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Mg-rich monzodiorite are found in the Budongla gold ore district, Zhongba
County, Xizang (Tibet) Autonomous Region, P.R. China. Studying the
petrogenesis of this intermediate pluton can provide effective information to
explore the geological evolution of the Lhasa terrane. One monzodiorite
sample yielded a weighted mean 2°°Pb/>*%U age of 92.7 + 1.1Ma (mean
square weighted deviation=0.33) using LA-ICP-MS zircon U-Pb dating,
which represents the late phase of Late Cretaceous magmatism. The rock-
forming minerals in the Budongla Mg-rich monzodiorite mainly include
K-feldspar, plagioclase, quartz, biotite augite, and amphibole, and its
accessory minerals mainly include magnetite, titanite, zircon, and apatite.
The rocks are rich in K;O+Na,O and K,O with medium contents of SiO,,
Ca0, and A1,0s3,, suggesting these rocks belong to the high-K calc-alkaline
series. These rocks have high MgO, Fe,O3, and FeO, with high Mg# values and
low DI, which implies they are Mg-rich intermediate intrusive rocks. The rocks
are enriched in LREEs and LILEs and depleted in HREEs and HFSEs. They have
negative Eu anomalies, no obvious negative Ce anomalies, and slightly negative
ne(t). We infer that the Budongla pluton is a high-K calc-alkaline metaluminous
Mg-rich monzodiorite and intruded during the post-collisional period of the
Lhasa and Qiangtang terranes.
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Introduction

The Lhasa terrane (LS), which is also known as the
Gangdese-Nyaingentanglha terrane, is one of the main
massifs of the Qinghai-Xizhang Plateau (Figures 1A,B),
located between the Bangong-Nujiang suture zone (BNSZ)
in the north and the Indus-Yarlung Zangbo suture zone
(YZSZ) in the south (Pan et al., 2001; Yang et al., 2007;
Pan et al,, 2009; Liu et al., 2016; Liu et al., 2021a; Wang et
al., 2022). The Lhasa terrane is critical for understanding the
tectonic evolution of this Plateau, particularly with regard to
early crustal thickening. Mesozoic to Cenozoic magmatic
rocks are widely distributed in this block, which can
provide insights into the geodynamic processes related to
the growth of the Tibetan Plateau. The Lhasa terrane
comprises three roughly parallel subterranes: the South
Lhasa subterrane (SL), the Central Lhasa subterrane (CL),
and the North Lhasa subterrane (NL) (Pan et al., 2009; Peng et
al., 2013; Liu et al., 2020; Geng et al., 2021; Pan et al., 2022).
Because of the evolution of the Bangong-Nujiang and Yarlung
Zangbo Neo-Tethys during the Mesozoic to Cenozoic (Huang
etal, 2017; Wu et al., 2017; Liu et al., 2019a, Liu et al., 2019b;
Huang et al,, 2020; Huang et al., 2021a), magmatic activity-

10.3389/feart.2022.927695

related polymetallic deposits are widespread in this terrane
(Zhao et al., 2013; Cai et al., 2015; Huang et al., 2018a, Huang
et al., 2018b). Recent studies suggest that the Lhasa terrane
was significantly thickened and elevated prior to the Cenozoic
collision between India and Asia plates, probably associated
with the Mesozoic collision between the Lhasa and Qiangtang
blocks (Zhang et al., 2012; Yan and Zhang, 2020), or owing to
the obduction of the fragments of the oceanic plateaus in the
Bangong-Nujiang Ocean over the continental margins prior
to the closure of the oceanic basin (Zhang et al., 2017).

To date, a large amount of post-collision-related Late
Cretaceous (~90 Ma) magmatic activity has been found in the
Central Lhasa subterrane (CL) (Figure 1C) (Liu et al., 2015; Gao,
2016; Li et al., 2016; Liu et al., 2018b; Wang et al., 2021a; Liu et al.,
2022a), such as Zalonggiongwa (~91 Ma), Ga’erqiong (~88 Ma),
Balaza (~90 Ma), Sebuta (~90 Ma), Xiangba (~90 Ma), Adang
(~91 Ma), Zhuogapu (~85Ma), Jingzhushan (~91 Ma), and
Jiangla’zangzong (~86 Ma). This episode of magmatic activity
is often accompanied by porphyry-epithermal or porphyry-skarn
Cu(Au) or Au polymetallic mineralization. Several studies were
carried out on the southern Lhasa terrane which suggest an
archetype of Andean-style margin related to the northward
subduction of the Neo-Tethyan Ocean before the India-Asia
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FIGURE 1

Regional geological and mineral maps [(A), after Liu et al., 2015; (B), after Tang et al., 2014; Liu et al,, 2017; Liu et al.,, 2022b; Huang et al., 2021b;

(C), after Liu et al., 2021b] 1—Quaternary; 2—Lower Cretaceous Duoni Fm; 3—Lower Cretaceous Zenong Gr; 4—Lower Permian Xiala Gr; 5—Late
Cretaceous monzodiorite; 6—Late Cretaceous monzogranite; 7—Ophiolite melange; 8 —Cretaceous intrusive rocks; 9—Cretaceous volcanic rocks;
10—Fault; 11—Unconformity boundary; 12—Gold deposit (point); TLM—Tarim block; QLS—Qilian suture zone; WQS—Western Kunlun suture
zone; EQS—Eastern Kunlun suture zone; TD—Tsaidam terranes; GS—Ganzi-Songpan terrane; JSS—Jinshajiang suture zone; GLS—Ganzi-Litang
suture zone; LCS—Lancangjiang suture zone; QT—Qiangtang terrane; BNSZ—Bangong-Nujiang suture zone; LS—Lhasa terrane; NL—Northern
Lhasa subterrane; SNSZ—Shiquanhe-Nam Co fault zone; CL—Central Lhasa subterrane; YZSZ—Yarlung-Tsangpo suture zone; HM—Himalayan

terrane; SC—South China block; ID—Indian Plate.
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FIGURE 2
Geological map of the Budongla Gold deposit.

collision in the Early Cenozoic. However, the geological
background of this Late Cretaceous magmatic activity is still
controversial. Some researchers have proposed that the
development of these Late Cretaceous magmatic rocks was
related to the collision of the Qiangtang-Lhasa terrane (Gao
etal, 2011; Wang et al., 2013); other scholars have proposed that
these magmatic rocks are related to the northward subduction of
the Yarlung Zangbo oceanic crust (Qin et al., 2019).

In this paper, whole-rock geochemistry, zircon U-Pb dating,
and zircon Lu-Hf isotopes of the Late Cretaceous monzodiorite
pluton (Figure 1C, Figure 2) in the Budongla gold deposit of
Zhongba County in the Central Lhasa subterrane are studied.
The age of the monzodiorite pluton is precisely determined, and
the source area and tectonic setting of its parent magma are
discussed.

Geological background

The monzodiorite pluton samples were collected from
the Budongla gold district. This gold district is located at the
junction of Zhongba County and Gaize County in the Tibet
Autonomous Region, P.R. China, which belongs to the
western part of the Central Lhasa subterrane (Figure 1).
The main stratigraphic units exposed in this region
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include the Lower Cretaceous Duoni Formation, which
consists  of with
interbedded volcanic rocks; the Lower Cretaceous Zenong

limestone and sandstone some

Group, which mainly consists of intermediate-felsic volcanic
rocks and pyroclastic rocks; and the Middle Permian Xiala

Formation, which consists of marble and limestone
(Figure 1C). From the perspective of structural
deformation characteristics, the structure is mainly
compressional  deformation, with twists, strike-slip

displacements, and extensional structures (Figure 1C). The
lithologies of Mesozoic-Cenozoic magmatic rocks is mainly
monzodiorite, monzogranite, and biotite granite. They
intruded into the Doni Formation and Xiala Formation in
the form of composite stocks, batholiths, and dikes and
formed skarnization and hornfelsization zones of a certain
scale. There is a series of copper-gold hydrothermal deposits
related to Late Cretaceous
(Figure 1C), such as Tiangongnile, Zhagari, Anmennongle,
and Zhinongle (Huang et al.,, 2012a, Huang et al., 2012b;
Ouyang et al., 2016; Li et al., 2017).

The stratigraphic units exposed in the Budongla gold ore
district
Formation and the Quaternary system (Figure 2). The
Doni Formation is widely distributed on the northern and

intermediate magmatism

mainly include the Lower Cretaceous Doni

southern sides of the ore district. It is a set of littoral and
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300um § 300um

Petrographic characteristics of the rocks in Budongla. (A,B): The field outcrops of the mmonzodiorite; (C—E): Microphotographs in plane
polarized light (-) and perpendicular polarized light (+) of the monzodiorite. Pl: plagioclase; Kfs: K-feldspar; Qz: Quartz; Bi: Biotite; Amp:

Amphibolites.

The
Quaternary is mainly developed in the river valley and

shallow marine clastic sedimentary formations.
consists of alluvial proluvial gravel layers, gravelly sand
and clay layers, and residual slope sand gravel layers. The
structures in the ore district are mainly NW-trending
compressional and torsional faults, which are slightly
wave-shaped, and the width of the faults vary from 1 to
5m (Figure 2). The Late Cretaceous monzodiorite pluton is
exposed in a large area in the Budongla mining area and
intruded into the sandstone of the Lower Cretaceous Doni
Formation. The exposed area of the Late Cretaceous
monzodiorite pluton in the mining area is more than
2 km?, accounting for approximately 1/2 of the total area
of the ore district (Figures 2, 3). The monzodiorite is gray
with a medium-to coarse-grained porphyritic structure
(Figure 3). And the grain size of the main mineral
phenocrysts is 2-8 mm. Major minerals are K-feldspar
(25%+), plagioclase (45%z), amphibole (15%z), quartz
(5%=), (3%+), and biotite (3%=).
minerals include magnetite (<1%), titanite (<1%), zircon
(<1%), and apatite (<1%). Late Cretaceous gabbro is

augite Accessory

located in the western part of the ore district, with an
exposed area of approximately 0.2 km? (Figure 2). At
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present, several hydrothermal vein-type gold (mineralized)
bodies have been found in fracture zones within the pluton
(Figure 2). According to the exploration report The
fifth Geological Team of Tibet Geological Exploration
Bureau, the main ore belt is located in the west of
Budongla gold ore district, which is composed of four ore
bodies with a grade of 1-11.91 g/t (with the average grade of
7.12 g/t) and a thickness of 1.55-4.51 m (with the average

grade of 2.10 m).

Sampling and analytical methods

Seven samples were collected from the Budongla
monzodiorite pluton (Figure 1C). All samples were sent for
thin section observation and whole-rock major and trace
element geochemical analyses, and one of them was used for
LA-ICP-MS zircon U-Pb dating and Lu-Hf isotope analyses.
Major and trace element analyses were conducted by the XRF

(Primus I, Rigaku, Japan) and ICP-MS (Agilent 7700e)

methods in the Wuhan Sample Solution Analytical
Technology  Co., Ltd.  We  performed  zircon
cathodoluminescence (CL) imaging at Wuhan Sample

frontiersin.org
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TABLE 1 Major element compositions of monzodiorite in the Budongla gold district.

Element

SiO,
TiO,
ALO;
Fe,03
FeO
MnO
MgO
CaO
Na,O
K,0
P,05
Loss
Total
FeOT
043
DI
Mg#
A/NK
A/CNK

ZREE
LREE/HREE
SEu

8Ce

Unit

wt%

wt%

wt%

wt%

wt%

wt%

wt%

wt%

wt%

wt%

wt%

wt%

wt%

wt%
mass ratio
volume ratio
mol ratio
mol ratio
mol ratio
wtx107°
witx107°
witx107°
witx107°
witx107°
wtx107°
wtx107°
wtx107°
wtx107°
wtx107°
witx107°
wtx10-6
witx107°
witx107°
wtx107°
wtx107°
wtx107°
wtx107°
wtx107°
witx107°
witx107°
witx107°
witx107°
wtx107°
wtx107°
wtx107°
wtx107°
mass ratio
mass ratio

mass ratio

BDL09-1

55.19
0.93
16.52
5.04
1.66
0.11
4.92
6.75
3.38
2.67
0.52
1.94
99.63
6.19
2.84
50.52
58.60
1.96
0.80
67.1
130
15.0
55.6
8.61
2.03
6.84
0.869
4.36
0.741
2.09
0.301
1.91
0.250
22.1
127
612
21.0
3.25
12.0
0.784
20.7

118
3.16
203
295
16.01
0.79
0.95

BDL09-2

55.56
0.96
16.69
4.86
1.69
0.10
4.78
6.56
3.47
2.71
0.50
1.74
99.62
6.06
2.90
51.65
58.43
1.93
0.81
62.0
116
13.4
49.3
7.82
1.87
6.08
0.802
4.02
0.662
1.96
0.270
1.65
0.242
20.2
125
589
17.1
2.67
12.2
0.770
17.2
941
131
3.23
20.4
266
15.95
0.80
0.93

BDL09-3

55.75
1.02
15.54
5.05
1.59
0.12
522
7.13
3.13
2.73
0.51
1.83
99.62
6.13
2.66
49.09
60.20
2.00
0.78
64.2
125
13.4
53.2
8.38
191
6.41
0.835
4.25
0.736
2.02
0.277
1.74
0.246
21.5
122
546
17.7
3.19
12.6
0.777
18.3
933
125
3.01
20.1
282
16.11
0.77
0.98

BDL09-4

55.79
1.06
15.45
4.14
2.55
0.12
5.54
7.48
3.11
2.64
0.52
1.38
99.78
6.28
2.49
48.44
61.15
1.94
0.72
61.9
121
13.9
50.7
8.18
1.79
6.27
0.828
4.15
0.711
1.97
0.274
1.73
0.245
21.1
117
540
18.3
3.86
16.1
0.981
18.0
904
131
3.33
194
274
15.95
0.74
0.96

BDL09-5

54.69
0.92
16.79
5.90
1.02
0.11
524
7.12
3.31
2.43
0.55
1.76
99.84
6.33
2.68
48.41
59.63
2.07
0.80
66.1
128
14.8
55.4
8.58
1.99
6.49
0.864
4.29
0.732
2.07
0.282
1.75
0.244
21.7
130
477
16.9
2.52
10.4
0.603
15.8

106
2.72
20.8
291
16.42
0.78
0.95

BDL09-6

55.28
0.96
16.59
5.34
1.46
0.10
4.99
6.90
3.18
2.78
0.54
1.56
99.68
6.26
2.77
49.68
58.67
201
0.80
64.4
126
14.5
53.7
8.49
1.96
6.44
0.845
4.35
0.743
2.06
0.282
1.80
0.254
21.6
121
605
17.1
3.18
11.6
0.751
20.1

126
3.26
19.8
286
16.05
0.78
0.96

10.3389/feart.2022.927695

BDL18

54.93
1.00
16.51
5.18
1.72
0.12
520
6.94
3.31
2.68
0.53
1.54
99.64
6.32
2.73
49.76
59.01
1.98
0.79
64.3
124
14.7
53.0
8.44
1.96
6.45
0.826
4.22
0.720
2.06
0.281
1.78
0.249
21.4
126
562
18.3
3.08
12.5
0.779
18.0
926
120
3.15
20.2
283
16.07
0.78
0.94

Notes: A/CNK=AL0;/(CaO+Na,0+K,0) (molar ratio); A/NK= Al,0;/(Na,0+K,0) (molar ratio); Mg#=Mg/(Mg+Fe) (molar ratio); 643=(Na,0+K,0)2/(Si0,-43); §Eu = 2 x EuN/
(SmN+GdN); 8Ce=2 x CeN/(LaN+PrN); DI= Quartz+Orthoclase+Albite+Nepheline+ Leucite+K-feldspar, from CIPW, calculating values.
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FIGURE 4

Geochemical diagrams of major elements. (A), QAP Plots of rock (base map after LeMaitre, 2002); (B), KO vs. SiO, Plots (base map after
Middlemost, 1994); (C), A/NK vs. A/CNK Plots (base map after Maniar and Piccoli, 1989); (D), Chondrite-normalised REE patterns (The normalizing
values for REE are from Sun and McDonough and Sun, 1995); (E), Mantle-normalised multi-element diagrams. (The normalizing values for REE and
trace elements are from Sun and McDonough, 1989; McDonough and Sun, 1995).

Solution Analytical Technology Co., Ltd. Wuhan, China, using
an analytical scanning electron microscope (JSM-IT100)
connected to a GATAN MINICL system. The analytical
conditions included a 10.0-13.0 kV electric field voltages and
an 80-85 WA current on a tungsten filament. Zircon U-Pb
dating, zircon trace element analysis, and zircon Lu-Hf
isotope analysis were simultaneously conducted by LA-MC-
ICP-MS at the Wuhan Sample Solution Analytical Technology
Co., Ltd. The spot size and frequency of the laser were set to
32 um, and the energy density of laser ablation was ~7.0]/
cm?2 in this study. Zircon 91,500. Zircon GJ-1, and glass
NIST610 were used as external standards for U-Pb dating
and trace element calibration, respectively. Each analysis
involved a background acquisition of approximately 20-30 s
followed by 50s of data acquisition for each sample.
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ICPMSDataCal, an Excel-based software, used to

perform offline data selection, the integration of background

was
and analyzed signals, time-drift corrections, and quantitative
calibration for trace element analysis and U-Pb dating.

Concordia diagrams and weighted mean calculations were
made using Isoplot/Ex_ver 4.15 software.

Results
Major and trace elements
The whole-rock major and trace element geochemical data

are listed in Table 1. The rocks are rich in K;0+Na,O (5.75 wt%
~6.18 wt%) and K,O (2.44 wt% ~2.78 wt%), have medium
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TABLE 2 LA-ICP-MS zircon U-Pb ages of monzodiorite in the Budongla gold district.

Spots Pbx Thx Ux Th/ 207Pb/ 1o Isotope ratio 205pb/ 1o 297pb/ 1o Age (Ma) 205pb/ lc Con %
1076 1076 1076 U 206 Pb 238U 206Pb 238U
207pb/ lo 207Pb/ lo
235U 235U

91500std  19.18 315 888 036 0.0728 00025 17989 00604  0.1791 0.0023 1,009 69 1,045 2 1062 13 98
91500std  19.23 313 887 035 0.0770 0.0026  1.9015 0.0625  0.1792 0.0022 1,120 67 1,082 2 1,063 12 98
GJ-1 3439 937 324 003 0.0587 0.0016  0.7907 00211 00973 0.0010 554 59 592 12 59 6 98
GJ-1 3487 939 329 003 0.0592 0.0016  0.7988 00222  0.0975 0.0010 576 56 596 13 600 6 99
BDLI8-1  15.1 177 349 051 0.0523 0.0059  0.0973 0.0084 00147 0.0004 2982 2240 943 77 939 25 99
BDLI8-2 463 712 640 L11 0.0510 0.0053  0.0988 0.0088 00147 0.0003 2427 2074 956 81 944 21 98
BDLI8-3 135 155 321 048 0.0481 0.0019  0.0970 0.0029  0.0146 0.0001 1019 870 940 27 933 08 99
BDLI8-4 155 146 701 021 0.0448 0.0020  0.0886 0.0039 00143 0.0002 — — 86.2 37 916 10 94
BDLI8-5 307 417 474 088 0.0520 00034  0.1048 0.0065  0.0147 0.0002  287.1 1370 1012 60 938 12 92
BDLI8-6  39.0 548 667 082 0.0524 0.0038  0.0991 0.0066  0.0144 0.0002 3019 1546 96.0 61 923 14 9%
BDLI8-7  33.3 452 506 0.89 0.0457 0.0021  0.0947 0.0031  0.0146 00002 — — 91.9 29 936 10 98
91500std 1864  31.0 87.1 036 0.0750 0.0027  1.8592 0.0665  0.1800 00023 1,133 73 1,067 24 1,067 13 99
91500std  19.03 317 887 036 0.0748 0.0027  1.8412 0.0664  0.1783 0.0022 1,065 79 1,060 24 1,058 12 99
BDLI8-8 144 183 202 091 0.0462 00029  0.0927 0.0055 00146 0.0002 5.7 1370 900 51 936 10 9%
BDLI8-9 145 184 203 091 0.0461 0.0031  0.0998 0.0061 00142 0.0002  400.1 491 966 56 9038 L1 93
BDLIS- 413 584 504 098 0.0469 0.0019  0.0955 0.0033 00146 0.0001 427 954 927 30 935 08 99
10

BDLIS- 183 237 387 061 0.0463 00022 0.0938 0.0044 00146 0.0001  13.1 1102 911 41 937 08 97
11

BDLIS- 33.0 462 526 088 0.0504 0.0032  0.1002 0.0061  0.0145 0.0002 2167 1352 969 56 927 L1 9
12

BDLIS- 111 151 186 081 0.0482 0.0078  0.0935 00123 00146 0.0006  109.4 3176 907 114 932 35 97
13

BDLIS- 276 356 537 0.66 0.0499 0.0069  0.0980 00108  0.0147 0.0006  190.8 2768 950 100 942 37 99
14

BDLIS- 28.1 373 441 085 0.0550 0.0084  0.0978 00117 00145 0.0004 4130 2879 947 108 929 27 98
15

BDLIS- 77.2 846 2229 038 0.0546 0.0055  0.1033 0.0096  0.0145 0.0003  398.2 2277 998 88 926 19 92
16

91500std 2041 338 942 036 0.0741 0.0025 18286 00629  0.1790 0.0025 1,043 67 1,056 23 1,061 14 9
91500std  19.43 321 897 036 0.0757 00025 18718 00624  0.1794 0.0024 1,087 66 1,071 2 1,064 13 9
BDLIS- 30.6 410 658 062 0.0545 0.0055  0.1019 0.0095  0.0139 0.0002  390.8 2296 985 88 890 16 89
17

(Continued on following page)
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TABLE 2 (Continued) LA-ICP-MS zircon U-Pb ages of monzodiorite in the Budongla gold district.

Spots

BDLI18-
18

BDLI18-
19

BDLI18-
20

BDLI18-
21

BDLI18-
22

GJ-1
GJ-1
91500std
91500std

Pb x
10°¢

16.1

24.6

24.4

23.2

233

35.80
35.68
20.28
19.82

Th x
10°¢

219

339

334

305

305

9.61
9.63
339
32.9

U x
10°¢

303

576

439

440

336
333
93.2
91.3

Th/
U

0.72

0.58

0.69

0.69

0.03
0.03
0.36
0.36

207pp/
206 Pb

0.0565
0.0547
0.0491
0.0552
0.0527

0.0595
0.0593
0.0736
0.0761

lo

0.0043

0.0041

0.0035

0.0037

0.0037

0.0017
0.0018
0.0027
0.0025

Isotope ratio

27pp/
235U

0.1037
0.1102
0.0924
0.1062
0.1041

0.8029
0.8015
1.8150
1.8854

lo

0.0074

0.0088

0.0065

0.0070

0.0071

0.0226
0.0246
0.0660
0.0653

205pp/
238U

0.0138
0.0146
0.0141
0.0141
0.0147

0.0976
0.0974
0.1792
0.1792

1o

0.0003

0.0003

0.0003

0.0003

0.0003

0.0012
0.0011
0.0024
0.0028

207ppy
206Pb

472.3
398.2
153.8
420.4
316.7

587
589
1,031
1,098

165.7

170.4

168.5

151.8

162.9

66
60
76
67

Age (Ma)

207ppy
235U

100.2
106.2
89.8

102.5
100.5

598
598
1,051
1,076

lo

6.8

8.0

6.1

6.5

6.6

13
14
24
23

205ppy
238U

88.5

90.0

90.3

94.0

600
599
1,062
1,062

lo

13
15

Con %

87

87

99

87

93

99
99
98
98
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TABLE 3 LA-ICP-MS zircon Lu-Hf isotopes compositions of monzodiorite in the Budongla gold district.

10.3389/feart.2022.927695

Spots t (Ma) '7°Yb/ 176Lu/ 176Hf/ 20
177Hf ]77Hf 177Hf

BDLIS-1 939 0.050478 0.001219 0.282,706 0.000026
BDLI8-2 944 0.055745 0.001406 0.282,617 0.000031
BDLIS-3 933 0.170,006 0.003642 0.282,678 0.000096
BDL18-4 916 0.019052 0.000432 0.282,669 0.000716
BDLI8-5 938 0.027366 0.000582 0.282,628 0.000317
BDL18-6 923 0.029551 0.000620 0.282,562 0.000253
BDL18-7  93.6 0.032434 0.000696 0.282,645 0.000708
BDL18-8  93.6 0.024269 0.000537 0.282,640 0.000370
BDL18-9  90.8 0.029035 0.000620 0.282,663 0.000222
BDLIS- 93.5 0.026351 0.000564 0.282,619 0.000033
10

BDLIS- 93.7 0.038390 0.000786 0.282,602 0.000165
11

BDLIS- 927 0.022271 0.000467 0.282,654 0.000156
12

BDLIS- 932 0.020905 0.000467 0.282,617 0.000332
13

BDLIS- 94.2 0.016626 0.000345 0.282,662 0.000192
14

BDLIS- 92.9 0.028649 0.000576 0.282,656 0.000311
15

BDLIS- 92,6 0.028953 0.000588 0.282,685 0.000367
16

BDLIS- 89.0 0.040672 0.000796 0.282,617 0.000120
17

BDLIS- 88.5 0.030673 0.000633 0.282,606 0.000632
18

BDLIS- 93.7 0.044316 0.000868 0.282,644 0.001298
19

176
Hf/ eaf(0)  ene(t) Tpm(Ma) TDM2 fy,

7THA(t) (Ma) Hf
0.282,704 -23 ~04 778 1,176 ~0.96
0.282,614 -55 -35 909 1,377 ~0.96
0.282,671 -33 -15 875 1,249 ~0.89
0.282,668 -36 -17 813 1,257 ~0.99
0.282,627 -5.1 -31 873 1,348 ~0.98
0.282,561 74 54 966 1,497 ~0.98
0.282,644 45 25 852 1,311 ~0.98
0.282,639 47 27 856 1,322 ~0.98
0.282,662 -39 -19 826 1272 ~0.98
0.282,618 54 34 887 1,370 ~0.98
0.282,601 -6.0 —4.0 915 1,408 ~0.98
0.282,654 —42 22 834 1,290 ~0.99
0.282,617 -55 -35 886 1,372 ~0.99
0.282,661 -39 -19 822 1272 ~0.99
0.282,655 41 21 834 1,286 -0.98
0.282,684 -3.1 -11 794 1,221 -0.98
0.282,615 -55 -36 895 1,378 ~0.98
0.282,605 -59 -4.0 906 1,402 ~0.98
0.282,642 45 25 858 1,315 ~0.97

Notes: ¢5¢(0)=("""Hf/*”7Hf/(""*Hf/"""Hf) crrur, 07) x 10,0005 cz(t)=["""Hf/*””Hf-(""*Lu/*""Hf)s x (e"-1)]/[("°Hf/""Hf) crur, 0- (7°Lu/""Hf) cpurx (€¥-1)]-1) x 10,0005 [(7°Hf/7"Hf)
i="7H{/""Hf-("7°Lu/""H)sx(€M-1)]- 15 Tppa=Tomi-(Tomi-t) Foc-frwmd/Eoc-fom)s fro/He=""Lw/77HE/(7°Lu/ " H) cpur-1; (7°Lu/Hf) cpugs 0.0332, (V°HE/7Hf) cug, 0=0.282,772
(Blichert-Toft and Albaréde, 1997); ("°Lu/"’Hf)DM, 0.0384, (""°Hf/"”’Hf)pps, 0.28325(Griffin et al.,, 2000); fec=-0.55, fpp, 0.16, 1=1.867 x 10! years-1(Griffin et al., 2002).

contents of SiO, (54.85wt% ~55.79 wt%), CaO (6.56 wt%
~7.48 wt%), and A1,03; (15.45wt% ~16.79 wt%), and have
Rittmann indices (043) ranging from 2.49 to 2.90. The
A/CNK values and A/NK range from 0.72 to 0.81 and
1.93 to 2.07, respectively, and the samples thus belong to the
high-K calc-alkaline series (Table 1; Figure 4). The rocks have
high MgO (4.92 wt%~5.54 wt%), Fe,O5 (4.14 wt%~5.90 wt%),
FeO (1.02 wt%~2.55 wt%), the Mg# values of 58.43-61.15, and
DI values of 48.41-51.65, implying they are Mg-rich intrusive
rocks.

Figures 4D,E show that the Budongla monzodiorite pluton is
enriched in light REEs (LREESs) (Lrge/Hgrgg: 15.95-16.42) and large
ion lithophile elements (LILEs), while relatively depleted in heavy
REEs (HREEs) and high field strength elements (HFSEs), and has
negative Eu anomalies (§Eu=0.74-0.80), no obvious negative Ce
anomalies (§Ce=0.93-0.98) (Table 1; Figure 4D).

Frontiers in Earth Science

09

Zircon U-Pb ages and Lu-Hf isotope
compositions

The zircon U-Pb and Lu-Hf isotope data are listed in Tables
2, 3. Representative cathodoluminescence images of the zircons
are shown in Figure 4A. All zircon Th/U ratios are higher than
0.30 (Th/U=0.5-0.9) (Table 2), and most of the zircon particles
display relatively idiomorphic crystal morphology and clear
oscillatory growth zoning in cathodoluminescence images
(Figure 5A), which indicates that the zircons in this study are
of magmatic origin (Figure 5C; Hoskin and Black, 2000; Grimes
etal et al, 2007). The zircon data yield a concordia age of
92.7 1.1 Ma (n=22, MSWD=0.33) (Figures 5A,B), which
suggests that the Budongla monzodiorite pluton was emplaced
in the Late Cretaceous. We analyzed 19 zircon grains for Lu-Hf
isotopes, as shownedin Table 3.
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FIGURE 5

Diagrams of Zircon U-Pb geochronology. (A) Cathodoluminescence (CL) images of representative zircon grains; (B) zircon U-Pb concordia
diagrams and weighted mean ages; (C) chondrite-normalized REE patterns of zircons (based on Hoskin, 2005); and (D) discriminant diagrams with

differentcry stallization setting zircon fields (base on Grimes etal et al., 2007) for the Xiabie Co granite.

The zircons have low 7°Lu/"”"Hf ratios of 0.000345-0.0036421 and
76H{/'77Hf ratios of 0.282,562-0.282,706. We calculated the initial
VeH{/"”7Hf ratio and p(t) values based on the zircon U-Pb ages, as

showned in Table 3 and Figure 6. The Tpy, (two-stage Hf model
ages) range from 1,176 to 1,497 Ma, and the .ft) values of the
zircons in the Budongla monzodiorite pluton range from —5.4 to —0.4.

FIGURE 6

ne(t) vs. U-Pb ages Plots of zircons. (The Central Lhasa values from Yu et al,, 2011; Wang et al,, 2012; Meng et al,, 2014; Hou et al,, 2015; Zhao
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et al,, 2011; Liu et al, 2018a; Cao et al, 2019; DM: Depleted Mantle; CHUR: Chondrite uniform reservoir).
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FIGURE 7

Huck diagram. (A-C) Element scatter diagrams; and (D-F) Quantitative simulation diagrams of crystallization differentiation.

Discussion
Magmatic source

As mentioned above, the Budongla monzodiorite pluton
belongs to the metaluminous and high-K calc-alkaline Mg-
rich magmatic rock series (Figures 4B,C). Different from other
Late Cretaceous intermediate-felsic intrusive rocks in the Central
Lhasa subterrane, the Budongla monzodiorite pluton has no
obvious depletion in Sr, P, and Ti (Figure 4D). Therefore,
there may have been no obvious fractional crystallization of
phosphorus-containing minerals (such as apatite) and titanium-
containing minerals (such as rutile) in the Budongla
monzodiorite pluton. However, the negative Eu anomalies
(Table 1; Figure 4D), the negative correlations between FeO?,
Cao, MgO, and SiO, (Figures 7A-C), and the obvious depletions
in Ba and Ta (Figure 4E), indicate that there was a certain amount
of fractional crystallization of plagioclase and iron magnesium
minerals (such as amphibole) during magmatic evolution. This
interpretation is supported by quantitative modeling of fractional
crystallization (Figures 7D-F), which shows that the Budongla
monzodiorite can be interpreted as forming through 0%-30%

fractional crystallization of 0.01% K-feldspar +0.19% plagioclase

Frontiers in Earth Science 11

+0.01% biotite +0.79% amphibole, and the degree of crystal
differentiation is very low. The differentiation coefficient
(DI=48.41-51.65) and FeO"/MgO contents of the Budongla
monzodiorite pluton are relatively low (Table 1; Figure 7),
which indicates that the magma haven’t experience a strong
crystallization differentiation process, so it is unlikely to have
been the product of crystallization of coeval basaltic magma.
The zircon trace elements have the characteristics of
crustal sources (Figure 5D), and the Rb/Y-Nb diagram
shows that the rocks have a trend of crustal contamination
and obvious depletion in Nb (Figure 4B, Nby=14.6-24.6),
which shows that the Budongla monzodiorite has crustal
components. The Rb/Sr ratio of mongzodiorite in budongla
(0.129-0.144) is much higher than the average value of
primitive mantle (0.029, Sun and MchDonough, 1989), but
close to the average value of continental crust (0.123, Taylor
and McLennan, 1985). The rocks are characterized by
enrichment of LILEs such as Rb, K, Th, and U, and relative
loss of HFSEs such as Nb, Ta, P, and Ti, suggesting that the
crust source material makes a great contribution to the source
area (McKenzie and Bickle, 1988). The negative eHIf(t)
(—=5.4~-0.4) (Figure 6) and old zircon Lu-Hf isotope two-
stage model (Tpm2=1,176-1,497 Ma)

ages suggest a
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Tectonic discrimination diagrams. [(A,B), Basemap after Pearce et al., 1984;

contribution of less radiogenic material was involved in the
origin of monzodiorites or old crust (Scherer et al.,, 2000;
Griffin et al., 2002). This could be crustal contamination
during emplacement, or partial melting of the crust, which
is consistent with the results of trace element analysis (Nb, Rb,
Sr, Th, and U, etc.) But the arc volcanic rock characteristics of
Ce/Pb, Ce, Nb/Th, and Nb (Figures 8A,B) show that the
Budongla pluton is unlikely to have formed from pure
crustal sources. In the Central Lhasa subterrane, from the
early Cretaceous (~125 Ma) to the late Cretaceous (~90 Ma),
the continuous increase of zircon .y¢(t) values also suggest
that the continuous increasing mantle contribution to
Cretaceous magmatic rock (Figure 6). In addition, the high
Mg# and MgO also indicate that the Budongla Mg-rich
monzodiorite has some mantle-derived derived components.
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(C,D), Basemap after Boztug et al., 2007].

In summary, we infer that the Budongla Mg-rich

monzodiorite pluton was generated by increasing the

contribution of mantle sources during crustal remelting.

Tectonic environment

The development of the northern and middle parts of the
Lhasa terrane is controversial. Some scholars have proposed that
this Late Cretaceous magmatic activity was related to the collision
of the Qiangtang-Lhasa terranes (Gao et al., 2011; Wang et al,,
2013; Li et al,, 2020; Wang et al., 2021b); other scholars have also
suggested that the northward subduction of the Yarlung Zangbo
Neotethys Ocean involved low-angle subduction and an increase
in subduction angle combined with slab rollback events, which
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FIGURE 9

Schematic illustrations of the Late Cretaceous tectono-magmatic evolution of the Qiangtang-Lhasa terrane. [(A), Basemap after Ma et al., 2014

(B), Basemap after Zhu et al., 2016].

triggered the Late Cretaceous magmatism (Zhang et al., 2012;
Zhang et al,, 2015); and still other scholars believed that the
northward subduction of the Yarlung Zangbo Neotethys Ocean
was normal deep subduction and that slab breakoff events
triggered the Late Cretaceous magmatic episodes (Dai et al.,
2020). In the low-angle subduction model, the early subduction
angle was small, and the corresponding magmatism was slight.
However, in recent vyears, extensive Jurassic-Cretaceous
magmatism has been found in the southern Lhasa terrane
(Zhu et al,, 2011; Liu et al, 2019¢), which is contrary to the
low-angle subduction model of the oceanic plate. Considering
that the Lhasa terrane experienced significant crustal shortening
after Cretaceous time, the distance between the northern
magmatic arc and the southern Neotethyan subduction zone
was more than 600 km (Ding and Lai, 2003; Kapp et al., 2007),
which cannot be explained by the normal subduction model.
Therefore, we believe that the 90 Ma magmatism in the Central
Lhasa terrane was unlikely to have been related to the subduction
of the Yarlung Zangbo oceanic lithosphere.

The magmatism of the Lhasa terrane was mainly influenced by
the evolution of the Yarlung Zangbo Ocean and Bangong-Nujiang
Ocean (Chen et al, 2014; Zheng et al, 2014). Currently, no
consensus has been reached on the timing of tectonic evolution
and subduction polarity of the Bangong-Nujiang suture zone (Kapp
etal,, 2005; Volkmer et al., 2007; Li G. M.. et al., 2011; Gao et al., 2011;
Geng et al,, 2011; Li H. L. et al., 2014; Wang et al., 2016; Zhu et al,,
2016): some scholars have proposed that the Bangong-Nujiang
ocean basin subducted northward beneath the Qiangtang block
in the Early Jurassic, while the arc-arc “soft” collision between the
Lhasa and Qiangtang blocks is most likely to have occurred between
140 Ma and 130 Ma (Song et al., 2019); at the same time, the Nyima
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area in the Northern Lhasa terrane records a 125-118 Ma transition
from marine facies to nonmarine facies (Kapp et al., 2007), and it
was an intracontinental environment at approximately 110 Ma,
which means that the Lhasa and Qiangtang blocks underwent a
“soft” collision before 110 Ma (Zhu et al., 2009). Other scholars have
proposed that the large-scale magmatic activity at approximately
113 Ma around Xainza in the middle of the Central Lhasa terrane
was the product of the southward subduction of the Bangong-
Nujiang ocean slab breakoff (Chen et al., 2014). In addition, the
appearance of the large-scale Jingzhushan formation (K;) molasse
in the BNSZ also suggests that the Lhasa terrane in the later part of
the Early Cretaceous had entered the continental collision stage (Pan
et al,, 2006). Thus, the above lines of evidence fully show that the
Bangong-Nujiang Ocean in the Nyima-Bange area had closed and
entered a state of collisional orogeny by the middle-late part of the
Early Cretaceous.

Similar to Balaza, Sebuta, Ga’erqiong, Jianglaangzong, and
many other ca. 90 Ma intermediate-felsic intrusions in the
Central Lhasa subterrane (Ouyang et al, 2017; Dai et al,
2020), the intermediate-felsic pluton in Budongla was formed
in a post-collisional environment (Figures 8C,D). Based on the
results of the above discussion, we believe that the ~90 Ma
the Lhasa
subterrane are not the products of melting of subducted

magmatism and mineralization in Central
seafloor or ocean ridge subduction of the Yarlung-Zangbo
Ocean or southward subduction of the Bangong-Nujiang Ocean.

According to the analysis above, by the later part of the Early
Cretaceous, the Bangong-Nujiang ocean basin had closed, and
the central and northern parts of the Lhasa terrane had entered
the stage of continental collision. During the disappearance of the

Bangong-Nujiang oceanic crust, mantle material upwelling
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caused mantle-derived magma underplating to occur at an
unequal scale on either side of the Bangong-Nujiang junction
zone (Zhu, et al., 2016). Subsequently, the lower crust of the
Central Lhasa subterrane was continuously thickened due to
the compression of north-south stress. And its thickness was
greater than 50km (Dai et al, 2020). At this time, the
ultrahigh-pressure metamorphism occurred at the bottom
of the crust, reaching eclogite facies (Li J. X. et al.,, 2011;
Sunetal., 2015; Ding et al., 2016). During the Late Cretaceous
period, this thickened crust underwent delamination (Yu
et al,, 2011; Liu et al, 2018c), which led to a series of
the
produced the Budongla pluton (Figures 9A,B).

~90 Ma magmatic episodes, such as event that

Conclusion

(i) The formation age of the monzodiorite pluton of the
Budongla gold district in the western part of the
Central Lhasa subterrane is 92.7 + 1.1 Ma, and this
pluton is the product of Late Cretaceous magmatism in
the Central Lhasa subterrane.

(ii) The monzodiorite of the Budongla gold district in the

western part of the Central Lhasa subterrane belongs to

the high-K  calc-alkaline ~ Mg-rich
intermediate-felsic magmatic series, and the Budongla

metaluminous,

monzodiorite was emplaced during the post-collisional
period of the Lhasa terrane and the Qiangtang terrane.
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