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Abstract: The research team studied the petrology, whole-rock geochemistry, zircon U-Pb age,
and stable isotopic characteristics of the Nuocang area Rongguolongba and Garongcuo granites to
better understand the impact of Neo-Tethys ocean subduction and India-Eurasia continental
collision on Paleocene tectono-magmatic processes along the southern margin of the Gangdese
Belt. Rongguolongba granite and Garongcuo granite porphyry were formed 61.86 Ma and 62.17
Ma, respectively. Nuocang granitoids are characterized by: 1) high SiO,, NaO,, and Al,O3;
content-but low FeOT, MgO, and TiO, content; 2) LREE and LILE enrichment-but HREE and
HFSE (Nb, P, and Ti) depletion; 3) obvious negative Eu abnormalities. These features indicate that
Nuocang granites are of the high-K cacl-alkaline and peraluminous granite types. Furthermore its
zircon Hf isotope characteristics suggest that the magma source region has an ancient crystalline
basement. The basaltic andesitic crystal tuff is the product of garnet-peridotite partial melting and
crust contamination from rising magma emplacement.

Key words: Gangdese; Nuocang area; zircon U-Pb dating; Hf isotope

0. Introduction

The timing and process of the Indian-Eurasian continental collision is the most important
scientific issue in Qinghai-Tibet Plateau research. Geologists are understandably concerned with
this crucial event, as the plates’ collision came to control the global tectonic framework, Asian
landforms, surrounding ocean circulation, biogenetic derivation, and global climate change (Wang
et al,, 2003). The Gangdese Belt (Lhasa Block) is a massive magmatic tectonic belt located
between the Yarlung Zangbo Suture Zone (YZSZ) and the Bangong-Nujiang Suture Zone (BNSZ),
spanning about 2000 km east to west and 80 km north to south. Over 80% of the entire Qinghai-
Tibet Plateau’s magma distribution area is found in the Gangdese Belt. These magmatic rocks
record rich information about tectonic evolution and deep Gangdese Belt processes, serving as a
"probe" and "window" to the Tethys Ocean subduction and continental collision dynamics (Chung
et al., 2003; Dong et al., 2005; Mo et al., 2005, 2009; Pan et al., 2006; Hou et al., 2008; Ji et al.,
2009a, b; Xu et al., 2010; Zhu et al., 2011, 2015, 2017; Zhang et al., 2013, 2017; Tang et al., 2015;
Wang et al., 2015a; Sun et al., 2017). Researchers have ascertained—based on the paleomagnetics,

paleontology, tectonics, sedimentary petrology, magmatic petrology, and metamorphic
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petrology—that the timeframe for initial collision between the Indian and Eurasian continents is
limited to 70-34 Ma (Garzantie et al., 1987; Searle., 1987; Dewey., 1989; Rowley., 1998; Yin and
Harrison., 2000; Aitchison., 2006). Hou et al. (2006) further restrict this window to 65 Ma
according to regional petrology, isotopic chronology, and paleogeographic evidence. Thus,
Paleocene-Eocene granite is highly significant to our understanding of this continental collision
process. Collision-related volcanic rocks, intrusions, and dykes are distributed largely across the
Gangdese Belt. Intrusive rocks are comprised of a series of small granite batholiths and
intermediate-basic dykes. However, its volcanic rocks are of the Late Cretaceous-Eocene
Linzizong Group, which can be further divided into the Dianzhong Formation, Nianbo Formation,
and Pana Formation (from bottom to = top). volcanic strata are widely distributed across the
southern Gangdese Belt. The diagenetic ages of the Dianzhong Formation, Nianbo Formation, and
Pana Formation range from 68.7 to 59 Ma, 56 to 52 Ma, and 52 to 48 Ma, respectively (Jiang et
al., 2018). The Linzizong Group in the eastern and western Gangdese belt has a similar diagenetic
age, but diverge in terms of rock type and composition. The Nianbo Formation and Pana
Formation are relatively developed in the western Gandese Belt. (Yu et al., 2010; Xie et al., 2013;
Fuetal., 2014., Bao et al., 2014; Dong et al., 2017; Jiang., 2018). Linzizong volcanic rocks are the
product of India and Eurasia’s collision. A regional unconformity corresponding to the proposed
collision date of 65 Ma exists between the Linzizong Group volcanic rocks and lower strata, thus
possibly marking the continental collision event.. Linzizong Group volcanic rocks may therefore
represent the thickening of the southern Lhasa Block continental crust during the subduction of the
Tethys Oceanic Crust and transition to collision (Wang et al., 2007; Mo et al., 2008, 2009; Mo and
Pan., 2006; Lu et al., 2015; Dong et al., 2017).

Theoretical research on Gangdese Belt Linzizong volcanic rocks has intensified in recent years,
and interest in contemporaneous intrusions has grown. For example, granite porphyry at the
western margin of the Linzhou Basin with a SHRIMP age of 58.7 Ma has been interpreted as the
result of partial melting caused by crustal shortening and heating during early-stage collision
between India and Eurasia starting about 65 Ma (Wang et al., 2006). Meanwhile, a study by Liu et
al. (2016) finds, by petrogeochemical and isotopic dating, that the zircon U-Pb age of granites in
the t eastern Gangdese batholith are 57.6-68.7 Ma, indicating the same provenance with different

proportions of crust to mantle (Liu et al., 2016). Wang et al. (2018) believe that Riduo granite and
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granodiorite dykes with zircon U-Pb ages of 59.5-62.7 Ma formed by the partial melting of basic
lower crustal materials in the background of continuous northward subduction of the New Tethyan
Ocean. The above referenced studies focus mainly on the eastern Gangdese Belt, while there has
been little research conducted on western Gangdese Belt Paleocene granite. Nuocang area granitic
bodies of the western Gangdese Belt are mainly granite and granite porphyry. In this paper, we
present this granite’s Zircon U-Pb chronology, whole rock geochemical, and zircon Hf isotope
analysis. In combination with regional geological data, we aim to explain characteristics of the
India-Eurasia collision along with the age, provenance, and genesis of the Gangdese Belt

granitoids .

1. GEOLOGICAL BACKGROUND

The Qinghai-Tibet Plateau is separated by the Jinshajiang Suture Zone (JSSZ),
Bangonghu-Nujiang Suture Zone (BNSZ), and Yarlungzangbo Suture Zone (YZSZ) with an E-
W trend into the Songpan-Ganzi Terrane, Qiangtang Terrane, Lhasa Terrane, and Himalaya
Terrane from north to south (Li et al., 1987; Yin and Harrison., 2000; Pan et al., 2006; Xu et al.,
2011; Zhang et al., 2017; Liu et al., 2018, 2019) (Fig 1b). By its basement properties, the Lhasa
Terrane (Gangdese Belt) can also be separated from north to south by the Shiquanhe-Namu Tso
ophiolite mélange Fault (SNMF) and the Luobadui-Milashan Fault (LMF) into the North Lhasa
Terrane (NL), Central Lhasa Terrane (CL), and South Lhasa Terrane (SL) (Zhu et al., 2009, 2011,
2013).

In the North Lhasa Terrane (NL), large-scale Jurassic-Cretaceous magmatic rocks developed,
possibly with the southward subduction of the Bangonghu-Nujiang Ocean lithosphere and slab
break-off following collision with the Qiangtang Terrane (Mo et al., 2005; Pan et al., 2006; Zhu et
al., 2006; Zhang et al., 2010, 2012; Zhang et al., 2011; Zhu et al., 2013; Yan et al., 2017).
Precambrian basement of the Central Lhasa Terrane (CL) crystalline basement is currently
identified as the Neoproterozoic Nianqingtanggula Group as found on the west bank of Namu Tso
(Hu et al., 2005; Zhang et al., 2010; Dong et al., 2011). Its sedimentary cover is Ordovician-
Cenozoic volcanic sedimentary sequence with Permian-Eocene magmatic developments related

to the opening, subduction, and closure of the Tethys ocean in conjunction with different terranes,
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break-up and collision between different terranes (Pan et al., 2006; Zhu et al., 2011, 2013). The
South Lhasa Terrane (SL) is characterized by large-scale distribution of Meso-Cenozoic magmatic
rocks-including the famous Gangdese batholith and Linzizong volcanic rocks-as well as minor
Triassic—Cretaceous volcanic-sedimentary rocks (Zhu et al., 2011, 2013; Zhang et al., 2013). At
present, Hf isotope mapping shows the Lhasa Terrane’s NL and SL are dominated by juvenile

crustal materials, while its CL is characterized by ancient crust (Zhang et al., 2013; Zhu et al.,

2013; Zhang et al., 2018).
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Fig. 1. a. Tectonic sketch map of China (after Zhang et al., 2014). b. Tectonic sketch map of
Qinghai-Tibet Plateau. c. Simplified tectonic units of Lhasa Terrane (after Zhu et al., 2013).
References age data sources are the same as in Table 4

The study area is located in the southern margin of the Gangdese Belt’s Cogen Basin adjacent
to the junction of the Central (CL) and South Lhasa Terranes (SL) (Fig. 1c). Here, mainly
developed the sedimentary strata include (1) the Late Cretaceous-Eocene Linzizong volcanic
succession and the Carboniferous-Permian metasedimentary series (Yongzhu Formation, Laga

Formation and the Angjie Formation). The Linzizong volcanic rocks create an unconformity with
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the Carboniferous-Permian metasedimentary series below. Linzizong volcanic rocks only
developed the Dianzhong Formation and Nianbo Formation in this area, which are of the calc-
alkaline series. The Dianzhong Formation is composed of clastic crystalline tuff and a small
amount of basalt. The Nianbo Formation is composed of gray-green rhyolitic tuff, rhyolite and

dacite, volcanic breccia, sandstone and conglomerate (Bao et al., 2013; Ding et al., 2017) (Fig. 2).
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Fig 2. Geological map of study area.

2. GEOLOGY OF THE NUOCANG GRANITOID

Paleocene Rongguolongba granite composition is 50% plagioclase, 20-30% quartz, and 10-
15% orthoclase, chlorite, and biotite. Accessory minerals include opaque minerals such as apatite
and zircon. Some granite shows sericitization, clayization, and chloritization (Fig. 3b).

Garongcuo granite porphyry has a porphyritic texture (Fig. 3c). Phenocrysts account for
about 35% of volume, of which biotite, plagioclase, potassium feldspar, and quartz account for
5%, 10%, 15%, and 5%, respectively. Plagioclase, potassium feldspar, and quartz particle sizes
range from 0.3 to 1.0 mm, 0.2 to 2.3 mm, and 0.3 to 2 mm, respectively. The Garongcuo granite
porphyry is 65% matrix, which is composed of plagioclase, potassium feldspar, and quartz, with

particle sizes under 0.1 mm.



132
133

134

135

136

137
138
139

140

141

142

143

144

145

146

147

148

149

Fig. 3. The outcrops of Guoluolongba granite in Nuocang area, Tibet (a); The outcrops of

Garongcuo granite porphyry in Nuocang area,Tibet (b); Photomicrograph of granite (c);
Photomicrograph of granite. (d)
Qz = quartz, Pl = plagioclase, Or = orthoclase feldspar, Bit = biotite, Mi = microcline feldspar,

Ser = sercite, Pl =plagioclase, Ab = albite, and Cc = clacite.
3. Methodology

Samples in this study were bedrock with weak surface weathering. Weathered surface layers
were removed from samples before analysis. The agate mortar was cleaned with chemical ethanol
in advance to prevent sample contamination. Zircon target and cathodoluminescence
microphotography (CL) were conducted in the laboratories of Beijing Zhongke Mine Research
and Testing Technology Co., Ltd. The specific preparation process is detailed by Song et al.
(2015). Zircon U-PDb isotope dating was conducted with the Agilent 7500a ICP-MS at the State
Key Laboratory of Geochemistry of Deposits, Institute of Geochemistry, Chinese Academy of
Sciences. Laser beam diameter was 30 um. Standard zircon 91500 (1064 Ma) (Wiedenbeck et al.,
1995) and GJ-1 (600 Ma) served as external standards and NISTSRM610 *’Si as the internal
standard. The error standard in the test was lo. The analysis data were processed by ICP-

MSDataCal 9.2.
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A Zircon Hf isotope test was conducted with Neptune plus multi-receiver plasma mass
spectrometry (MC-ICP-MS) and an NWR213nm solid-state laser in the Beijing Zhongke Mine
Research and Testing Technology Co., Ltd laboratory. During the experiment, helium was used to
carry the denudation material, and the denudation diameter was 55 um. Zircon GJ-1 and Plesovice
served as reference materials. The analysis point was in the same position as the U-Pb dating
analysis point. The detailed analytical procedures and operating conditions were similar to those
described by Hou et al. (2007). The weighted average values of '"°Hf/'""Hf of zircon standard GJ-
1 were 0.282007+0.000007 (20, n = 36), completely consistent with those reported in Hou et al.
(2007) and Morel et al. (2008).

Samples were ground to 200 mesh and sent to Southwest Metallurgical Geological Testing
Institute of Sichuan Province for chemical analysis. Major elemental analysis was determined by
PHILLIPSPW-2404 X-ray fluorescence spectrometer with accuracy better than 1%. Trace and rare
earth elemental analysis was determined by ELEMENT-2 mass spectrometer with accuracy better

than 2%. The detailed analysis process can be found in Fei et al. (2014).

4. Geochemical and isotopic composition

Table 1 shows representative major, trace, and rare-earth element compositions of rock
samples from the Nuocang area of Tibet.

Major and trace elements. Major and trace elements from 11 granitoid samples, taken from
two Paleocene intrusions (RongguoLongba and Garongcuo), as well as five basaltic andesitic
crystal tuff samples from the Dianzhong Formation in Nuocang (data from Jiang et al., 2018) are
listed in Table 1 (BPM911-6-1, BPM911-12-1 from Wang et al., 2017). The major element
characteristics of the two granite rock samples are not significantly different. SiO, content ranges
from 70.47wt.% to 77.11wt.%; Al,Os, K,0, P,0s, TiO,, MgO content ranges from 12.34wt.%,
13.41wt.%, 3.02wt.%,. 5.38wt%, 0.01wt.%, 0.06wt.%, 0.09wt.%, 0.24wt.%, 0.06wt.% and
0.24wt.%, respectively; samples’ K,O/Na,O varies between 0.89 and 2.0; Rittmann Index ranges
from 1.67 to 1.99, indicating a calc-alkaline rock affinity [6=(Na,O+K,0)*/(Si0,—43)]. DI Index
ranges from 82.82 to 94.05, indicating the rock is highly fractionated. The analyzed samples have

high Na,0+K,0 content, between 6.91wt.% and 8.23wt.%. On the SiO, vs. Na,0+K,O (TAS)
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diagram (Fig. 6a), all samples plot in the granite field, and with A/CNK (molar Al,05/CaO+K,0)
ratios varying between 0.88 and 1.16.on the Si0,-KO, diagram, all fall into the high-K calc-
alkaline series classification (Fig.7d). Based on this study’s dating results, there is no clear rule
governing changes in the production of the above major elements. Granitoid and eastern Gangdese
intrusive rock samples are compositionally analogous to the volcanic rocks of the Dianzhong
Formation in Nuocang area(Fig.4a).

Dianzhong Formation basaltic andesitic crystal tuff is characterized by low SiO, and K,O
content ranging from 53.93-55.84 wt.% and 1.33-1.63 wt.%, respectively, as well as low A/CNK
0.85-0.95, high Na,O, MgO, TiO,, and TFeO-content ranging from 2.68-3.3 wt.%, 3.76-4.9 wt.%,
1.13-1.19 wt.%, and 6.1-8.1, respectively. On the SiO, vs.Na,O+K,0 (TAS) diagram (Fig. 4c), all
samples plot onto the basalt-andesite field. Mg” value ranges from 47 to 52, indicating the basic
volcanics.

RongguoLongba granite and Garongguo granite porphyry generally have similar REE
patterns displaying LREE-enrichment and obvious fractionated HREE relative to LREE—
LREE/HREE = 5.82-13.98, Lan/Yby = 4.6-17.84, 8Eu = 0.21-0.61-with a negative Eu anomaly
(Fig. 5a). In the primitive mantle-normalized spider diagram (Fig.5b), all granite and granite
porphyry samples are characterized by enrichments of incompatible elements and LILE—such as
Rb, Ba, Th, K-and pronounced depletions of high field elements (HFSE), such as Nb, Sr, Ti, and
P. In terms of trace element composition, the samples in this study are similar to magmatic rocks
of the eastern Gangdese Belt in Tibet. The basic volcanics rare earth partition curve is smooth. The
samples exhibit weak negative Eu anomalies (Eu/Eu* = 0.87-0.91) and fractionated REE patterns
characterized by (La/Yb)y ratios of 9.98-10.79 (Table. 1). As shown in the primitive mantle-
normalized spider diagram, these samples are characterized by enrichments of incompatible
elements and LILE such as Rb and K, and high field element (HFSE) depletions such as Nb and
U (Figure 5b). Sr and Y content is high, ranging from 685-713.8 ppm and 18.8-20.8 ppm,

respectively.
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(TAS) (c) Total alkali vs. silica (Le Maite, 2002); K,0-SiO; plot (d) (Rickwood, 1989). Nuocong

area Linzizong Dianzhong Formation data are as in Hu (2011), Bao (2013), and Jiang (2018);

Eastern Gangdese Belt intrusion data are as in Wang et al. (2006), Dong et al. (2015), Li et al.

(2012), and Wang et al. (2019).

1 = picrite-basalt; 2 = basalt; 3 = basalt-andesite; 4 = andesite; 5 = dacite; 6 = rhyolite; 7 =

trachybasalt; 8 = basaltic trachy-andesite; 9 = amygdaloidal andesite; 10 = trachyte; 11 = tephrite;

12 = phonolitic tephrite; 13 = tephritic phonolite; 14 = phonolite.
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Lu-Hf isotopic characteristics. The research team conducted Lu-Hf isotope analysis with
zircon age on the granite porphyry (BN4405-DY) and granite (BN5208-1). Results are given in
Table 2 and positions shown in Fig 6. The zircon '"Hf/'’’Hf ratio of the granite porphyry
(BN4405-DY) is 0.282520-0.282641; the eys () value is -7.38--4.12; the mantle model age is 870-
1047 Ma, and the crustal model age (Tpy") is 1356-1615 Ma. The zircon '"*Hf/'""Hf ratio of
granite (BN5208-1) is 0.282529-0.282621; the eys (f) value is 7.48-3.61; the mantle model age is

928-1042 Ma, and the crustal model age (") is  1394-1601 Ma.



224 Table 1. Major (wt.%) and trace (ppm) element contents of representative granite and granite porphyry samples

Sample BN5208-1 BPM666-2-7-2  BPM&888-2-1 BPM88§-3-1 BPM888-5-1 BPM888-11-1 BPM911-4-1 BPM911-5-1 BN4405-DY BPM911-6-1 BPM911-12-1
Component 1 2 3 4 5 6 7 8 9 10 11
Si0, 74.87 73.58 75.81 77.11 73.5 73.71 70.47 72.63 76.08 72.97 73.28
TiO, 0.14 0.19 0.1 0.09 0.18 0.18 0.24 0.23 0.13 0.23 0.19
ALO; 12.81 13.13 12.36 12.42 13.01 13.04 12.96 13.25 12.34 13.41 13.07
Fe,0; 0.42 0.33 0.76 0.52 0.98 0.77 1.78 1.29 0.58 1.27 1.78
FeO 1.74 1.79 1.17 0.99 1.91 1.55 1.68 2.19 1.47 2.03 0.89
MnO 0.03 0.07 0.02 0.04 0.04 0.04 0.05 0.06 0.03 0.04 0.04
MgO 0.17 0.22 0.06 0.06 0.17 0.17 0.23 0.24 0.1 0.19 0.09
CaO 0.47 0.88 0.34 0.42 1.54 14 2.96 0.85 0.28 1.02 0.62
Na,O 2.76 3.08 2.64 3.42 3.36 3.31 3.48 3.8 4.15 4.06 33
K,O 5.21 4.38 5.38 4.14 3.93 4.39 343 3.47 3.67 3.02 4.93
P,05 0.03 0.04 0.01 0.01 0.04 0.04 0.06 0.06 0.02 0.06 0.04
LOI 1.35 231 1.36 0.78 1.35 1.41 2.68 1.93 1.15 1.69 1.83
Total 100.00 100.00 100.01 100.00 100.01 100.01 100.02 100.00 100.00 99.99 100.06
Rb 251.2 154.9 187.3 154.6 157.6 164.3 125.3 125.1 145.55 118.2 159.7
Sr 107.3 129.9 53.86 50 128.4 113.8 183.2 137.1 80.17 155.1 152
Y 14.3 33.75 43.79 43.86 37.79 38.9 35.56 36.31 36.91 32.86 28.04
Zr 104.78 176.72 145.1 141.67 172.16 183.29 199.46 186.22 183.35 217.46 168.06
Nb 6.83 9.15 9.33 7.71 10.08 9.94 12.26 7.54 10.09 11.4 7.28
Ba 547.9 540.3 3143 311.45 530.3 429.1 587.2 636.1 643.25 658.4 794.2
La 379 49.68 48.53 35.36 48.03 38.68 52.48 59.55 41.46 59.21 584
Ce 71.76 82.1 96.05 86.92 94.48 78.57 101.72 108.35 74.19 110.27 108.39
Pr 7.77 10.56 11.39 10.16 13.31 12.55 13.48 15.42 9.42 12.71 13.93
Nd 30.14 41.31 44.59 39.37 542 48.86 54.41 59.77 40.11 51.2 52.74
Sm 4.46 7.11 8.82 8.45 10.61 9.57 10.19 10.64 7.53 9.08 8.95
Eu 0.73 0.99 0.59 0.57 1.42 1.12 1.92 1.8 1.18 1.72 1.62
Gd 3.84 6.64 8.27 7.72 10.21 9 9.41 9.52 7.14 8.23 9.03

Tb 0.51 1.03 1.4 1.32 1.63 1.35 1.39 1.37 1.15 1.18 1.28
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Dy
Ho
Er
Tm
Yb
Lu
Hf
Th
0]
>REE
LREE
HREE
LREE/HREE
Lan/Yby
SEu
5Ce
Mg#

[lm
Mt
Ap
Zr
DI
A/CNK

2.55
0.5
1.54
0.22
1.52
0.25
3.61
24.5
1.73
163.68
152.75
10.93
13.98
17.84
0.54
1.03
9.37
1.99
36.85
2.33
23.7
1.8
3.15
0.27
0.61
0.06
0.02
91.78
1.16

5.88
1.18
3.55
0.52
3.54
0.53
5.52
19.08
1.59
214.65
191.77
22.89
8.38
10.06
0.44
0.88
11.93
1.8
36.26
4.33
26.68
1.81
3.47
0.36
0.49
0.1
0.04
89.43
1.15

8.27
1.76
5.11
0.75
5.14
0.78
4.83
28.79
2.85
241.46
209.98
31.48
6.67
6.77
0.21

1.95
38.97
1.7
22.6
1.61
1.56
0.19
1.12
0.03
0.03
93.78
1.15

7.86
1.71
5.27
0.81
5.51
0.85
4.75
25.62
1.39
211.89
180.83
31.05
5.82
4.6
0.21
1.12
5.01
1.67
40.1
2.09
29.13
1.57
1.47
0.17
0.76
0.03
0.03
93.89
1.14

9.33
1.92
5.17
0.75
5.02
0.75
5.19
16.42
1.37
256.83
222.05
34.78
6.38
6.87
0.42
0.92
7.27
1.73
34.72
7.64
28.83
0.47
2.93
0.34
1.44
0.09
0.03
87.08
1.03

7.66
1.59
4.79
0.67
4.47
0.68
5.67
21.08
1.79
219.56
189.35
30.21
6.27
6.2
0.37
0.87
8.89
1.92
34
6.93
28.41
0.35
2.46
0.34
1.13
0.08
0.04
88.7
1.02

7.66
1.6
4.61
0.7
4.87
0.78
5.84
15.66
1.59
265.19
234.19
31
7.55
7.73
0.6
0.94
8.28
1.71
31.8
9.9
30.22
0

0
0.46
2.64
0.13
0.04
82.82
0.88

7.48
1.48
4.21
0.6
3.93
0.61
5.54
15.02
1.98
284.74
255.53
29.21
8.75
10.87
0.55
0.88
8.44
1.77
34.56
4.07
32.81
1.81
3.34
0.45
1.91
0.14
0.04
88.28
1.15

6.61
1.35
3.95
0.59
3.87
0.6
5.55
17.06
1.46
199.12
173.88
25.24
6.89
7.69
0.49
0.92
6.07
1.84
36.56
1.46
35.53
1.02
2.34
0.26
0.84
0.04
0.04
94.05
1.09

6.49
1.32
3.73
0.54
3.56
0.55
6.13
16.6
1.79
269.81
2442
25.62
9.53
11.92
0.61
0.99
7.14
1.66
34.9
4.93
34.9
1.72
29
0.45
1.87
0.14
0.04
87.97
1.14

7.1
1.42
4.08
0.59
3.95
0.62
52
17.02
2.32
272.11
244.02
28.08
8.69
10.6
0.55
0.93
4.53
2.22
34.1
3.09
28.43
1.22
0.92
0.36
2.13
0.09
0.03
92.18
1.1
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Table 1 (continued)

Sample NCH-HSY3-1 NCH-HSY6 NCH-HSY7 NCH-HSY4 NCH-HSY5
Component 12 13 14 15 16
Si0, 53.93 55.84 55.27 54.25 5433
TiO, 1.16 113 1.14 1.16 1.19
ALO; 16.46 17.12 16.79 16.5 16.43
Fe;0; 2.59 2.75 2.98 2.36 227
FeO 5.75 52 5.5 5.85 5.9
MnO 0.13 0.13 0.13 0.13 0.14
MgO 49 3.76 4 473 4.66
Ca0 7.8 6.49 6.34 7.99 7.86
Na,O 2.68 33 3.19 2.68 2.7
K,0 1.39 1.46 1.63 1.33 15
P,05 0.31 0.3 0.3 0.31 0.31
Lol 2 1.75 2.12 1.79 1.76
Total 99.1 99.16 99.14 99.08 99.05
Rb 33.14 38.65 4523 3262 34381
Sr 702.34 685.01 685.22 695.60 713.78
Y 20.13 2078 1821 18.87 18.79
Zr 128.67 138.18 133.67 129.75 130.83



Nb 6.84 8.68 7.90 7.38 7.96

Ba 269.06 319.05 374.12 270.08 338.59
La 26.11 29.18 25.00 24.48 24.69
Ce 53.57 58.34 50.06 50.72 51.03
Pr 7.76 8.10 7.03 7.44 7.36
Nd 30.01 30.61 26.51 28.69 28.73
Sm 6.03 6.01 5.16 5.72 5.69
Eu 1.69 1.63 1.49 1.58 1.56
Gd 5.39 5.48 4.68 5.17 4.98
Tb 0.84 0.85 0.72 0.78 0.78
Dy 4.28 4.32 3.79 4.04 4.09
Ho 0.81 0.83 0.71 0.76 0.75
Er 2.06 2.19 1.87 1.97 1.95
Tm 0.29 0.31 0.27 0.28 0.28
Yb 1.82 1.94 1.67 1.76 1.69
Lu 0.27 0.29 0.25 0.25 0.26
Hf 3.57 3.74 3.40 3.49 3.40
Th 4.86 6.06 5.54 5.44 5.22
U 0.50 0.56 0.69 0.48 0.49

> REE 140.92 150.07 129.22 133.65 133.84
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228

229

230

LREE
HREE
LREE/HREE
Lan/Yby
8 Eu

6 Ce
Mgt

o

Q

An

Ab

Hy

Mt

Ap

DI

A/CNK

125.17

15.76

7.94

10.29

0.91

0.92

0.52

1.4

8.76

29.64

23.35

16.31

3.87

0.74

40.58

0.85

133.87

16.21

8.26

10.79

0.87

0.93

0.47

1.62

10.92

28.65

28.06

14.67

3.97

0.71

47.84

0.95

115.25

13.96

8.26

10.74

0.93

0.93

0.47

1.77

9.93

27.5

27.83

15.34

4.15

0.72

47.69

0.94

118.63

15.01

7.90

9.98

0.89

0.92

0.51

1.33

9.12

29.87

23.31

15.94

3.52

0.74

40.51

0.84

119.06

14.78

8.06

10.48

0.90

0.93

0.51

1.45

8.78

29.07

23.48

15.84

3.38

0.74

41.37

0.84

Note.1-6, Rongguo Longba granite; 7-11, Garongcuo granite porphyry; 12-16, Nuocang area basaltic andesitic crystal tuff (data from Jiang., 2018); Q = quartz; An =

anorthite; Ab = albite; Or = orthoclase; C = corundum; Hy = hypersthene; Ilm = ilmenite; Mt = magnetite; Ap = apatite; Zr = zircon; Chr = chromite. Mg" =

100xMg>"/(Mg**+Fe”"), in which Mg”", Fe*" are molar fractions; (2) A/CNK = molar ALO5/(CaO+Na,0+K,0), (3) 6 = (Na,O+K,0)*/(Si0,-43)(wi%), (4) DI =

Qz+Or+Ab+Ne+Lc+Kp.
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Table 2 . The zircon Hf isotopic compositions of Nuocang area granitic rock, southern Tibet

Spotnumber  Age(Ma)  Lu(ppm)  Hf(ppm)  YOYb/AHE  YSLu/TTHE 26 oL HE 26 eni(0) et tom/Ma  toy/Ma fLumt
BN5208-1-01 62.1 80.6 12965 0.040752 0.001521  0.000012  0.282569  0.000023  -7.18  -5.95 980 1510 -0.95
BN5208-1-03 62.3 95.2 11963 0.048136 0.001651  0.000007  0.282621  0.000015 -5.34  -4.12 909 1394 -0.95
BN5208-1-05 61.8 80.5 12940 0.027172 0.001032  0.000005  0.282542  0.000019 -8.12  -6.88 1005 1570 -0.97
BN5208-1-06 63.1 72 13021 0.025714 0.000899  0.000001  0.282583  0.000014  -6.67  -5.41 944 1477 -0.97
BN5208-1-07 64.5 84.6 13098 0.025021 0.000918  0.000015  0.282595  0.000015  -6.25 -5 928 1451 -0.97
BN5208-1-09 61.3 738 12767 0.041254 0.001452  0.000009 0.28258 0.000017  -6.79  -552 962 1485 -0.96
BN5208-1-10 63.1 80.6 13351 0.045725 0.001701  0.000023  0.282529  0.000023 -859  -7.38 1042 1601 -0.95
BN5208-1-18 64.5 90.6 11636 0.038644 0.001425  0.000029  0.282555  0.000019  -7.69  -6.47 998 1543 -0.96
BN5208-1-19 61.7 69.3 15767 0.04584 0.001592  0.000033 0.28255 0.000015 -7.86  -6.63 1009 1553 -0.95
BN5208-1-20 62.0 712 13672 0.030678 0.001079  0.000024  0.282571  0.000016  -7.11  -5.84 966 1505 -0.97
BN5208-1-22 61.3 85 13232 0.031842 0.001053  0.000017  0.282594  0.000017  -6.3  -5.04 933 1454 -0.97
BN4405-Dy-01 61.1 95.9 8977 0.000182 0.00156 0.000007  0.282562 0.00002  -7.42  -6.25 991 1529 -0.95
BN4405-Dy-06 67.3 55.5 8778 0.000141 0.001308  0.000003  0.282604  0.000016  -5.94  -4.81 925 1435 -0.96
BN4405-Dy-07 59.9 70.1 9758 0.000157 0.001164  0.000007  0.282641  0.000021  -4.65 -3.61 870 1356 -0.96
BN4405-Dy-08 61.3 65 9739 0.001846 0.002081  0.000058  0.282551  0.000017  -7.8  -6.61 1021 1553 -0.94
BN4405-Dy-10 61.8 79.9 9064 0.000388 0.001197  0.000024  0.282616  0.000015 -5.53  -4.24 906 1404 -0.96
BN4405-Dy-11 62.3 100 9806 0.000286 0.00141 0.000013 0.28252 0.000022  -891  -7.48 1047 1615 -0.96
BN4405-Dy-12 61.5 89.7 8399 0.000193 0.001215 0.00001 0.282601  0.000018  -6.05  -4.35 927 1426 -0.96
BN4405-Dy-13 62.4 103.9 7555 0.000203 0.001128  0.000004  0.282587  0.000018  -6.55  -5.37 945 1473 -0.97
BN4405-Dy-15 59.9 119.3 7540 0.000172 0.000936  0.000005  0.282583  0.000017  -6.68  -5.37 945 1476 -0.97
BN4405-Dy-16 61.1 773 8844 0.00014 0.001168  0.000006  0.282545  0.000017 -8.03  -6.8 1005 1565 -0.96
BN4405-Dy-17 58.0 61.4 9414 0.000306 0.001409  0.000009  0.282578  0.000021 -6.85  -5.62 964 1490 -0.96
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Isotope geochronology

One Nuocang granite sample (BN5208-1) and one granite porphyry sample (BN4405-DY)
were selected for zircon U-Pb age analysis. Most of the zircons in the samples were transparent
and subhedral, with lengths of 50-150 um. Some grains exhibited concentric zoning, and some
grains demonstrated core-mantle structure (Fig.6). The granite’s Th and U content (BN5208-1)
was 94.51x10°-443.54x10° and 266.89x10°-484.42x10°°, respectively, and Th/U ratios were
0.28-1.12. The granite porphyry’s Th and U content(BN4405-DY) measured 98.17x107°-
342.75%10° and 90.77x10°-262.91x10°, respectively, while its Th/U ratios were 0.63-1.3. Th/U
ratios were all greater than 0.1 (Table 3), and there was positive correlation between Th and U
content. These characteristics indicate that the zircons evaluated in this study are magmatic
zircons (Hoskin and Schaltegger, 2003; Wu and Zheng, 2004). The weighted mean zircon U-Pb
age for the granite (BN5208-1) and granite porphyry samples (BN4405-Dy) are 61.86+0.8 Ma

(MSWD = 0.60) and 62.17+0.67 Ma (MSWD = 0.052), respectively (Fig. 7).

w &

BN4405-DY  61.1Ma 59.9 Ma

(Granite)

100 pm

v

)

BN5208-1
(Granite porphyry)

100 pm

Fig. 6. Cathodoluminescence images of selected granite zircons(BN5208-1) (a) and granite
porphyry zircons (BN4405-Dy) (b). Solid and dashed circles show the locations for U-Pb dating

and Hf isotope dating, respectively.


http://dict.youdao.com/w/granite%20porphyry/#keyfrom=E2Ctranslation
http://dict.youdao.com/w/granite%20porphyry/#keyfrom=E2Ctranslation

BN4405-DY MSWD = 0.60° o.omof BN35208-1 MSWD=0.052 b
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0'00?50.02 0.04 0.06 0.08 0.10 0.12 0'008%.03 Ot{]S 0:07 0j09
251 '”'Pb/m"U zu?Pb/ﬂ'}sU
252 Fig. 7.1CP-MS zircon U-Pb dating concordia diagrams for granite samples (BN4405-DY and
253 BN5208-1) from the Nuocang area, Tibet.




254 Table 3. LA-ICP-MS zircon U-Pb dating analytical data of granite samples

Pb Th U 207py 206py,  207pp206py  07py 235y 07py 235y W6pp 238y W6pp 238(;  208py 232y 208py P32y 07py 235y 07py R3Sy W6py 238y W6pp 238y 08py 232y 208py 2327

Spot Th/U

(<10°) Ratio +lo Ratio +lo Ratio +lo Ratio +lo Age (Ma) +lo Age (Ma) +lo Age (Ma) +lo

snaos.py  Granite porphyry, E:85°09'10", N: 30°24'03"

-1 229 146.62 206.61 0.71 0.0524 0.0061 0.0639 0.0070 0.0095 0.000361  0.002730  0.000185 62.9 6.7 61.1 2.3 55.1 3.7
-2 3.14 226.01 241.48 0.94 0.0497 0.0050 0.0714 0.0071 0.0105 0.000310  0.002991 0.000187 70.1 6.7 673 2.0 60.4 3.8
-6 1.54 101.51 143.83 0.71 0.0485 0.0078 0.0593 0.0074 0.0093 0.000534  0.002632 0.000294 58.5 7.1 59.9 3.4 53.1 5.9
-7 2.83 19221 26291 0.73 0.0451 0.0055 0.0596 0.0074 0.0095 0.000359  0.002389 0.000211 58.8 7.1 613 2.3 48.2 43
-8 2.58 159.75 236.15 0.68 0.0470 0.0047 0.0616 0.0062 0.0096 0.000313  0.002876  0.000179 60.7 6.0 61.8 2.0 58.1 3.6
-10 238 148.86 211.05 0.71 0.0481 0.0051 0.0626 0.0063 0.0097 0.000251  0.003035 0.000215 61.7 6.0 623 1.6 613 43
-11 3.21 228.58 276.53 0.83 0.0506 0.0057 0.0657 0.0065 0.0096 0.000333  0.003389  0.000269 64.6 6.2 61.5 2.1 68.4 5.4
-12 2.17 12415 184.85 0.67 0.0484 0.0039 0.0689 0.0062 0.0097 0.000510  0.003991 0.000431 67.6 5.9 62.4 33 80.5 8.7
-13 1.71 129.81 158.90 0.82 0.0457 0.0068 0.0574 0.0094 0.0093 0.000509  0.002723 0.000388 56.7 9.0 59.9 33 55.0 7.8
-15 2.59 181.23 223.64 0.81 0.0526 0.0074 0.0679 0.0090 0.0095 0.000355  0.003057  0.000203 66.7 8.5 61.1 2.3 61.7 4.1
-16 1.98 11691 188.46 0.62 0.0496 0.0056 0.0598 0.0055 0.0090 0.000399  0.002863 0.000244 59.0 5.3 58.0 2.5 57.8 49
-17 278 173.14 248.93 0.70 0.0504 0.0080 0.0661 0.0113 0.0095 0.000433  0.002892 0.000217 65.0 10.8 60.9 2.8 584 44
-18 547 15447 179.82 0.86 0.0527 0.0057 0.0696 0.0067 0.0098 0.000299  0.002855 0.000320 68.3 6.3 63.1 1.9 57.6 6.4
-19 3.64 11237 139.48 0.81 0.0481 0.0065 0.0618 0.0079 0.0096 0.000358  0.002874  0.000425 60.9 7.5 613 2.3 58.0 8.6
-20 3.48 101.85 134.86 0.76 0.0440 0.0057 0.0623 0.0084 0.0100 0.000348  0.002927  0.000325 613 8.0 63.8 22 59.1 6.6
-22 595 182.10 169.59 1.07 0.0475 0.0076 0.0603 0.0082 0.0097 0.000380  0.002662 0.000255 59.4 7.8 62.1 2.4 53.7 5.1
-24 3.60 108.86 163.25 0.67 0.0655 0.0075 0.0860 0.0112 0.0095 0.000335  0.002787 0.000359 83.8 10.4 612 2.1 56.3 72
-25 7.19 228.15 228.65 1.00 0.0413 0.0036 0.0547 0.0052 0.0095 0.000199  0.002437  0.000222 54.1 5.0 612 1.3 49.2 4.5
-26 3.27 106.67 135.01 0.79 0.0531 0.0071 0.0695 0.0091 0.0097 0.000338  0.002551 0.000303 68.2 8.7 623 22 51.5 6.1
-29 4.68 19233 192.82 1.00 0.0425 0.0049 0.0560 0.0062 0.0098 0.000316  0.002753 0.000329 553 6.0 63.0 2.0 55.6 6.6
-31 7.59 265.64 24134 1.10 0.0632 0.0081 0.0811 0.0099 0.0096 0.000308  0.003019  0.000339 79.1 9.3 61.5 2.0 60.9 6.8
-32 549 17437 13420 1.30 0.0480 0.0052 0.0638 0.0064 0.0098 0.000291  0.003491 0.000353 62.8 6.1 629 1.9 70.4 7.1
-33 7.80 280.18 225.00 1.25 0.0593 0.0066 0.0754 0.0080 0.0094 0.000334  0.002963 0.000233 73.8 7.6 60.2 2.1 59.8 4.7

-34 12.44 342,75 301.10 1.14 0.0481 0.0047 0.0638 0.0063 0.0097 0.000277  0.003302 0.000281 62.8 6.0 62.2 1.8 66.6 5.7



-35 4.65 139.54 145.58 0.96 0.0483 0.0050 0.0616 0.0064 0.0094 0.000255  0.003053 0.000348 60.7 6.1 60.1 1.6 61.6 7.0
-36 3.87 122.63 147.96 0.83 0.0544 0.0074 0.0684 0.0085 0.0096 0.000334  0.002782 0.000336 67.1 8.1 61.4 2.1 56.1 6.8
-37 3.14 98.17 90.77 1.08 0.0406 0.0081 0.0544 0.0098 0.0100 0.000469  0.002702 0.000308 53.8 9.5 63.8 3.0 54.5 6.2
BN5208-1 granite E: 85°00'00", N: 30°27'57"

-1 5.62 188.70 239.64 0.79 0.0483 0.0037 0.0645 0.0050 0.0097 0.000203  0.002674 0.000210 63.4 4.8 62.2 1.3 54.0 42
-3 5.06 19534 241.72 0.81 0.0538 0.0057 0.0675 0.0060 0.0094 0.000183  0.002220 0.000172 66.3 5.8 60.1 1.2 44.8 35
-5 6.16 231.75 278.59 0.83 0.0543 0.0051 0.0706 0.0068 0.0093 0.000262  0.002355 0.000241 69.3 6.5 60.0 1.7 47.5 49
-6 586 211.22 258.73 0.82 0.0566 0.0086 0.0745 0.0117 0.0096 0.000286  0.002400 0.000295 73.0 11.1 61.3 1.8 48.5 6.0
-7 475 183.47 217.38 0.84 0.0474 0.0047 0.0623 0.0065 0.0095 0.000418  0.002241 0.000359 61.4 6.2 61.3 2.7 452 72
-8 492 184.69 229.50 0.80 0.0490 0.0053 0.0621 0.0058 0.0094 0.000216  0.002351 0.000223 61.2 5.6 60.3 1.4 475 45
-9 6.38 212.07 264.27 0.80 0.0508 0.0039 0.0685 0.0051 0.0098 0.000253  0.002719 0.000202 67.3 49 63.0 1.6 54.9 4.1
-11 5.01 246.16 336.57 0.73 0.0560 0.0033 0.0739 0.0044 0.0097 0.000214  0.002930 0.000145 72.4 42 62.1 1.4 59.1 2.9
-13 5.84 255.07 388.45 0.66 0.0563 0.0036 0.0735 0.0044 0.0097 0.000187  0.003367 0.000154 72.0 4.1 62.3 1.2 67.9 3.1
-15 3.80 184.34 283.21 0.65 0.0609 0.0046 0.0758 0.0051 0.0096 0.000251  0.003191 0.000166 74.2 4.8 61.8 1.6 64.4 33
-16 459 212.73 32645 0.65 0.0577 0.0038 0.0775 0.0047 0.0098 0.000216  0.003294 0.000168 758 4.5 63.1 1.4 66.5 3.4
-17 486 196.76 333.04 0.59 0.0565 0.0053 0.0759 0.0067 0.0101 0.000271  0.003415 0.000227 74.3 6.4 64.5 1.7 68.9 4.6
-18 496 24476 294.28 0.83 0.0590 0.0045 0.0782 0.0058 0.0101 0.000281  0.003649 0.000169 76.4 5.5 64.7 1.8 73.6 3.4
19 423 196.54 295.12 0.67 0.0556 0.0047 0.0715 0.0060 0.0096 0.000326  0.003424 0.000227 70.1 5.7 61.3 2.1 69.1 4.6
-20 3.82 17549 266.89 0.66 0.0578 0.0052 0.0758 0.0069 0.0098 0.000308  0.003321 0.000201 74.1 6.5 63.1 2.0 67.0 4.1
221 7.54 44354 397.17 1.12 0.0572 0.0051 0.0761 0.0063 0.0100 0.000282  0.003616 0.000165 74.5 6.0 64.1 1.8 73.0 33
-22 450 22643 322.73 0.70 0.0587 0.0049 0.0725 0.0048 0.0096 0.000259  0.003150 0.000180 71.0 45 61.7 1.7 63.6 3.6
-23 4.65 202.77 310.82 0.65 0.0577 0.0042 0.0775 0.0059 0.0099 0.000265  0.003418 0.000292 758 5.6 63.2 1.7 69.0 59
-24 6.05 220.12 48442 045 0.0539 0.0034 0.0711 0.0040 0.0101 0.000236  0.003146 0.000164 69.8 3.8 64.5 1.5 63.5 33
-25 3.66 9451 336.00 0.28 0.0566 0.0041 0.0720 0.0046 0.0096 0.000253  0.003222 0.000257 70.6 4.4 61.7 1.6 65.0 52
-26 3.57 15855 27230 0.58 0.0516 0.0047 0.0658 0.0055 0.0097 0.000226  0.003358 0.000223 64.7 52 62.0 1.4 67.8 45
-27 339 171.63 267.28 0.64 0.0588 0.0059 0.0699 0.0060 0.0096 0.000328  0.003000 0.000196 68.6 5.7 61.3 2.1 60.5 4.0
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5 Discussion

5.1 Age of rock formation

Nuocang area granite porphyry (BN4405-Dy) and granite samples (BN5208-1) have
weighted mean ages of 61.86+0.8 Ma and 62.17+0.67 Ma, respectively, suggesting that a latest
emplacement starting date for Paleocene granitoids at 61.86 + 0.8 Ma, in the Paleocene. The
Dianzhong Formation’s basaltic andesitic crystal tuff interlayer is also present in the Nuocang
area. According to previous research, the Dianzhong Formation formed in the western Gangdese
belt 51.6-64.8 Ma in the Dajiacuo area (Geological Survey of Jiangxi Province., 2015), 61-63.9
Ma in the Cogen area (Hu et al., 2007), 58.55-60.07 Ma in the Cogen-Angren area (Wen et al.,
2008) and, by its olivine theoleiite formation, 58.4-60.1 Ma in the Shiquanhe area. To sum up, the
basaltic andesitic crystal tuff is likely to have formed 60 Ma, which corresponds to the formation
age of granites in the study area. Previous studies have shown that the India-Eurasia collision was
simultaneously in eastern and western directions, with initial collision occurring 65Ma (Hou et al.,
2006, Mo et al., 2007; Dong et al., 2011). The Linzizong Formation volcanic rocks represent the
initial collision tectonic environment, and its formation age likewise corresponds to the granitoids
in this study. Meanwhile, evidence of large-scale magmatic activity in the Paleocene has been
found in the Gangdese Belt (Table 4). In simultaneity, the Linzhou basin developed intermediate-
acid dykes (55.1-62 Ma (Dong et al., 2017)), Riduo granite and granodiorite porphyrite (59.5-
62.7Ma, (Wang et al., 2019)), Zhula Bi-monzogranite mass (63-64 Ma; Li et al 2012) and basic
dikes found Near Lhasa (60 Ma, (Lii et al. 2012)), Nanmulin (62.4 Ma,(Zhu et al. 2011)) and
Xiongga (64.7 Ma, (Chen et al. 2017)), respectively. Additional data on the western Gangdese
Belt’s Dianzhongzu Formation granite porphyry (62 Ma, (Jiang, 2018)) and basic volcanic rocks
of the Shiquanhe area (60.1 Ma, (Tibet Geological Suvery Institute, 2003)) indicate simultaneous
magmatic activity. It is worth mentioning that the Dianzhong Formation’s intermediate-acid
volcanic rocks and contemporaneous intermediate-acid intrusive rocks of the eastern and western
Gangdese Belt exhibit strong geochemical similarities—in terms of components, peraluminosity,

calc-alkaline classification, trace element enrichment or depletion, and a right-leaning REE



284  distribution.
285 Therefore, Nuocang Paleocene granitoids and basaltic andesitic crystal tuff are Paleocene

286  magmatic events under the influence of the initial continental collision between India and Eurasia.
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Table 4.

Gangdese Paleocene magmatic rocks: locations and ages

Structural location

Eastern Gangdese

Number

[y

© 00 N O O b~ W N

Sample
LZ1104
LZ1106
LZ1110
LZ1113
LZ1108
NMLO03-1
2003T363
2003T363
BLZ-02
T0889-D
T0889-G
GO07a
Go1
G03a
XM-1
XM-2
XM-3
XM-4-2
XM-5
XM-6
XM-7
XM-8
XM-9

Locality
Linzhou basin
Linzhou basin
Linzhou basin
Linzhou basin
Linzhou basin

Nanmulin
Linzhou basin
Linzhou basin
Linzhou basin

Riduo
Riduo
Zhula
Zhula
Zhula
around Lhasa
around Lhasa
around Lhasa
around Lhasa
around Lhasa
around Lhasa
around Lhasa
around Lhasa
around Lhasa

Longtitude(E) Latitude(N) Rock type Age (Ma) Ref.
91901.9'-9111.9 29%4.9' - 29°58. 2' granite porphyry 55.1 Dong et al. 2015
91901.9'-9111.9 29954, 9' - N29°58. 2' granite porphyry 57.8 Dong et al. 2015
91901.9'-9111.9 29954, 9' - 29°58. 2' granite porphyry 61.1 Dong et al. 2015

9191.9'-E9111.9 2954.9' - N29°58. 2' granite porphyry 59.8 Dong et al. 2015
91901.9'-E9111.9 29954, 9' - 29°58. 2' Bi-granodiorite porphyrite 62.4 Dong et al. 2015
Diorite 62.4 Zhu et al. 2011
trachybasalt 52.54 Yue et al. 2006
trachybasalt 52.9 Yue et al. 2006
granite porphyry 60.3 Wang et al. 2006
granodiorite porphyrite 62.7 Wang et al. 2019
granite 59.5 Wang et al. 2019
9318’ 00" -93%3’ 40" 30°0122"-30°11'08" Bi-monzogranite 63.9 Li et al. 2012
93°18'00"-93°53'40" 30°0122"-30°11'08" Bi-monzogranite 64.6 Li et al. 2012
93°18'00"-93°53'40" 30°0122"-30°11'08" Bi-monzogranite 64.3 Li et al. 2012
92.20° 29.71° Bi-Q-diorite 64 Li et al. 2012
92.10° 29.70° Bi-Q-diorite 65.9 Lu et al. 2012
92.08< 29.71< Granite 67.2 Li et al. 2012
92.04< 29.72° Monzogranite 66.6 Lu et al. 2012
91.98< 29.73< Bi-monzogranite 67.5 Lt et al. 2012
91.96° 29.74< Monzogranite 68.7 Lu et al. 2012
91.20° 29.63° Bi-granodiorite 60.3 Lt et al. 2012
91.20° 29.64° Bi-granodiorite 58.2 Lu et al. 2012
91.16° 29.72< Bi-monzogranite 57.6 Lt et al. 2012
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24 XM-16 around Lhasa 92.10° 29.71° Diorite-vein 60 Lu et al. 2012

25 XM-17 around Lhasa 92.10° 29.71< Monzogranite 68.4 Lt et al. 2012

26 XG-12-2 Xiongga 91.71° 29.27° Quartzmonzonite 64.77 Chen etal. 2017

27 XG-12-3 Xiongga 91.71< 29.27° Gabbro 64.77 Chen et al. 2017

28 Shiquanhe olivine tholeiite 60.1 1:250000Shiguanhe

29 Shiquanhe olivine tholeiite 58.4 regional report. 2003
Western Gangdese 30 BN0207 Beina 86°12'30"~86°14'00" 30°05'30"~30°07'00" granite porphyry 63.2 Jiang 2018

31 BNO02 Beina 86°12'30"~86°14'00" 30°05'30"~30°07'00" granite porphyry 63.3 Jiang 2018

32 P3308H1 Cogen andesite 61 Hu et al. 2011

33 BN4405-DY Nuocang 85°09'10" 30°24'03" granite porphyry 61.8 This study

34 BN5208-1 Nuocang 85°00'00", 30°27'57" granite porphyry 62.17 This study
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5.2 Tectonic implications

According to Zircon U-Pb dating, granitiods in this study formed in the same basic timeframe
as the India-Eurasia continental collision, matching the age of collision-related granite porphyry
samples from the eastern Gangdese Belt. They also conform to the eastern Gangdese Belt in terms
of major and trace elements, major element content, enrichments of large ion lithophile elements
(LILE) (e.g., K, Rb, Ba, Th, and U), and depletions in high field-strength elements (HFSE) (e.g.,
Nb, P, and Ti)—all these signs of subduction-related igneous activity (Pearce et al., 1984; Condie,
2001; Mo et al., 2003). However, when comparing collision-related granite porphyry with J,,-K
typical subduction arc volcanic rocks (Yeba Formation and Sangri group) and Miocene (10~18
Ma) adakitic granite porphyry from the post-collision crustal extension environment, (Wang et al.,
2006) found that the Paleocene granite porphyry belonged neither to adakitic nor subduction
volcanic rock types. Instead, it should be concluded as intracontinental magmatism transforming
from subduction to collision.

The Dianzhong Formation developed a layer of basaltic-andesite in the Gangdese belt. The
widespread manifestation of mafic/ultramafic magmatism can be regarded as a collisional
thickening environment (S.V. Khromykh and A.G. Vladimirov., 2013). In addition, an analysis of
the volcanic geochemistry of the Dianzhong Formation signifies the extent of crustal material
impact on the magma. In particular, the appearance of shoshonite series in the Nianbo and Pana
Formations is a strong indicator of intracontinental magmatism (Mo., 2003; Dong et al., 2015).
Nuocang granites samples can almost classify as high-K calc-alkaline, very close to the shoshonite

series, implying that the area formed under an initial collision environment.

5.3. Petrogenesis

Granite is generally believed to be formed by the partial melting of crustal materials, while
crustal composition is itself highly heterogeneous. The melting source area may not be pure
igneous or pure sedimentary rock. The material heterogeneity of the source area may be inherited
by molten magma and even retained in the final crystallized rocks (Wang et al., 2017; Zheng et al.,

2019). Zircon Hf isotope analysis is widely used to study granite rock source properties and
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characteristics. Positive values of eyf(f) are generally interpreted as juvenile crust melting or the
addition of mantle materials, while granites with negative eyf¢) values are thought to originate
from ancient crustal materials (Taylor and McClenna., 1985; Wu et al., 2007). Zircon Hf isotope
analysis of Nuocang Paleocene granite suggests a compositionally uniform source material. The
value of ey(f) ranges from -7.63 to -3.36, with the tDMC age of 1.4-1.6 Ga, indicative of ancient
crustal material(Fig.8). A large variation in eydf) values requires an open system to change the

. 176
ratio of !’

Hf/'""Hf in the melt (Kemp et al.,2007). Because the zircon Hf isotope ratio not change
with partial melting or fractional crystallization, the heterogeneity of zircon Hf isotopes probably
indicates interaction between the more radiogenic Hf mantle provenance and the less radiogenic
Hf crustal materials (Bolhar et al., 2008). Granitoids in this study had negative ey«(f) values, in this
respect clearly diverging from eastern Gangdese Belt granitoids. This contradicts previous
conclusions that the southern margin of the Gangdese belt formed from juvenile crust. Some
scholars believe this to be the result of ancient crustal melt in the India continent (Dong et al.,
2017). But most believe that the Southern Lhasa Block has an ancient crystalline basement
(~84~88°E) (Hou et al., 2015; Zhang et al., 2018; Jiang, 2018). Mo et al (2006, 2009) According
to the post-collision potassic-superpotassic volcanic rocks of the Miocene (8-25 Ma), it is
speculated that it mainly formed by breaking off the Neo-Tethys plate during the post-collision
stage.Then the Indian continental lithosphere subducted to the bottom of the Lhasa Terrane.
Therefore, it can be preliminarily concluded that the Indian contintental lithosphere did not
subduct below the Lhasa terrane at least before 25 Ma. The discrepancy in eastern and western

Gangdese Belt granitoid samples’ eyf?) values may be mainly caused by differences in their

crystalline basements.
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Fig.8 Gangdese Nuocang granitoid and Paleocene granite ey((t) values Gangdese batholith data

from Ji et al.,(2012); Nuocang area Dianzhong Formation subvolcanics data from (Jiang, 2018);

castern Gangdese Paleocene intermediate intrusives from Dong et al. (2017); Wang et al. (2006);
LUet al. (2012)

According to the standardized distribution diagram of REE chondrites for Nuocang
granitoids, 11 samples have obvious negative 0Eu anomalies. Negative dEu anomalies are
generally explained in two ways: either in relation to the fractional crystallization of plagioclase in
magma, or in relation to the existence of a refractory residual phase during partial melting of the
crustal source area (Rollison, 1993). However, the thickness of Linzizong Group volcanics in the
Cogen basin exceeds 2800m (Ding et al., 2017) and they are widely distributed across the
Gangdese Belt. With such a wide distribution, it becomes difficult to explain the formation of
Nuocang granitoids in the relatively short timeframe proposed by magmatic fractionation.
Therefore, the melting of continental crust may have played a more important role during
formation (Dong et al., 2005, 2008; Mo et al., 2009; Dong et al., 2015).

In addition, Nuocang granite porphyry is relatively enriched with large ion lithophile
elements (LILE) (e.g., K, Rb, Ba, Th, and U) and deficient in high field-strength elements (HFSE)
(e.g., Nb, P, and Ti) (Fig 8b). On the one hand, the loss of high field strength elements may reflect

source rock properties, because crustal melts are typically characterized by a loss of high field
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strength elements (Ryerson et al., 1987; Xie et al, 2013); on the other hand, a relatively high loss
of Nb, P and Ti suggests the possible fractionation and crystallization of Ti-rich minerals—since
Ti is not easily combinable and remains in the source area. P deficit, meanwhile, is caused by
apatite separation and crystallization during magmatic evolution and fractionation (Rollison, 1993;
Wu et al., 2003).

On Nb-Nb/Th diagrams (Fig. 9a), most of the samples are close to continental crust, and far
from the primitive mantle and MORB regions, with the same geochemical properties as volcanic
arc rocks. On Nb/Y-Th/Y diagrams (Fig. 9b), most samples fall far from the upper crust but rather
between Th/Nb = 1 and Th/Nb = 10 trend lines, close to the average composition of the lower and
mid-crust. In addition, the samples’ La/Nb ratios ranged from 3.8 to 10.7, with an average value of
5.8, far greater than 1.0 and thus differing from mantle-derived magma (De Paolo and Daley.,
2000). The samples’ low MgO content (Table 3) likewise implies that area granitoids are derived

from the partial melting of crustal materials.

100 a 10
MORB+OIB
10 Primitive Manllc* > 1
= ~
= Conti 2 =
> ontmcntz‘ll_culs& . - =
Z 2.2 .
+ Arc volcanic rocks
1 ' P 0.1
@ Granites ’
0.1 0.01
0.1 1 10 100

Nb
Fig. 9 Nb vs. Nb/Th (a) and Nb/Y vs. Th/Y (b) discrimination diagrams (as in Boztu et al., 2007).

Data sources: primitive mantle (Hofmann, 1988); continental crust, MORB, OIB, and arc volcanic
rock (Schmidberger and Hegner, 1999)

From the La-La/Yb diagram (Fig. 10a), we see that the slope of the distribution curve of

Paleocene granites in the Nuocang area lies closer to the partial melting line. Partial melting may

be the main controlling factor in magma genesis.
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Granites in this study are thus believed to be formed primarily by the partial melting of

crustal materials, where crustal composition is heterogeneous. That is, the melting source may not

be pure igneous or pure sedimentary rock. This material heterogeneity of the source may have

been inherited into the magma and retained in the resulting crystallized rocks (Wang et al., 2017,

Zheng et al., 2019). In the ZREE-Y/XREE diagram, all samples fall into the crustal source area

(Fig. 10b), indicating main derivation from partial melting of the lower crust. Comparison of

geochemical composition between these granitoids and the experimental melt shows an even

source material composition. Source rocks may include only the ancient crust, dominated by

metagreywackes (Figs. 11a), which is consistent with zircon Hf isotope analysis results, which

also suggest an even source material composition.
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FeO'™+Ti0,) and (K,0 +Na,0/Ca0 vs. Zr+Nb+Cet+Y (a, Whalen et al.(1987)) for the Paleocene

granitoids (b, after Kaygusuz et al., 2008)
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It is generally recognized that the magma originated from melting of the lower crust materials
Mg"<<40 (Atherton and petford,1993) and the partial melting of basalt Mg*>45 (Rapp,1997).
More basic materials than basalt mixed with Mg">50 (Wu et al.,2003) and direct partial melting
of mantle peridotite Mg">60 (McCarron and Smell-ie, 1998). The Mg" value of basic rock
samples ranges from 47 to 52, with a mean of 50, indicating that the source is not completely
crustal, but may have mantle-derived materials mixed in. The La/Yb vs. Sm/Yb diagram shows
that possibly 10% of garnet-peridotite in the basaltic andesitic crystal tuff was partially melted

(Fig. 12a) and contaminated by crust during upward emplacement (Fig. 12b) .
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Fig. 12 Plot of La/YDb vs. Sm/YD (a, after Johnson et al., 1990) and plot of (Th/Nb)y vs. Nb/La (b,
after Kieffer et al., 2004; normalized values from Sun and McDonough, 1989, for Nuocang arca

basaltic andesitic crystal tuff samples

5.4 Dynamic Evolution

Prior to India-Eurasia continental collision, the Neo-Tethys oceanic lithosphere subducted
beneath the Eurasian continent at a normal angle to form typical epicontinental arc volcanic rocks
(~120-65Ma. Then, initial plate collision occurred 65Ma. Under the influence of gravity, the Neo-
Tethys oceanic lithosphere subducted deeply and rotated in the process. Near the Moho surface,
partial melting of the hydrated mantle wedge generated magma upwelling. The intense heat
melted ancient Lhasa crust along with a portion of the mantle-derived magma, resulting in a wide
area of highly differentiated acidic volcanic rock formation—that is, the Linzizong Formation. As

the Neo-Tethys Lithosphere continued subducting, the Indian plate pushed below the Eurasia
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plate. The lifting of the subduction zone resulted in an environment of crustal extension and
thinning. Crustal decompression, mantle thermal upwelling, and partial melting together produced

the basic volcanic interlayer of the Dianzhong Formation.

6 Conclusions

1) Nuocang granite and granite porphyry yield ages of 61.86 + 0.8 Ma (MSWD = 0.6) and
62.17+0.67 Ma(MSWD = 0.052) respectively, indicating that these intrusions formed in the early
Paleocene. This concurs with the formation ages of east Gangdese Belt granitoids, likely
indicating that early Paleocene magmatic activity in the Gangdese Belt was synchronous from east
to west.

2) Nuocang granites are calc-alkaline to high-K calc-alkaline and metaluminous to
peraluminous with a high DI index and a right-leaning REE pattern. They feature enrichments
of incompatible elements and LILE—such as Rb, Ba, Th, and K—along with pronounced
depletions of high field elements (HFSE)—such as Nb, Sr, Ti, and P.

3) The granitoids’ source is derived from the melting of ancient crystalline basement
metagreywackes; its basaltic andesitic crystal tuff is derived from the partial melting of garnet-
peridotite partial melting and crustal contamination occurred during the intrusion of upwelling
magma .

We thank N.L. Dobretsov and A E.1zokh for useful discussion.

1:50,000 regional geological survey projects of the Luocang area were mainly undertaken at
Chengdu University of Technology. The Level 2 project uses the Gangdese metallogenic belt base
survey items (project code: 1212011221067) and is supported by Central funding. My sincere
thanks extend to the members of the Luocang project for their help in the field and their

constructive comments and suggestions.
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