.46

2 

0.71

644

6 

14 

0.

71

1 

2.0

3 

7.7

6 

0.158

2 

0.512

962 
5 

6.3 

10

.4 

-0.

20 

35

6 

15T

122 
810 

7.7

01 

78.

84 

0.30

5 

0.71

624

9 

15 

0.

71

3 

5.2

2 

25.

1 

0.125

9 

0.512

442 
15 -3.

8 

3.

5 

-0.

36 

11

44 
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Table 4 Whole-rock major (wt.%) and trace element (ppm) data of the early Cryogenian metamorphic 

magmatic rocks from the North Lhasa terrane, Tibet 

Sample 15T127 15T128 15T129 15T130 15T131 15T132 15T114 15T043 15T044 

Lithology A A A A A A A A A 

SiO2 49.92  49.33  50.30  50.42  50.80  50.81  46.72  47.84  48.22  

TiO2 1.11  1.09  1.12  1.07  1.11  1.02  1.80  1.36  1.32  

Al2O3 14.19  14.34  14.10  14.19  13.99  13.92  14.38  16.28  16.32  

Fe2O3t 13.04  13.71  12.65  12.51  13.15  13.24  14.27  11.60  11.39  

MnO 0.21  0.22  0.20  0.20  0.21  0.21  0.21  0.19  0.19  

MgO 7.34  7.40  7.39  7.37  7.12  7.10  8.37  7.79  7.43  

CaO 10.10  10.31  10.32  10.30  10.02  9.88  9.44  9.11  9.64  

Na2O 2.28  2.28  2.03  2.29  2.02  2.10  2.84  2.40  2.26  

K2O 0.59  0.59  0.62  0.42  0.66  0.70  0.57  1.17  1.21  

P2O5 0.09  0.08  0.08  0.08  0.09  0.09  0.14  0.11  0.11  

LOI 0.74  0.61  0.79  0.58  0.80  0.70  0.75  1.50  1.40  

SUM 99.61  99.96  99.60  99.43  99.97  99.77  99.49  99.35  99.49  

Li 5.30 4.47 5.67 3.67 5.86 5.01 6.04 16.1 9.38 

Be 0.48 0.68 0.32 0.37 0.41 0.55 0.86 0.57 0.54 

Sc 47.9 50.2 46.2 47.0 46.7 50.0 47.4 45.2 43.3 

V 411 410 401 399 392 413 400 336 311 

Cr 35.7 32.7 36.2 34.3 43.7 43.9 92.9 108 103 

Co 42.4 45.6 40.8 40.1 44.5 44.4 48.6 54.1 46.2 

Ni 84.8 80.1 90.1 83.0 84.5 83.3 71.9 97.5 72.9 

Ga 16.3 16.8 15.7 15.7 16.0 16.3 18.5 19.0 17.7 

Rb 22.9 23.3 25.4 12.7 27.2 28.7 9.82 63.8 61.5 

Sr 112 111 94.1 93.4 101 96.5 129 218 140 

Zr 46.5 38.9 51.2 57.4 39.2 58.7 77.1 69.7 64.4 

Nb 2.61 2.50 2.40 2.44 2.71 2.25 1.51 3.81 3.53 

Cs 0.53 0.38 0.58 0.23 0.53 0.38 0.28 8.30 0.78 

Ba 52.0 48.8 62.2 37.8 56.1 71.8 43.3 143 129 

Ta 0.19 0.19 0.19 0.20 0.24 0.17 0.15 0.28 0.26 

Pb 3.81 3.30 3.06 3.27 3.00 3.22 2.05 3.68 3.75 

Th 0.39 0.32 0.31 0.26 0.29 0.26 0.21 0.92 0.81 

U 0.09 0.08 0.08 0.08 0.09 0.09 0.10 0.18 0.17 

Hf 1.58 1.30 1.53 1.66 1.30 2.09 2.64 2.37 2.29 

Y 21.8 20.3 19.9 19.5 20.0 18.9 31.7 28.7 27.9 

La 3.43 2.20 3.22 2.71 3.30 2.70 3.67 5.53 4.80 

Ce 8.04 5.68 8.34 6.76 8.34 7.22 10.4 11.8 10.3 

Pr 1.32 0.99 1.38 1.14 1.34 1.18 1.87 1.95 1.77 

Nd 6.97 5.13 6.74 6.13 6.75 5.99 10.3 9.72 8.94 

Sm 1.76 1.39 1.78 1.60 1.83 1.70 2.94 2.62 2.43 

Eu 0.72 0.59 0.78 0.63 0.77 0.63 1.17 1.15 1.21 

Gd 2.82 2.50 2.73 2.67 2.97 2.57 4.81 4.16 4.12 

Tb 0.51 0.45 0.51 0.48 0.51 0.48 0.86 0.82 0.77 

Dy 3.50 3.17 3.36 3.15 3.38 3.08 5.44 5.25 4.85 

Ho 0.78 0.68 0.72 0.72 0.77 0.71 1.18 1.03 1.03 

Er 2.22 2.06 2.13 2.05 2.21 2.08 3.45 3.38 3.15 

Tm 0.37 0.38 0.38 0.38 0.36 0.37 0.56 0.45 0.45 

Yb 2.16 2.02 2.20 1.98 2.25 2.16 3.19 2.97 2.77 

Lu 0.33 0.30 0.32 0.31 0.34 0.32 0.45 0.46 0.46 

Note: A = Amphibolite; GG = Granitic gneiss; LOI = loss on ignition 



  

 

 

 

 

 

53 

 

Table 4  (continued) 

Sample 15T045 15T046 15T047 15T048 15T081 15T092 15T093 15T094 

Lithology A A A A GG GG GG GG 

SiO2 47.60  47.65  48.02  48.03  66.85  64.00  63.39  64.74  

TiO2 1.43  1.34  1.42  1.30  0.11  0.11  0.14  0.12  

Al2O3 16.36  16.19  16.35  16.22  17.30  20.57  20.70  18.44  

Fe2O3t 12.02  11.46  11.66  11.49  2.56  1.70  1.90  2.62  

MnO 0.21  0.19  0.20  0.19  0.04  0.04  0.03  0.05  

MgO 7.69  7.54  8.04  7.62  0.12  0.14  0.12  0.10  

CaO 9.21  9.40  9.01  9.33  7.03  5.28  5.60  8.94  

Na2O 2.36  2.37  2.31  2.54  5.29  8.00  7.91  4.32  

K2O 1.02  1.31  1.25  1.07  0.03  0.03  0.03  0.02  

P2O5 0.12  0.12  0.12  0.11  0.02  0.02  0.02  0.02  

LOI 1.51  1.76  1.58  1.52  0.65  0.68  0.66  1.03  

SUM 99.53  99.33  99.96  99.42  100.00  100.57  100.50  100.40  

Li 12.0 10.5 12.2 11.7 1.33 0.75 0.41 1.12 

Be 0.57 0.51 0.50 0.47 2.42 3.84 4.01 2.01 

Sc 43.2 43.4 46.1 41.3 1.75 2.50 2.33 2.66 

V 340 327 346 308 58.5 36.0 42.9 34.9 

Cr 106 105 101 96.0 1.87 1.64 6.57 1.14 

Co 52.2 54.3 48.5 48.8 1.18 1.04 0.83 1.46 

Ni 77.0 78.3 79.9 77.2 7.86 8.09 6.20 10.4 

Ga 18.4 18.3 19.8 19.0 30.2 35.1 29.8 30.8 

Rb 57.5 74.4 73.4 59.3 0.38 0.44 0.22 0.21 

Sr 151 144 165 195 111 105 84.5 92.2 

Zr 69.7 66.0 69.9 64.0 143 158 186 173 

Nb 3.67 3.68 3.72 3.45 8.89 9.37 13.3 14.2 

Cs 0.77 0.80 0.94 1.25 0.41 0.23 0.31 0.54 

Ba 107 129 134 115 11.7 44.5 17.3 6.75 

Ta 0.28 0.26 0.26 0.25 1.63 1.78 2.43 2.24 

Pb 5.15 3.62 3.95 3.84 0.29 0.33 0.20 0.32 

Th 0.89 0.89 0.79 0.83 5.82 5.34 4.13 6.73 

U 0.20 0.18  0.24 0.16 1.71 1.48 1.09 2.23 

Hf 2.51 2.34 2.49 2.31 9.64 9.97 12.1 11.8 

Y 29.0 27.8 29.2 27.8 119 100 101 177 

La 5.61 5.18 4.40 4.89 30.1 23.3 9.92 29.2 

Ce 12.1 11.1 9.63 10.3 75.4 57.3 18.8 38.7 

Pr 2.01 1.88 1.72 1.82 10.4 7.35 3.94 10.9 

Nd 9.96 9.20 8.81 8.73 42.2 29.1 17.7 44.9 

Sm 2.52 2.49 2.43 2.46 10.2 5.75 4.34 12.3 

Eu 1.28 1.25 1.14 1.19 0.91 0.81 0.53 0.86 

Gd 4.43 4.23 4.01 4.28 12.1 8.93 7.47 16.2 

Tb 0.88 0.82 0.80 0.80 2.48 1.78 1.64 3.46 

Dy 5.61 5.04 5.19 5.14 16.8 12.5 11.8 23.4 

Ho 1.14 1.01 1.12 1.05 3.88 3.17 2.93 5.64 

Er 3.49 3.23 3.35 3.18 12.8 10.5 9.84 19.3 

Tm 0.48 0.45 0.48 0.44 2.44 2.12 1.97 3.80 

Yb 3.17 2.88 3.15 2.97 14.3 12.6 11.9 21.7 

Lu 0.50 0.44 0.50 0.48 2.15 1.93 1.79 3.30 

Note: A = Amphibolite; GG = Granitic gneiss; LOI = loss on ignition 
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Table 4  (continued) 

Sample 15T095 15T096 15T121 15T122 15T123 15T124 15T125 15T126 

Lithology GG GG GG GG GG GG GG GG 

SiO2 63.63  65.70  76.20  79.01  79.24  79.94  80.08  79.88  

TiO2 0.11  0.12  0.07  0.06  0.06  0.09  0.07  0.07  

Al2O3 18.04  19.31  13.40  12.64  12.46  12.25  12.44  12.23  

Fe2O3t 3.12  1.66  0.96  0.21  0.66  0.27  0.24  0.17  

MnO 0.06  0.03  0.01  0.01  0.02  0.03  0.04  0.05  

MgO 0.14  0.10  0.16  0.08  0.19  0.18  0.12  0.07  

CaO 10.47  5.03  1.61  0.61  0.41  0.51  0.55  0.56  

Na2O 2.95  7.64  5.49  6.53  6.34  6.65  6.69  6.13  

K2O 0.02  0.03  1.77  0.54  0.64  0.08  0.12  0.62  

P2O5 0.02  0.01  0.02  0.01  0.01  0.01  0.01  0.01  

LOI 1.23  0.76  0.39  0.25  0.39  0.41  0.22  0.30  

SUM 99.79  100.39  100.08  99.95  100.42  100.42  100.58  100.09  

Li 0.24 0.93 3.13 0.94 2.88 1.92 0.49 1.13 

Be 1.73 2.82 7.59 7.05 10.0 5.08 8.88 7.18 

Sc 2.64 2.39 1.87 1.57 2.42 1.58 1.87 1.59 

V 39.9 15.7 16.9 6.60  6.45 7.85 7.15 8.74 

Cr 3.64 1.50 2.16 0.78 0.69 1.90  0.68 1.43 

Co 2.14 0.92 1.47 0.18 0.54 0.72 0.20  0.18 

Ni 15.7 6.90 3.64 1.35 1.63 2.88 1.99 1.50  

Ga 30.5 34.0 26.0  24.8 25.1 21.2 23.2 25.3 

Rb 0.32 0.31 30.8 6.86 10.0  0.98 1.21 8.07 

Sr 131 78.3 63.3 45.8 42.1 67.2 50.6 38.9 

Zr 165 171 248 283 256 205 248 277 

Nb 12.0 13.1 9.55 21.1 13.5 18.1 13.9 20.0  

Cs 0.82 0.97 0.19 0.08 0.15 0.09 0.06 0.08 

Ba 11.2 16.1 296 35.7 50.8 26.1 27.1 35.6 

Ta 2.17 1.53 2.03 3.94 3.14 2.87 3.52 3.81 

Pb 0.49 0.44 3.32 1.28 1.83 1.48 1.12 1.23 

Th 7.03 4.93 8.77 9.04 10.7 7.35 10.2 10.6 

U 2.70 2.01 1.61 1.67 2.11 1.12 1.52 1.99 

Hf 11.8 10.2 17.1 20.2 17.7 11.6 16.6 19.2 

Y 212 161 63.2 42.8 81.9 33.7 50.0  47.7 

La 33.5 32.0 15.9 24.9 21.7 12.7 23.6 29.2 

Ce 91.7 81.9 43.7 55.6 49.5 27.6 50.3 63.0  

Pr 12.2 11.5 4.31 5.75 5.55 3.23 5.90  6.82 

Nd 49.9 48.3 16.6 18.5 19.4 11.5 19.8 22.4 

Sm 14.1 12.6 3.46 2.89 3.83 1.93 3.28 3.50  

Eu 0.80 1.37 0.50  0.28 0.39 0.27 0.39 0.36 

Gd 17.8 15.9 4.30  3.40  5.61 2.86 4.50  4.68 

Tb 3.78 3.05 0.98 0.68 1.26 0.55 0.85 0.87 

Dy 26.4 21.4 7.51 5.20  10.1 4.04 6.30  6.10  

Ho 6.05 5.03 1.79 1.21 2.49 0.97 1.50  1.40  

Er 20.5 15.9 6.68 4.41 9.28 3.30  5.51 4.66 

Tm 3.93 2.90 1.45 1.01 1.90  0.65 1.17 0.95 

Yb 22.8 17.1 9.68 6.50  11.9 4.27 7.16 5.86 

Lu 3.38 2.53 1.43 1.02 1.79 0.62 1.08 0.88 

Note: A = Amphibolite; GG = Granitic gneiss; LOI = loss on ignition 
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