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Abstract: The research on highly fractionated granite has significant implications for both the evo-
lution and compositional maturation of the continental crust and metallogenic exploration. As a
means of further understanding crustal evolution and promoting ore exploration in the Bangong-
Nujiang metallogenic belt (BNMB), we present the petrography, zircon LA-ICP-MS U-Pb age, and
Hf isotopic data, along with the whole-rock geochemical and Sr-Nd isotopic composition on Kese
highly fractionated granite in the Baingoin area within the BNMB, central Tibet. The results show
that Kese granite possesses a zircon U-Pb age of 127.8 £ 1.7 Ma and a relative enrichment in zircon
Hf isotopic composition (—12.8~+0.3) with a two-stage Hf model age of 1.2~2.0 Ga. This granite
belongs to the high-K calc-alkaline series, characterized by a strongly peraluminous feature, and is
enriched in large-ion lithophile elements (LILEs) and Nd isotopes (—7.86~—7.74). The granite was
likely to have been derived from the mixed melts derived from 40%~45% juvenile basaltic lower
crust, 15%~20% ancient lower, and 40% middle—upper, following intense fractional crystallization
processes involving amphibole, biotite, plagioclase, and some accessory minerals during the magma’s
evolution. We infer that Kese highly fractionated granite can be formed from the continental collision
of the Lhasa—Qiangtang terranes initiated before 128 Ma. The reworking of pre-existing juvenile and
ancient crustal materials drove the composition of the northern Lhasa terrane to that of a mature
continental crust. Moreover, the distinctive geochemical features have shown that the high degree
of differentiation led to intense magmatic-hydrothermal interaction during the formation of Kese
granite. A comparison of the geochemical characteristics of mineralized and barren granites suggests
that the highly fractionated granites in Baingoin from the BNMB have a high economic potential and
are suitable for preliminary exploration of Sn-W-(U) deposits.

Keywords: economic potentiality; reworking of continental crust; petrogenesis; highly fractionated
granite; Bangong-Nujiang metallogenic belt

1. Introduction

Highly fractionated granites are similar in geochemical properties to mature conti-
nental crusts and have been considered to be an excellent window into the processes of
compositional evolution of the continental crust [1,2]. Meanwhile, fractional crystallization
during magma’s evolution facilitates the enrichment of W-Sn-Nb-Ta in magma [3,4]; thus,
highly fractionated granites usually possess mineralized specialization [5,6]. Research has
shown that numerous deposits are thought to have genetic links with highly fractionated
granite, such as some W-Sn—-Nb-Ta, REE, and Li-Be deposits in south China, southern
Tibet, and the Variscan orogeny [7-10]. Therefore, recognition and research of highly
fractionated granites can also provide direct evidence for the exploration and economic
potentiality evaluation of genetically related mineral deposits.
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Since the Paleozoic era, the Tibetan Plateau has undergone complex growth and evo-
lution due to the amalgamation of terranes over several orogenic cycles. It has the thickest
continental crust in the world and provides favorable metallogenic conditions for the
formation of large deposits [11-14]. The Mesozoic Bangong-Nujiang suture zone (BNSZ)
in central Tibet, as the youngest suture zone before the India—Asian collision, records the
evolution of the Bangong-Nujiang Tethyan Ocean (BNTO) from its opening to its closure,
along with the addition of the Lhasa terrane at the southern margin of Asia [15,16]. In
the last decade, extensive research has been conducted on the continental crust evolution
and ore deposits caused by the evolution of the BNTO and collision of adjacent terranes
(Lhasa—-Qiangtang) during the late Early Cretaceous and Late Cretaceous periods [17-21],
and an idea of Bangong-Nujiang metallogenic belt (BNMB) has been proposed [22]. Pre-
vious research indicates that the north Lhasa terrane underwent simultaneous growth
and reworking of crust [23,24], and the formed ore deposits are mainly Cu-Au-Mo de-
posits in this period (such as a ~120 Ma Duolong Cu-Au deposit, ~118 Ma Jinmuguo
Mo polymetallic deposit, 117-112 Ma Shesuo—Xiongmei Cu mineralized zone, ~88 Ma
Gaergiong—Galale Cu—Au deposit, and ~83 Ma Sangri Cu-Mo deposit) [25-30]. However,
less research has been conducted on the crustal evolution process during the middle Early
Cretaceous. Furthermore, it is also necessary to determine the tectonic background that
caused the crustal evolution and whether such crustal evolution provides the possibility
for the mineralization of any mineral species.

During the regional geological survey, the authors discovered several highly frac-
tionated granites in the Baingoin area, in the northern Lhasa terrane. The ages of these
granitoids differ from those reported for highly fractionated granitoids in BNMB [31-33].
In this study, U-Pb chronological and Hf isotopic data of zircon, whole-rock geochemistry,
and Rb-5r-Sm-Nd isotopic data are presented for Kese highly fractionated granite within
the BNMB. This study aims to provide further information regarding the genesis type and
evolution of magma and the evolution of the continental crust, evaluate the ore-bearing
potentiality, and provide crucial clues for further mineral prospecting.

2. Geological Setting and Petrography
2.1. Geological Setting

The Tibetan Plateau is divided into several terranes. Among these are Qaidam, Songpan—
Ganzi, Qiangtang, Lhasa, and Himalaya terranes from north to south. Interposing sutures
separate them, including Ayimaqin-Kunlun Mutztagh, Jinshajiang, Bangong-Nujiang, and
Indus—Yarlung sutures [11,12]. The BNSZ extends over two thousand kilometers and is
dominated by Jurassic—Cretaceous flysch, volcanic rocks, and mélange, accompanied by
rare but widely scattered ophiolitic fragments of the Mesozoic BNTO [34]. The Lhasa terrane
is located south of the BNSZ and can be divided into northern, central, and southern Lhasa
terranes (NL, CL, and CL) [18].

Located between the Shiquanhe-Nam Tso mélange and BNSZ, the northern Lhasa ter-
rane comprises Jurassic sandstone with interbedded volcanic rocks (Jienu group), flysh for-
mation (Lagongtang formation), and limestone (Rila formation), Early Cretaceous volcano—
sedimentary rocks (Qushenla and Duoni formation), limestone (Langshan group), and
Late Cretaceous Molasse formation (Jingzhushan formation). It has also been found that
several intermediate—felsic igneous rocks have developed in the northern Lhasa terrane,
the majority of which have been emplaced in the Cretaceous [18,23,34-36]. Regional struc-
tures are mainly NW-SE trending, and most faults are thrust faults, which determine the
distribution direction of the strata and intrusion.

2.2. Petrography of Kese Granite

Kese granite is located in the NNW direction of Baingoin County and outcrops as a
stock (Figures 1 and 2a). Previous studies proposed that the Kese granite belonged to fine-
grained mica-monzogranite or granodiorite [35]. However, the field investigation revealed
that the Kese granite primarily comprises granite and overlaps with Digian granodiorite
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without a clearly defined boundary (Figure 2a). Based on the zircon U-Pb dating results,
we infer that Kese granite was formed later than Digian granodiorite (~134.4 Ma) [37].
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Figure 1. Geological sketch map of Tibetan Plateau (a), distribution of late Jurassic—early Cretaceous
granites of BNMB (b) and geological sketch map of Baingoin area, central Tibet. ((a) modified
after [34]; (b) modified after [23]; (c) age data from [23,35,37-40]).

These samples of Kese granite are mostly granitic in component, with yellow or
red colors and medium-grained textures. Among the minerals, the dominant ones are
K-feldspar (~48%), quartz (30%), and plagioclase (20%), while biotite and muscovite are
minor (~2%) (Figure 2c), with accessory minerals such as sphene, zircon, apatite, and
Fe-Ti oxides. Some K-feldspars show obvious metasomatic and secondary characteristics.
Plagioclase is localized and sericitized.
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Figure 2. Outcrops and photomicrographs of Kese granite in BNMB, central Tibet. ((a,b) Outcrops of
Kese granite; (c) photomicrographs of Kese granite, consisting of Kf, P1, Qz, Bt, and Ms).

3. Analytical Methods
3.1. Zircon U-Pb Dating

A laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) method
was used to conduct the U, Th, and Pb analysis of zircons at the Institute of Geology,
Chinese Academy of Geological Sciences, as described in the work by [41]. The spot sizes
were ~32 um, and data were calibrated according to the M127 reference zircon. GJ-1 zircon
(599.8 + 1.7 Ma, 20) [42] and plesovice zircon (337.13 £ 0.37 Ma, 20) [43] were selected as
the reference standards, and every five unknowns were analyzed with the standard zircon
first. Using the ICPMSDataCal programs, data processing was performed [44]. Due to the
influence of common lead in inclusions, most analyses with 2°°Pb /2%4Pb values larger than
1000 had the 2%Pb measured not corrected for the common lead component. A summary
of the analytical data is presented in Table 1 and represented graphically as concordia
diagrams with a 1o error. Using Isoplot at 95% confidence levels, the ages were calculated
as weighted means with two standard deviations each [45].

3.2. Whole-Rock Geochemistry

A tungsten carbide shatter box was used to prepare whole-rock powders for eleven
samples. At the National Research Center for Geoanalysis, Chinese Academy of Geological
Sciences, the concentrations of major, trace, and rare earth elements (REEs) in the whole
rock were determined using X-ray fluorescence (XRF) and inductively coupled plasma
mass spectrometry (ICP-MS). The XRF method analyzed the major elements with analytical
uncertainties <5%. Analysis of trace and REEs was performed using ICP-MS, and cations
exchange analysis was used to separate REEs. As a result, there were around 5% analytical
uncertainties for elements with abundances less than 10 ppm and about 10% for those with
abundances greater than 10 ppm.
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Table 1. LA-ICP-MS zircon U-Pb isotopic analyses for the samples of Kese granite in Baingoin area,
central Tibet.

Concentrations (ppm) Isotopic Ratios Isotopic Ages (Ma)

Spot Pb Th U Th/U 207pp/206pp 10 07pp2B5y 1o 206pp28Yy 10 207pp/206pp 100 207pp235y 100 206 pp/238y 10
D17R23_1 917 84 944 0.09 0.05035 0.00083  0.14082 0.00247  0.02039  0.00025 211.1 37.8 133.8 22 130.1 1.6
D17R23_2 3.85 44 406 0.11 0.04994 0.00115 0.13662 0.00324  0.02009 0.00027 192.4 52.7 130.0 29 128.2 1.7
D17R23_3 1416 90 1585  0.06 0.05005 0.00078 0.1342 0.00224  0.01885  0.00023 197.4 35.9 127.9 2.0 120.4 15
D17R23_4 1197 72 1298  0.06 0.04902 0.00077 0.13539 0.00227  0.01989 0.00024 149.0 36.3 128.9 2.0 127.0 1.5
D17R23_5 20.17 101 2056  0.05 0.05035 0.00068  0.14441 0.00213  0.02058  0.00025 211.3 31.1 137.0 1.9 131.3 1.6
D17R23_6 2019 119 1932 0.06 0.05693 0.00077  0.15365 0.00226  0.0194 0.00023 488.1 29.9 145.1 2.0 123.8 15
D17R23_7 791 69 846 0.08 0.04874 0.00087 0.13628 0.00257  0.02024 0.00025 135.5 41.4 129.7 2.3 129.2 1.6
D17R23_8 371 81 376 022 0.04939 0.00118  0.14281 0.00352  0.02109  0.00028 166.2 54.9 135.5 3.1 134.6 1.8
D17R23_9 744 65 793 0.08 0.04943 0.00086  0.13974 0.00257  0.02006  0.00025 168.3 40.2 132.8 23 128.0 1.6
D17R23_10 16.75 70 1797 0.04 0.04925 0.0007 0.13726 0.00211 0.02 0.00024 159.6 32.8 130.6 1.9 127.6 1.5
D17R23_11 5.81 65 614 0.11 0.04893 0.00096 0.13774 0.00284  0.02045 0.00026 144.3 45.5 131.0 2.5 130.5 1.7
D17R23_12 8.38 60 868 0.07 0.05177 0.00086 0.14164 0.0025 0.01969 0.00024 275.2 37.7 134.5 22 125.7 1.5
D17R23_13 242 88 268 033 0.04716 0.00137  0.13838 0.00409  0.02026  0.00029 56.7 68.1 131.6 37 129.3 1.8
D17R23_14 9.84 113 1069  0.11 0.05044 0.00089 0.13703 0.00255  0.01927 0.00024 215.1 40.3 130.4 2.3 123.0 1.5
D17R23_15  118.03 64 372 017 0.12797 0.0014 4.6463 0.06444  0.26144  0.0031 2070.3 19.2 1757.6 11.6 1497.2 15.8
D17R23_16  8.84 59 912 0.07 0.05169 0.00089  0.14305 0.0026 0.0198 0.00025 2719 38.8 135.8 23 126.4 1.6
D17R23_17 1449 89 1582 0.06 0.04936 0.00072  0.13325 0.0021 0.0196 0.00024 164.9 33.8 127.0 19 1251 15
DI17R23_18 994 75 1024 0.07 0.04992 0.00087  0.14357 0.00266  0.02056  0.00026 191.2 40.2 136.2 2.4 131.2 1.6
D17R23_19 343 92 357 026 0.04883 0.00115  0.13971 0.00338  0.02079  0.00028 139.4 54.2 132.8 3.0 132.6 1.8
D17R23_20  1083.99552 1336  0.41 0.18092 0.00188  11.51627  0.14278 047356  0.00556  2661.4 17.1 2565.9 11.6 2499.1 24.3
D17R23.21 990 73 1032 0.07 0.04958 0.0008 0.14031 0.00242  0.02043  0.00025 175.4 374 133.3 22 130.4 16
D17R23_22 1832 217 243 0.89 0.06557 0.00091  1.09511 0.01859  0.12147  0.00148 792.8 28.9 751.0 9.0 739.0 8.5

3.3. Zircon Hf Isotopic Analyses

At the Institute of Geology, Chinese Academy of Geological Sciences, zircon Hf isotope
analysis was conducted in situ with a GeoLasPro 193 nm laser ablation microprobe coupled
to a Neptune multi-collector ICP-MS. Detailed descriptions of the instrumental conditions
and the data acquisition procedure were provided by [46]. Depending on the size of the
ablated domains, a stationary spot was used with a beam diameter of 44 mm. Helium
was used as a carrier gas to transport the ablated sample from the laser ablation cell to
the ICP-MS torch via a mixing chamber that contained argon. In order to correct the
isobaric interferences of 17¢Lu and 176Yb on 176Hf, the ratios 176Yb /173Yb = 0.796218 and
176Lu/5Lu = 0.02658 were determined [47]. In order to correct for instrumental mass
bias, the Hf and Yb isotope ratios were normalized to a 179°H£ /177Hf ratio of 0.7325 and a
172Yb /173YD ratio of 1.35274, respectively [47]. The mass bias behavior of Lu was assumed
to follow that of Yb; the mass bias correction protocol details are described in the work
of [46]. As a reference standard, zircon GJ1 had a weighted average 176Hf /177Hf ratio of
0.282007 +£ 0.000007 (20, n = 36). The calculated Hf single-stage (tpym) and two-stage model
age (tpayc) were based on a depleted mantle source with a present-day 7°Hf /177 Hf ratio of
0.28325 and a 17®Lu decay constant of 1.865 x 10~ 11a~1[48] and a mean 7°Lu/"7Hf value
of 0.015 for the average continental crust [49].

3.4. Sr-Nd Isotopic Analyses

Measurements of Sr and Nd isotopes were carried out at Beijing Createch Testing Tech-
nology Company, Beijing, China. In a clean laboratory of 1000, all chemical preparations
were performed on class 100 work benches. A SavillexTM PFA screw-top beaker was filled
with about 150 mg of sample powder. Samples were prepared by adding concentrated
HNOj3 and HF (1 mL and 2 mL) and heating the sealed beakers on a hotplate at 150 °C for a
week. After digestion, acids were evaporated on the hotplate, and residues were dissolved
in 1 mL of concentrated HCl. There were then three repetitions of this procedure. After
that, the samples were dissolved in 1.5 mL of either 3.5 M HNOj3 or 3 M HCl for Sr or Nd
purification, respectively.

Separation and purification of Sr was carried out using Sr-Spec (Triskem, 100-150 um)
resin. As a first step in the Nd purification process, REEs were rinsed with 6 M HCI using
cation exchange resins (AG50W-X12, 200-400 mesh). Then, Nd was separately purified
from REEs by 0.25 M using LN resins (Triskem, 100-150 pm). Analysis of Sr and Nd isotopic
compositions was conducted using a Thermo Fisher Scientific Neptune Plus MC-ICP-MS.
By applying the exponential fractionation law and assuming %Sr/80Sr = 8.375209 and
146N d /144Nd = 0.7219, 87Sr/86Sr and 143Nd /144Nd ratios were corrected for instrumental
mass fractionation. Based on [50], modifications were made to this method.
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For accuracy monitoring, NBS 987 was repeatedly tested, yielding an average ¥ Sr/%6Sr
value of 0.710249 £ 13 (2SD, n = 15). At the same time, the in-house standard GSB Nd was
used to assess the stability of 3Nd/!*4Nd, yielding a result of 0.512195 + 6 (2SD, 1 = 9).
In international basalt standards, BCR-2 and BHVO-2,143Nd /1#4Nd results were 0.512620
=+ 0.000003 and 0.512968 =+ 0.000004, respectively.

4. Results
4.1. Zircon U-Pb Geochronology

One sample was selected from Kese granite (D17R23) for zircon LA-ICP-MS U-Pb
geochronological and Lu-Hf isotopic analysis. The data and cathodoluminescence (CL)
image and U-Pb concordia plot of representative zircon grains are shown in Table 1 and
Figure 3, respectively.
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Figure 3. Cathodoluminescence (CL) images ((a), solid and dashed circles indicate the locations of
LA-ICP-MS U-Pb and Hf analyses, respectively), U-Pb concordia; (b) weighted average age plots;
(c) of zircon grains from Kese granite in BNMB, central Tibet.

In Kese granite, all zircon grains were off-white, having euhedral, stubby, or long
prismatic forms with a length of 80~200 pm. They had a common aspect ratio of 1.5 to
2. As can be seen in CL images, the zircons exhibit oscillatory zoning, which is typical
of magmatic zircons, whereas the bright CL images suggest that the U, Th, and REE
contents are relatively low [51]. A Th/U average ratio of 0.16 was found in zircons from the
sample, with Th contents ranging from 44 to 542 ppm and U contents ranging from 243 to
2056 ppm, suggesting a magmatic origin [52]. The 2°°Pb /23U ages from nineteen zircons
are consistent, with a weighted mean age of 127.8 £ 1.7 Ma (MSWD = 1.2) (Figure 3b).
It is worth pointing out that deviated ages were not considered in analysis locations 15,
20, and 22, indicative of captured zircon grains from Proterozoic materials according to
the CL images.
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4.2. Whole-Rock Geochemistry

Table 2 shows the concentrations of major and trace elements. Geochemically, Kese
granite samples have uniform compositions and show high SiO, (74.86~77.42 wt%), Al,O3
(12.71~13.84 wt%), and K,O contents (4.15~4.98 wt%), but low Fe;O3T (0.68~2.06 wt%) and
CaO contents (0.28~0.97 wt%), and an accordingly high K,O/NaO (1.41~1.95) ratio and
NaO + KO content (7.09~7.61 wt%), which indicates that these granites are classified as
granite with and high-K calc-alkaline series features (Figure 4). The A/CNK (Al,O3/(CaO
+ NayO + K,O) molar ratios) range from 1.19 to 1.32, reflecting strongly peraluminous
properties (Figure 5). Generally, these samples exhibit high Si, K, and total alkaline contents
and lower Mg, Fe, and Ca contents.

Table 2. Whole-rock major (wt%) and trace elements (ppm) analysis of Kese granite in Baingoin area,
central Tibet.

Sag‘(fle D16R15 DI16R23  DI17R12  DI17R15 DI17R22 D17R24  DI17R26  DI17R27  DI17R28
Si0, 74.86 76.66 75.05 76.13 77.42 77.20 76.48 76.58 76.50
TiO, 0.14 0.14 0.13 0.12 0.11 0.09 0.13 0.10 0.10
ALO; 13.84 12.76 13.35 13.15 12.96 12.90 1336 12.71 12.88

TFe,Os3 1.32 1.56 157 1.53 0.73 0.68 0.94 2.06 1.77
MnO 0.03 0.04 0.04 0.04 0.02 0.01 0.02 0.04 0.03
MgO 0.24 0.20 0.18 0.18 0.13 0.05 0.17 0.15 0.17
CaO 0.97 0.59 0.62 0.56 0.43 0.34 0.32 0.46 0.28
Na,O 2.89 2.59 2.85 273 2.94 2.85 255 2.94 2.49
K,O 4.72 4.87 459 4.87 4.30 4.62 498 415 478
P,0s 0.11 0.17 017 0.17 0.14 0.14 0.19 0.18 0.16
LOI 0.65 0.63 0.93 0.77 0.80 0.83 0.89 0.69 0.88
Total 99.66 100.21 99.36 100.15 99.98 99.71 100.03 99.98 99.98

A/CNK 1.19 1.20 1.24 1.22 1.26 1.25 131 1.25 1.32

C/NK 1.40 1.34 1.38 1.35 1.37 1.33 1.39 1.36 1.39

Ga 176 16.8 18.7 17.9 16.9 16.4 17.6 15.7 165
Rb 386 441 499 497 446 436 462 440 417
Sr 79.6 327 347 322 281 293 23.0 319 32.0
Y 19.0 243 28 213 212 208 232 219 17.7
Zr 74.0 63.0 62.0 69.0 55.0 60.0 60.0 75.0 52.0
Nb 105 11.8 147 13.2 10.8 10.4 12.7 12.6 92
Ba 262.0 74.1 76.4 733 62.1 67.5 63.0 65.6 77.8
Hf 2.2 21 2.0 2.2 2.0 21 21 25 17
Ta 1.9 26 35 36 3.0 26 38 3.7 2.7
Pb 32.1 26.7 243 256 28.0 28 241 28.6 25.0
Bi 0.29 1.9 1.76 2.26 1.55 1.07 1.35 1.66 1.05
Th 8.88 8.35 8.11 7.99 7.99 7.86 8.05 8.40 7.42
U 3.16 3.29 5.06 4.05 2.84 256 295 3.50 1.88
Li 60.6 109.5 170.0 1445 80.6 72.8 69.7 69.9 465
Be 091 145 0.54 091 1.50 1.46 1.15 1.56 1.31
Sc 52 5.1 55 45 43 3.8 47 35 42
\ 8 8 17 13 6 6 5 6 7
Cr 30 13 21 14 32 14 19 31 33
Co 13 1.7 0.6 0.9 05 0.7 0.8 0.8 0.8
Ni 2.4 2.0 1.6 1.7 1.1 1.1 12 2.0 2.6
Cu 23 8.0 20.0 19.8 48 28 02 145 12.7
7n 31 29 39 30 12 11 19 18 19
Cs 249 48.8 482 515 323 295 33.4 36,5 21.0

La 15.7 12.1 10.8 10.7 9.5 94 10.2 10.2 8.8
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Table 2. Cont.
Sample
No. D16R15 D16R23 D17R12 D17R15 D17R22 D17R24 D17R26 D17R27 D17R28
Ce 31.9 27.5 24.6 23.1 21.8 19.9 23.3 21.5 19.0
Pr 3.52 2.51 2.75 2.72 2.20 2.15 2.36 2.63 2.30
Nd 12.0 9.3 10.7 9.9 8.0 79 8.8 9.1 8.1
Sm 3.05 2.61 2.61 2.66 2.33 227 2.50 243 223
Eu 0.50 0.26 0.26 0.28 0.21 0.22 0.21 0.25 0.25
Gd 2.80 3.19 3.03 2.98 2.75 277 2.87 2.95 2.36
Tb 0.52 0.64 0.61 0.59 0.53 0.53 0.57 0.60 0.50
Dy 3.17 4.00 3.70 3.58 3.60 3.49 3.92 391 3.13
Ho 0.61 0.78 0.68 0.70 0.68 0.67 0.74 0.76 0.59
Er 1.81 2.26 2.01 2.00 2.08 1.98 225 2.18 1.75
Tm 0.28 0.34 0.30 0.29 0.30 0.28 0.33 0.36 0.25
Yb 1.94 2.30 1.90 1.94 2.16 2.01 224 2.33 1.71
Lu 0.29 0.36 0.27 0.28 0.31 0.29 0.33 0.36 0.25
Y REE 78.09 68.15 64.22 61.72 56.45 53.86 60.62 59.56 51.22
(La/Yb)n 5.80 3.77 4.08 3.96 3.15 3.35 3.27 3.14 3.69
Sr/Y 4.19 1.35 1.52 1.51 1.33 1.41 0.99 1.46 1.81
Eu/Eu* 0.52 0.28 0.28 0.30 0.25 0.27 0.24 0.29 0.33
DI 90.4 92.7 91.8 92.5 94.1 94.9 93.9 92.4 93.1
Tzr (oC) 739 729 728 736 722 729 731 745 721
Sr-Nd isotope data
87
Rb/865p 41.5018 44.5448
87
Sr /865y 0.800659 0.789813
147
Sm/144Nd 0.1476 0.1626
143
Nd/44Nd 0.512200 0.512207
(®’Rb /865r); 0.7253 0.7089
(143Nd/#4Nd); 0.5121 0.5121
end(®) —7.74 —7.86
tpM1 2180 2795
tpv2 1545 1552
15 7
B this study
literature
6 |-
12
; T A
E 9 syenite |y a4l i'
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Figure 4. Whole-rock SiO; vs. Na;O + K,O (a) and SiO; vs. K,O (b) classification diagrams of
the granite phases from Kese granite in BNMB, Central Tibet ((a) after [53]; (b) after [54]; the

literature from [40]).
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Figure 5. A/CNK vs. A/NK diagram of Kese granite in BNMB, Central Tibet (after [55]).

All the samples were characterized by similar nearly flat REE patterns ((La/Yb)N =
3.14~5.80), especially in heavy rare earth elements (HREEs) ((Gd/Lu)y = 1.01~1.39) with
strongly negative Eu anomalies (Eu/Eu* = 0.24~0.52)). In the primitive mantle-normalized
trace element diagrams, an enrichment in large ion lithophile elements (LILEs; e.g., Rb,
Th, U, and K) was observed in the samples, while a depletion was detected in high-field-
strength elements (HFSEs), with Ba, Nb, Ta, P, and Ti showing particularly prominent
negative anomalies (Figure 6). Moreover, both major and minor element features of Kese
granite were similar to the typical highly fractionated granite in China.

100 , 100
: —eo— this study
literature

-t
o
o
-
o
o

sample/chondrite
=)

=7
-

sample/primitive mantle
o

(a) : (b) : :
0.1
LaCePrNdSmEUGdTbDYHoErTmYbLu RbBaTh U K TaNbLaCeSrNd P ZrHfSmTi Y YbLu

Figure 6. Chondrite-normalized REE patterns (a) and primitive-mantle normalized spider diagrams
(b) for Kese granite in BNMB, central Tibet (the chondrite-normalizing values and primitive mantle-

normalizing values are from [56]).

Using the zircon saturation thermometer [57], it can be determined that the Kese
granite crystallizes at temperatures ranging from 721 to 745 °C, with an average temperature
of 731 °C (Table 2).
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4.3. Zircon Hf Isotopes

Table 3 shows the Lu-Hf isotopes of representative zircon grains in situ measured
from the sample. For the calculation of epy¢(t), tppmi1 (Hf), and tpyvp(Hf) values, we used the
zircon U-Pb ages obtained in this study (127.8 Ma). All fifteen analyses of zircons from the
Kese granite were characterized by highly enriched zircon Hf isotopic compositions with a
broad variation in ey¢(t) from —12.8 to +0.3. The zircons also had old two-stage Hf model
ages (tpm2) of 1156~1993 Ma (Figure 7).

Table 3. LA-ICP-MS zircon Hf isotopic analyses for the samples of Kese granite in Baingoin area,
central Tibet.

Spot @,}o’; UeYbATHE 20 VELuTHE 20 VEHETHE 20 VSLwTHEH) ens® (M) (B frume
D17R23_2  128.2 0.022649  0.000424  0.000692  0.000008  0.282515  0.000013 0.28251 —6.3 1034 1587 —0.98
D17R23_3 1204 0.068499  0.001573  0.002071  0.000048  0.282712  0.000014 0.28271 0.3 788 1156 —0.94
D17R23_4 127.0 0.054868  0.000534 0.001678  0.000005  0.282687  0.000014 0.28268 —-0.4 815 1206 —0.95
D17R23_7 129.2 0.046389  0.000727  0.001415 0.000014  0.282640  0.000012 0.28264 —-2.0 876 1310 —0.96
D17R23_8 134.6 0.045945 0.000323  0.001477  0.000006  0.282695  0.000014 0.28269 0.1 799 1182 —0.96
D17R23_9  128.0 0.057724  0.000563  0.001825  0.000008  0.282690  0.000014 0.28269 -0.2 813 1199 —0.95
D17R23_10 127.6 0.042850  0.000138  0.001396  0.000006  0.282692  0.000013 0.28269 -0.1 801 1193 —0.96
D17R23_11 130.5 0.033702  0.000268 0.001161  0.000011  0.282559  0.000012 0.28256 —4.8 985 1490 -0.97
D17R23_12 125.7 0.026348  0.000366  0.000913  0.000014  0.282478  0.000012 0.28248 -7.7 1091 1673 -0.97
D17R23_13 129.3 0.046984  0.000294 0.001545 0.000015 0.282581  0.000015 0.28258 —4.1 964 1444 —0.95
D17R23_14 123.0 0.074529  0.000722  0.002417  0.000029  0.282339  0.000015 0.28233 -12.8 1339 1993 —0.93
D17R23_16 126.4 0.047445 0.000561  0.001547 0.000014  0.282575  0.000018 0.28257 —4.3 972 1458 —0.95
D17R23_17 125.1 0.061175  0.000373  0.001977  0.000008  0.282646  0.000014 0.28264 -1.9 880 1301 —0.94
D17R23_19 131.2 0.050809  0.000363  0.001645 0.000008  0.282637  0.000013 0.28263 —-2.0 886 1317 —0.95
D17R23_21 132.6 0.064287  0.000967  0.002039  0.000026  0.282605  0.000015 0.2826 —-3.2 942 1392 —0.94

2 8 =5 Depleted tl

epleted mantie
o 15 pl this stud
4 :’ -

=7 10 o + highly fractionated
Z 6 g ¢ granite in Baingoin
&5 5 3 = 5 !'.,'Q; +§ ¢ literature
= T O|CHUR, :

4 © 8
o -5 23
o) 3 .- )35
— 2 1 -10 L] .. pC

@ L® ;2 ©) "

-15 -12 -9 -6 -3 0 3 1000 1200 1400 1600 1800 2000 2200 120 150

130 140
t(Ma
tou(Ma) (Ma)

Figure 7. Histograms of exy¢(t) (a), tpm2 (b), and Hf isotopic compositions of zircons (c) from granitoids
of Baingoin area in BNMB, central Tibet ((c) data sources: highly fractionated granite in Baingoin
from [40], others from [23,37]).

4.4. Whole-Rock Sr—Nd Isotopes

Table 2 summarizes the results of the whole-rock Sr-INd isotope analyses conducted
on four samples. Based on the crystallization age of magma, the initial Sr and Nd isotopic
ratios were corrected (127.8 Ma). Two samples of the Kese granite are characterized by high
87Rb /86Sr ratios (32.2~34.7), indicating that the initial 87Gr /86Sr ratios cannot be used in
petrogenetic discussion [58,59]. Additionally, the two samples display slightly heteroge-
neous Sr isotopic compositions [(¥”Sr/80Sr); ranging from 0.7089 to 0.7253, but relatively
homogeneous Nd isotopic compositions, with eng(#) values of —7.86 and —7.74 (Figure 8)
and corresponding two-stage Nd model ages of 1545 Ma and 1552 Ma.
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Figure 8. Plot of (3Sr/%Sr); vs. whole-rock eng(#) of the samples from the Kese granite. The compo-
sitions of end-members used for mixing calculations include the juvenile lower crust (130 Ma Yanhu
basalt, [60]), the ancient lower crust-derived Maiga granodiorite in the central Lhasa terrane [61],
and the ancient middle-upper crust-derived Nizhong muscovite monzogranite in the central Lhasa
terrane [62]. JL, juvenile lower crust; AL, ancient lower crust; MU, middle-upper crust.

5. Discussion
5.1. Petrogenetic Type of Kese Granite

Historically, amphibole, cordierite, and alkaline melamines were generally considered
to be the main distinguishing characteristics and evidence of I-, S-, and A-type granites [63].
Due to the absence of these minerals in Kese granite, the chemical composition is the
most objective criterion for identifying granite types. In the discrimination diagrams of
the genetic type (Ce, K;O/MgO, K,0 + NayO, and Zr vs. 10* x Ga/Al) (Figure 9), Kese
granite falls into the A-type or the area close to A-type granite due to relatively high
Ga/Al ratios [62]. However, it is difficult to distinguish A-type granites from the highly
fractionated 1/S-type granites with SiO; > 72% due to the similarity in both mineral and
geochemical compositions [64-67]. The Kese granite contains high concentrations of S5iO,
and total alkalis but low Fe, Mg, and Ca contents and K/Rb ratio; relative enrichment
in Rb, Th, U, and Pb; and depletion in Ba, P, and Ti compared with primitive mantle
(Figure 6). These features indicate that the granite was formed from highly fractionated
granitic magmas [68-72]. Further, a single-stage partial melting will not produce granites
with extremely low Sr (less than 100 ppm) and high Rb contents, so Kese granite may
undergo intense fractional crystallization [73,74].
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Figure 9. Discrimination diagrams of genetic type for Kese granite in BNMB, central Tibet (after [64];
(a—c), Kese, granite shows similar features in high Ga/Al values with highly fractionated and A-type
granites; (d), I/S-type fractionated granite data after [10]).

Kese granite has low concentrations of Ba, Nb, La, Ce Zr, and Y; a relatively low zircon
saturation temperature ([57], 721~745 °C); and is depleted in HFSEs, which is inconsistent
with features of A-type granite [75,76]. During magmatic differentiation, granitic magma
increases the concentration of Li, Rb, and Cs, which is similar to the characteristics of
Kese granite [2,77]. Zr/Hf and Nb/Ta ratios usually stay constant during the evolution of
common magmatic systems due to their identical geochemical features [10,78]; however,
the ratios decrease when magma experiences intense differentiation [79-84]. Some key
parameters of Kese granite’s differentiation index (DI) deviate from those of chondrites,
suggesting highly fractionated characteristics. Furthermore, Kese granite exhibits typical
tetrad effects (TE;_3 = 1.08~1.13) in the chondrite-normalized REE pattern (Figure 10). A
highly fractionated granite whose geochemical behavior has been modified by hydrother-
mal processes exhibits a special distribution pattern of REEs as a result of melt—fluid
interactions, which are common features of highly fractionated granites [85-87]. Therefore,
based on the similarity in geochemistry between Kese granite and other highly fractionated
granites in China, such as the discrimination diagrams (Figure 11) and high DI (90.4~94.9;
calculated by CIPW), we conclude that Kese granite is highly fractionated granite.

Recent studies suggest that the fractional crystallization of amphibole and pyroxene
(A/CNK < 1.0) will result in increased A/CNK ratios of residual magma, as many of the
strongly peraluminous granites worldwide have largely been derived from igneous sources
(I-type granite) [66,88-90]. In addition, it has been proposed that I-type granites gradually
change from metaluminous to peraluminous with increasing SiO;, whereas the A/CNK
ratios of S-type granites slightly drop or remain constant [91,92]. Kese granite is consistent
with the former trend, indicating an I-type granite feature (Figure 12j). Experimental
petrology suggests that the relationship between SiO; and P,Os5 constitutes an important
indicator of genetic type, and certain trace elements, such as Th and Y, are found to
change greatly in different granitic melts [69,88,93]. Kese granite exhibits all of the relevant
geochemical characteristics of an I-type granite (Figure 13). Consequently, it is reasonable
to conclude that Kese granite belongs to the highly fractionated I-type granite.
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Figure 10. Variations in several key elemental ratios as indicators of differentiation from Kese
granite in BNMB, central Tibet ((a-h), multiple element ratios indicate that the Kese granite
has undergone a differentiation process). TE;3 = (TE; X TE;3)??, TE; = (Ce/Ce* x Pr/Pr*)03,
TE3 = (Tb/Tb* x Dy/Dy*)*5 [94]. Data sources: chondrite data are from [56], range data of mag-
matic rocks, granitoids, and continental rocks are from [3].

1000 1000
W this study
—+ literature
100 | A 9 100 A
o 14 t
g o
5 2
10 | C;" < 10|
F i 1
OGT
OGT
(a) (b)
1 - - 1 " Laiag 110" " 1ia
10 100 1000 10,000 10 100 1000 10,000
Zr+Ce+Nb+Y(ppm) Zr+Nb+Ce+Y(ppm)
Rb
2 -----
9
N
+
Om
216
_+
fo}
[0}
L,
o
S
Q1.2
o alkaline
<
(c) ((&
08, 2 8 10 Ba Sr

6
100x(MgO+FeO"+TiO,)/SiO,
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central Tibet; HPFC, high-pressure fractional crystallization.
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Figure 13. Y vs. Rb and Th vs. Rb diagrams for Kese granite in BNMB, central Tibet (both the positive
correlations of Y-Rb (a) and Th-Rb (b) indicate that Kese granite belongs to I-type granite; after [88]).

5.2. Petrogenesis of Kese Granite
5.2.1. Magma Source Characteristics

With regard to the origin of highly fractionated I-type granite, two primary pet-
rogenetic mechanisms have been proposed: (1) a complete crystallization fractionation
process of mantle-derived mafic magma; (2) partial melting of crust materials (with in-
volvement of mantle-derived materials) accompanied by subsequent fractional crystal-
lization [88,90,97-99]. In light of the extensive fractionation, whole-rock geochemical data
cannot reflect the characteristics of the granite’s original magma due to the limited effect of
magmatic differentiation on the Sm/Nd and Lu/Hf ratios in highly fractionated granite;
it is possible to distinguish the magma source using Nd and Hf isotopes [32,100]. Hence,
petrogenesis research requires integrating field observation, petrography, and isotopic data.

First, the former mechanism should be precluded for Kese granite. Researchers have
found that a fractional crystallization process can produce only one part of felsic granitoids
from nine parts of mafic magmatic bodies [101,102]. However, it seems unlikely that the
Kese granite’s main magma is derived from the fractional crystallization of mafic magma
due to its high SiO; contents (>74 wt%). Furthermore, mafic lavas of large volume do not
exist in the region that could have contributed to fractional crystallization.

Based on Kese granite’s narrow variation in the Nd isotopic composition (Figure 8,
Table 2) and the fact that both eng(t) and epy¢(t) values are largely negative, except two small
positive values for Hf isotope (+0.1 and +0.3), it seems unlikely that the granite derives from
heterogeneous ancient crust materials. The e¢(t) values of the zircon vary from —12.8 to
+0.3 with a variation of up to 13 epsilon units, which represents a complex magma chamber
process involving variation in the composition of the source. As the Hf isotope ratios of
the zircons did not change during fractional crystallization, the variation in egy¢(t) values
of Kese granite could be attributed to both less radiogenic (ancient crustal magma) and
radiogenic (mantle-derived or juvenile crust-derived magma) end-members [103]. On the
contrary, the Nd isotopic composition of both end-members of Kese granite may undergo a
complete mixing, resulting in a homogeneous feature of Kese granite.

As mentioned above, the high 8 Rb/8¢Sr ratios (32.2~34.7) of Kese granite resulted
in the invalid initial 8 Sr/8Sr ratios for petrogenetic discussion. Digian granodiorite is
emplaced at 134.4 Ma and adjacent to Kese granite (Figure 1). Due to the long emplaced
interval (up to 6.4 Ma), it cannot be assumed that Kese granite was generated directly from
the Digian pluton via fractional crystallization [104], while Digian granodiorite exhibits
similarities with Kese granite in terms of whole-rock eng(#) (—7.5~—7.1) and zircon epy(t)
(—3.2~—1.3) values [37]. Given the spatial relationship between the two plutons and their
isotopic characteristics, it is plausible to conclude that Kese granite formed from the partial
melting of the Diqgian pluton followed by intensive fractional crystallization or shared a
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common magma source. In this sense, Digian granodiorite can substitute for Kese granite
based on its whole-rock Sr-Nd isotopic system.

As indicated by recent geochronological data for the magmatic rocks of the northern
Lhasa terrane, the early-middle Early Cretaceous magmatism was relatively weak, with
only the Baingoin composite batholith and the Yanhu volcanic rocks being recognized [23].
In a study based on Yanhu volcanic rocks, it was speculated that the ~130 Ma basaltic
magma derived from the partial melting of a metasomatized mantle wedge formed the
juvenile lower crust with positive whole-rock eng(t) values [60,105]. Considering the
scissor-like diachronous orogeny from east to west, this mafic magma event is likely to
correspond to the 134.4 Ma magmatic event in Baingoin, which may be represented by
the mafic microgranular enclaves (MMEs) present in Digian granodiorite [37]. In this
paper, we consider the known 130 Ma Yanhu basalt as mantle-derived magma and select
the typical rocks derived from the ancient lower and middle-upper continental crustal
materials [61,62]. As the juvenile lower crust is formed by underplated mantle-derived
mafic magma, Kese granite may derive its magma sources from both the juvenile lower
crust and ancient continental crust at different levels. The ancient zircons (analysis locations
15, 20, and 22) may represent the addition of Proterozoic continental crust.

Several experiments have shown that partial melting of low-K metabasalts in the
lower crust would result in low-K intermediate to felsic melts with variable concentrations
of NayO and CaO [106], unlike Kese granite, which has a high affinity for K. In contrast,
granitic melts with high SiO; and high K,O/Na;O ratios should be produced by medium-
to high-K basaltic melts [89]. Research has demonstrated that the ~130 Ma basalt in the
Yanhu area belongs to medium-K basalts [60,105], consistent with Kese granite (Figure 4b).

As aresult, we concluded that Kese granite originated from a complete mixing of melts
derived from 40 to 45% juvenile basaltic lower crust melts, 15 to 20% ancient lower crust
melts, and 40% middle—upper crust melts. Kese granite then experienced an intense frac-
tional crystallization process. The juvenile lower crust was generated earlier than 134 Ma,
as evidenced by 130 Ma Yanhu basalt and MMEs in Digian granodiorite. Additionally, the
mixing magma exhibited a medium- to high-K affinity.

5.2.2. Fractional Crystallization

Primary magmas can undergo crustal contamination during ascent or stay in the crust,
which affects their geochemical characteristics [107]. Crustal contamination decreases ey (#)
and increases (87Sr/8Sr); values [108]. In the SiO; vs. eng(t) diagrams (unshown), in the
absence of a negative correlation, it seems crustal contamination has a limited impact on
magma evolution. The differentiation of minerals may be reflected by the following expla-
nations: (1) in the Ti-rich minerals, only residual rutile would increase the (La/Yb)y ratio
and decrease the Nb/La ratio (Figure 12a) [109]. As shown by the diagram, the negative
correlation between TiO; and SiO, may reflect the differentiation rather than the residue of
rutile (Figure 14a); (2) negative correlation between P;Os, Zr, and SiO; and the depletion of
P and Zr may be due to the differentiation of apatite and zircon (Figure 12j,1) [65]; (3) with in-
creasing SiO,, MgO, Fe,O37T, and CaO decreased, indicating that mafic minerals have been
fractionated (Figure 12c—e). Generally, amphibole is an important mineral-bearing middle
rare earth element (MREEs) [110], and the MREE pattern with approximately equal Hon—
Yby shows that amphibole may have played a role in fractional crystallization (Figure 5a);
(4) it has generally been shown that garnet crystallization fractionation produces unique
geochemical features, which result in a positive correlation between the Dy /Yb vs. S5iO,
and Sr/Y vs. SiO,, and a negative correlation between La and SiO; contents [111,112],
but the former phenomenon was not clearly observed in the Kese granite (Figure 12m,n);
(5) the (La/Yb)y vs. La diagram (Figure 14b) supports the idea that allanite and monazite
can be fractionated, and previous studies suggested that monazite may influence the Th
and light rare earth elements (LREEs) content in peraluminous granites [113]. Thus, the
relationships (LREEs vs. Th and (La/Yb)y vs. La) show that monazite played a key role in
controlling the La contents and caused differentiation (Figure 14b,c) [113,114]. Furthermore,
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the heterogeneous REEs displayed in chondrite-normalized REE patterns (Figure 6a) are
led by the differentiation of these accessory minerals; (6) meanwhile, garnet is enriched in
heavy rare earth elements (HREEs), and the HREE pattern of Kese granite indicates that
garnet was unlikely to be a residue mineral [106]. Fractionation of garnet will show an
increase in Dy/Yb ratios simultaneously, whereas fractionation of amphibole will show
a decrease [115]; as shown in Figure 12m, it appears that amphibole is the differentiation
mineral as opposed to garnet; (7) significant negative Eu, Ba, and Sr anomalies and corre-
lations with Al,O3 and Eu vs. SiO; (Figure 12b,i) are in agreement with the fact that this
granite was formed by fractional crystallization of plagioclase (Figure 14d), resulting in
high Rb/Sr ratios and Rb concentrations in the residual magma; (8) biotite is an Al-bearing
mineral with a low partition coefficient for Yb but a high value for Sc (D%’tite/ melt _ 0,12,
pElotite/melt — 43 4) [116]. In Kese granite, there is a negative correlation between Sc/Yb and
510,/ Al,O3 that suggests biotite is a significant fractionation mineral (Figure 120); (9) a
lack of correlation in NayO and K,O vs. S5iO, diagrams indicates that there is no evidence
for fractional crystallization of alkaline feldspars in Kese granite (Figure 12f,g).
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Figure 14. Nb/La vs. (La/Yb)y (a), (La/Yb)y vs. La (b), LREE vs. Th (c), and Sr vs. Eu (d) diagrams
for Kese granite in BNMB, central Tibet ((a), after [109], data sources as Figure 4; (b,c), after [117];
(d), after [118]).

In summary, during the evolution of the magma, mafic minerals, plagioclase, and
several accessory minerals were fractionated. In contrast, garnet and alkaline feldspars
were not involved in the process.

5.3. Tectonic Implication

A timeline from the Middle Jurassic to the Late Cretaceous remains highly contro-
versial for the time of the continental collision between the Qiangtang and Lhasa ter-
ranes [23,119,120], depending on the methods, areas, and criteria adopted.

In general, the formation of high-K calc-alkaline, highly fractionated I-type granite
can occur at various stages during a whole orogeny cycle: (1) subduction-related



Minerals 2023, 13, 1152

18 of 26

continental arc settings such as the Andean type [2], (2) continental collision setting
after the closure of the subducted oceanic lithosphere [31,121], and (3) extension stages
of post-orogenic setting [10,122].

In light of these diverse tectonic settings, the continental arc setting is the first that can
be excluded for highly fractionated I-type granites. Generally, continental arcs produce
large felsic batholiths as a result of fractional crystallization, which results in a wide variety
of rock types ranging from gabbro and diorite to granite with varying silica contents,
similar to the Gangdese arc in Tibet and western North America [2,18,123]. While no
contemporaneous mafic and intermediate plutons have been reported in the northern
Lhasa terrane, the volume and the silica content of Kese granite are relatively limited,
unlike highly fractionated granite in a continental arc setting related to subduction.

In contrast, collision-related highly fractionated granite is typically sparsely scattered
and shows monochromatic chemical characteristics and a small proportion of magma
derived from the mantle [124]. As far as these characteristics are concerned, Kese granite
displays many of the same characteristics as highly fractionated granite in collision settings.

The Duoni (including Duba) formation is widely distributed in a series of Early
Cretaceous sedimentary basins in Garze, Nima, Selin Co, Baingoin, Lunpola, and Dingqing
area of northern Lhasa terrane, and research indicates that it was part of a Cretaceous
peripheral foreland basin, which eventually migrated southward as a result of the collision
between the Qiangtang and Lhasa terranes [119,125-129]. In particular, Lai et al. [128]
propose that the Duoni formation in the North Baingoin basin originated from the BNSZ
and southern Qiangtang terrane and displayed an upward transition from a shallow shelf
and deltaic environment to a coarse-grained siliciclastic fluvial sedimentation controlled
by the Lhasa-Qiangtang collision (earlier than 122 Ma). The Qumeile granitic pluton
(128 Ma) in the Baingoin area intruded into the Duoni formation in the north and developed
hornstone in the contact zone (Figure 1) [40], meaning that the contemporaneous Kese
granite is younger than the Duoni formation’s initial deposit. The zircon U-Pb ages based
on the interbedded volcanic rocks and detritus zircons indicate that the Duoni formation
lasted for at least 114 Ma [127,130]. Consequently, Kese granite was deposited during the
Duoni formation in the Baingoin area, indicating that it was generated during the collision,
which had already occurred by 128 Ma.

Moreover, east of Baingoin, around the Dingqing area, the Lagongtang formation
was assumed to deposit in a peripheral foreland basin system resulting from the Lhasa—
Qiangtang collision, which began around 140 Ma in the Dingqing region [129]. To the
west of Baingoin, in the Nyima basin, the geological and geochronologic evidence suggests
contractional deformation and sedimentation have occurred. A number of Jurassic to Lower
Cretaceous (<125 Ma) marine sedimentary rocks have been transposed and elevated above
sea level by ca. 118 Ma [125]. Although it remains disputed whether southward subduction
under the Lhasa terrane existed [23], it is reasonable to infer that the Lhasa—Qiangtang
collision took place in the Baingoin area before 128 Ma based on scissor-like diachronous
collision models.

5.4. Continental Crust Evolution

Research on zircon Hf isotopic compositions indicates that mantle materials have
contributed to 30%~100% of the formation of northern Lhasa terrane, and the ey (t) de-
creases towards the eastern part of the terrane, indicating more ancient crustal materials
proportions from the Lhasa microcontinent [18]. Magmatic rocks from the Baingoin area
were observed to have both negative and positive zircon epy(t) values between 140 Ma
and 125 Ma (Figure 7c) [23,37,40]. The ~130 Ma basalt in Yanhu and the mantle-derived
MMEs hosted by the 134.4 Ma granitic pluton in Baingoin indicate that a high proportion
of mantle-derived magma contributed to the sources, as indicated by the positive zircon
ep(t) values [37,60]. Consequently, the northern Lhasa terrane underwent a continental
growth process at approximately 134 Ma. Meanwhile, some contemporaneous magmatic
rocks appear to have negative epy¢(f) values, which have also been attributed to an ancient
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crustal anatexis [18]. Based on these results, it can be concluded that both crustal growth
and reworking took place between 140 and 130 Ma.

As a result of a high degree of mixing and differentiated process, zircon epy¢(t) values
of the ~128 Ma granitic plutons in the Baingoin area are much more concentrated. Despite
some zircons showing depleted Hf isotopic compositions, as indicated by the analysis
above (Section 5.2.1), these highly fractionated granites are the result of the melting of both
juvenile and ancient crusts represented by the zircons from Proterozoic materials (Figure 3a).
In continental collision settings, the partial melting of intra-crustal mafic sources can lead
to differentiation of the lower crust by extracting SiO,-rich melts as a result of crustal
thickening and heating following the accumulation of heat-producing elements [131,132].
In conjunction with the refinement of ancient crustal materials, this resulted in the chemical
differentiation of the pre-existing crust, which subsequently shifted its composition toward
that of mature continental crust [121]. In this way, we infer that during the collision of
the Lhasa—Qiangtang terranes, the reworking of juvenile and ancient continental crust at
various levels represents the main mode of crustal evolution in the northern Lhasa terrane,
as indicated by the presence of highly fractionated granites at Baingoin.

5.5. Evaluation of the Economic Potentiality of Kese Granite

As mentioned above, numerous deposits share genetic connections with highly frac-
tionated granites, including the giant Dahutang W deposit in south China, the Shamai
W deposit in central Asia orogenic belt, the Sn-W deposits in the Khuntan Batholith of
northern Thailand [3], Nb-Ta deposits in the Lingshan complex pluton and the 414 pluton
of Yashan in south China [7,118], the Mo deposit in the Liyuantang pluton of the Qinling
orogenic belt [133], and the super-large Cuonadong Be-W-5n deposit [14,134].

Given the difficulty of ore prospecting and exploration on the rise, discriminating
between barren and fertile intrusions is one of the biggest challenges when searching for
granite-related ore deposits. Geochemistry, mineralogy, and texture of granite are con-
sidered crucial markers for distinguishing magma differentiation and metallogenic stage,
discriminating fertile and barren intrusions, as well as assessing the economic potentiality
of the hidden and poorly outcropped plutons [135-137]. Kese granite (except one sample)
exhibits low K/Rb ratios (<100), Sr (<35 ppm), and Ba contents (<80 ppm), strongly negative
Eu anomalies, and tetrad effects of REEs, which indicate extensive magmatic fluid fraction-
ation processes were involved in the formation of the granite [138]. Furthermore, Rb/Sr
ratios would increase when the granite evolves toward more felsic and highly differentiated
forms [73], while K/Rb, Na/Ta, and Zr/Hf ratios would exhibit opposite trends [84,139].
The results are consistent with those found in Kese granite (Table 2). Additionally, the
ratios of Na/Ta and Zr/Hf are also considered important indicators of the transition from
a purely magmatic system to a magmatic-hydrothermal system, with Zr/Hf ratios below
26 and Nb/Ta ratios below 5 considered to be indicators [79,139]. According to the detailed
research, most barren granites plot in the area defined by 5 < Nb/Ta < 16 and 26 < Zr/Hf
<46 (CHARAC range of [79]), whereas peraluminous granites associated with Sn—-W—(U)
deposits have comparable Nb/Ta ratios < 5 and Zr/Hf ratios between 18 and 46, while the
rare-metal granites have even lower Zr/Hf ratios (<18) [139]. These markers have been
applied successfully to the Abu-Diab rare-metal-bearing granites in the Eastern Desert
area, Egypt [74]. Na/Ta ratios of Kese highly fractionated granites are less than 5, which is
similar to those of Sn-W—(U)-related granites in the magmatic-hydrothermal system rather
than that of rare-metals-related granites and barren granites (Figures 10c and 15). As a con-
sequence, our interpretation of the whole-rock geochemistry of Kese granite suggests that
the reworking of pre-existing juvenile and ancient crustal materials may provide favorable
conditions for a preliminary exploration of Sn—-W—(U) deposits in the BNMB.
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6. Conclusions

1. Kese granite from the BNMB was formed in the middle Early Cretaceous (127.8 + 1.7 Ma)
and is highly fractionated granite;

2. The continental collision of the Lhasa and Qiangtang terranes was initiated prior to
128 Ma and drove the reworking of pre-existing juvenile and ancient materials in
different crustal levels;

3. The reworking and increase in maturity of the continental crust in the north Lhasa
terrane are considered suitable for preliminary exploration for Sn—W—(U) minerals in
the BNMB.
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