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Abstract: Miocene felsic magmatic rocks with high Sr/Y ratios are widely distributed throughout
the Gangdese belt of southern Tibet. These provide a good opportunity to explore the magmatic
process and deep dynamic mechanisms that occurred after collision between the Indo and the
Asian plates. In this paper, felsic volcanic rocks from the Zongdangcun Formation in the Wuyu
Basin in the central part of the southern Gangdese belt are used to disclose their origin. Zircon U-Pb
geochronology analysis shows that the felsic magmatism occurred at ca. 10.3 ± 0.2 Ma, indicating that
the Zongdangcun Formation formed during the Miocene. Most of these felsic magmatic rocks plot
in the rhyolite area in the TAS diagram. The rhyolite specimens from the Zongdangcun Formation
have the characteristics of high SiO2 (>64%), K2O, SiO2, and Sr contents, a low Y content and
a high Sr/Y ratio, and the rocks are rich in LREE and depleted in HREE, showing geochemical
affinity to adakitic rocks. The rocks have an enriched Sr-Nd isotopic composition (εNd(t) = −6.76
to −6.68, (87Sr/86Sr)i = 0.7082–0.7088), which is similar to the mixed product of the juvenile Lhasa
lower continental crust and the ancient Indian crust. The Hf isotopes of zircon define a wide
compositional range (εHf(t) = −4.19 to 6.72) with predominant enriched signatures. The Miocene-
aged crustal thickness in southern Tibet, calculated on the basis of the Sr/Y and (La/Yb)N ratios
was approximately 60–80 km, which is consistent with the thickening of the Qinghai-Tibet Plateau.
The origin of Miocene felsic magmatic rocks with high Sr/Y ratios in the middle section of the
Gangdese belt likely involved a partial melting of the thickened lower crust, essentially formed by
the lower crust of the Lhasa block, with minor contribution from the ancient Indian crust. After
comprehensively analyzing the post-collisional high Sr/Y magmatic rocks (33–8 Ma) collected from
the southern margin of the Gangdese belt, we propose that the front edge tearing and segmented
subduction of the Indian continental slab may be the major factor driving the east-west trending
compositional changes of the Miocene adakitic rocks in southern Tibet.

Keywords: Cenozoic; Zongdangcun formation; Gangdese belt; adakitic rock

1. Introduction

Postcollisional Cenozoic magmatic rocks are widespread in the Qinghai-Tibetan
Plateau and its surrounding areas, which provides a good window for studying the dy-
namic background of plateau uplift, crustal evolution, magmatism, and mineralization.
The Gangdese magmatic belt is distributed along the southern margin of the Qinghai-Tibet
Plateau. It is a giant Cenozoic magmatic belt created by the superposition of Neotethys
oceanic lithospheric subduction and the collision of the Indian plate with the Eurasian
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plate [1]. It is the most typical composite continental magmatic arc in the world, which
completely recorded the process from the subduction of the Neotethys Ocean to the col-
lision of the Indian and the Asian plates [2–9]. Among them, the Oligocene-Miocene
magmatic rocks are the products of the India–Eurasian plate collision. They mainly com-
prise ultrapotassic-potassic and calc-alkaline igneous rocks (Figure 1), among which, the
calc-alkaline rocks generally have adakitic-like geochemical affinities [10,11]. Due to
the complex genetic mechanism and magmatic dynamics of adakitic rocks, the magma
source and tectonic background of the Oligocene-Miocene adakites in southern Tibet have
always been controversial [12–21]. At present, most studies hypothesize that the Oligocene-
Miocene post-collisional adakitic rocks in southern Tibet were formed by the partial melting
of the thickened lower crust beneath the Gangdese arc [12–19]. There are also many other
different views on the genesis of these adakitic magmas, such as: the melting of the sub-
ducted Neotethys oceanic crust [20]; the presence of a metasomatic mantle wedge by melts
derived from the subducted slab [21]; the subduction and melting of the basic lower crust
of the Indian continent [15]; and the partial melting of the mantle forming water-bearing
basic magma that separates and crystallizes under high pressure [22]; the mixed product
of mantle-derived ultrapotassic magma and crust-derived magma [23]. Obviously, an
in-depth discussion of the genetic mechanism of the Oligocene-Miocene post-collision
adakitic rocks in the southern Gangdese belt is beneficial to understanding the dynamic of
subduction and accretion between the Indian and Eurasian plates and is also helpful to
accurately determine the evolution of the Gangdese continental crust in Cenozoic. Accord-
ing to the above scientific issues of the Neogene Zongdangcun Formation felsic magmatic
rocks from the Wuyu Basin, Nanmulin area, southern Gangdese region are selected to
perform systematic petrology, zircon U-Pb chronology, trace element geochemistry and
Sr-Nd-Hf isotope. An in-depth analysis of the genetic mechanism and dynamics back-
ground of typical magmatic Oligocene-Miocene rocks on the southern margin of Gangdese
was also conducted. By comprehensive comparison of the geochemical characteristics of
Cenozoic post-collisional adakitic-like igneous rocks on the southern margin of Gangdese
and combining them with seismic tomography data [24], the petrogenesis of Cenozoic
post-collisional adakites and the spatiotemporal relationship between them and the E-W
direction of the Indian plate are discussed.

2. Geological Background and Samples

The Neoproterozoic Qinghai-Tibet Plateau has undergone multiple subductions and
accretionary orogenies of the original Tethys, Paleo-Tethys, Middle Tethys, and Neotethys
suture zones, represented by the formation of the Kunlun, Longmucuo-Shuanghu suture
zone, Bangong-Nujiang suture zone, and Indus-Yarlung-Tsangpo suture zone, and ophi-
olitic melange zone [1,2,22–26] (Figure 1A). Controlled by the Tethyan orogeny, the Kunlun
block, Songpan-Ganzi block, Qiangtang block, Lhasa block, and Himalayan orogenic belt
in the Qinghai-Tibet Plateau successively collided to form a giant composite collision
orogen [1,27–30].

The Lhasa block, which originated from the Gondwana supercontinent, is located
between the Bangong-Nujiang suture zone and the Indus-Yarlung-Tsangpo suture zone. It
is composed of Precambrian crystalline basement rocks, Paleozoic Mesozoic sedimentary
rocks, and Paleozoic Cenozoic magmatic rocks. The Lhasa terrane is the last one to be
accreted into the Eurasian continent. The magmatic rocks of the Lhasa terrane are mainly
distributed in the structural belts on the north and south sides of the terrane. The magma
of the Bangong-Nujiang structural belt in the north is mainly related to the evolution of the
middle Tethys Ocean. Oceanic crust subduction began at approximately 170 Ma. Following
the closure of the ocean basin, the Lhasa terrane collision with the Qiangtang terrane may
have started in the Late Jurassic and gone on to the mid-Cretaceous (~99 Ma) [1,31]. The
magmatic rocks in the southern Lhasa block are related to the subduction of the Neotethys
Ocean and the deep subduction of the Indian plate. The Neotethys Ocean began to close
at the end of the Late Cretaceous (70–65 Ma), and then the Indian plate continued to drift
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northward and finally collided with the Eurasian plate at approximately 55–50 Ma [32–34].
The Yarlung Zangbo suture zone in the south of the block was formed in this collision.
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Figure 1. (A,B) Tectonic sketch of the Gangdese and Tibet Plateau, modified from [35], (C) geological
map of the Wuyu Basin. LSSZ: Longmucuo-Shuanghu suture zone; BNSZ: Bangong-Nujiang suture
zone; SNMZ: Shiquanhe-Namtso Ophiolite Belt zone; LMF: Lobadui-Mira fault zone; and IYTSZ:
Indus-Yarlung-Tsangpo suture zone.

The Gangdese arc is the main orogen of the India-Asia collision zone, extending more
than 1500 km along the east-west strike zone in the Lhasa terrane and is almost parallel to
the Yarlung-Tsangpo suture (Figure 1A,B). The Gangdese magmatic belt has experienced
long-term northward subduction of the Mesozoic Neotethys Ocean followed by strong
Cenozoic magmatism during the collision between India and Eurasia [5,36–39]. It is the
area with the most concentrated igneous rock, the thickest plateau crust, and the most
complete collision record in the Tibetian region. Previous studies generally hypothesize
that the main magmatic activities in the Gangdese magmatic belt were: (1), the Neotethys
oceanic lithosphere began to subduct northward under the Lhasa block during the Middle
Jurassic, forming the Middle Jurassic Yeba Formation, the Late Jurassic-Early Cretaceous
Sangri Group of a subduction-related volcanic rock series, and subduction-related diorite,
tonalite, granodiorite and granite suites; (2), at approximately, 65 to 50 Ma, the intrusive
rocks formed during the Indian-Asian collision constitute the main body of the Gangdese
belt [5,40–43]; and (3), during approximately 50–8 Ma (after the closure of the Neotethys
Ocean), the igneous rock were formed after the collision in southern Tibet, comprising
ultrapotassic and adakitic-like intrusions [44–49].

The Wuyu Basin is located in the middle section of the Gangdese arc and geographi-
cally located in Zhagar Village, Suojin Township, Nanmulin County of Tibet. The research
focus of this paper is on the igneous rocks of the Miocene Zongdangcun Formation in the
Wuyu Basin.

3. Petrologic Characteristics

In the southern Qinghai-Tibet Plateau, the Wuyu Basin is a relatively large part of the
Cenozoic basin. The outcropping strata are the Paleocene-Eocene Linzizong Group of a
mid-acid calc-alkaline volcanic rock series, the Oligocene Rigongla Formation clastic rocks
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interbedded with acid tuffs, the Miocene Mangxiang Formation of siliciclastic sediments,
and the Miocene Wuyu Group, followed by a set of Pleistocene lacustrine deposits.

The Wuyu Group is divided into a lower Gazachun Formation and an upper Zongdan-
gcun Formation. The Gazachun Formation is composed of intermediate-acid volcanic rocks
and clastic rocks. The volcanic rocks of the overlying Zongdangcun Formation formed
in the later stage of Wuyu Group volcanic activity, and are distributed in elliptical bodies
along the periphery of the Wuyu Basin. The main volcanic rocks are represented by a set of
intermediate-acid pink andesites, andesite breccias, and gray-white tuffs.

The sampling points are located in the sections around the Wuyu basin (Figure 1C).
Fresh rocks less affected by hydrothermal activity were sampled. The fresh surfaces of the
samples are gray and gray-green, and the weathered surfaces are gray-white. Observed
under a microscope, the tuff is mainly composed of crystal (55%) and glass fragments (45%),
and the matrix is tuffaceous. The glass components in the tuff have not been devitrified
and are completely optically isotropic. The main crystals are quartz (70%), plagioclase
(25%) biotite (5%), and rare hornblende (Figure 2). The quartz grains have a particle size
of 0.01–0.5 mm and range from multiangular, subangular to euhedral, hexagonal, with
individual sharp edges. The plagioclase has varied grain sizes, is subangular, and exhibits
a faintly visible Carlsbad twin. The biotite has opaque rims.
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Figure 2. Macroscopic and microscopic images of the rocks of Zongdangcun Formation. (A) The
boundary between tuffs and andesites; (B) Crystal-vitreous tuff outcrop of Zongdangcun Formation;
(C,D) Photomicrographs of the sample at PM-20 and PM-21. Qtz: quartz, Pl: plagioclase, Bt: biotite,
Hbl: hornblende.

4. Analytical Methods
4.1. Whole-Rock Major and Trace Element Analyses

The analysis of major, trace, and rare earth elements was performed at the State
Key Laboratory of Oil and Gas Reservoir Geology and Exploitation (OGGE) of Chengdu
University of Technology, Chengdu, China. Major elements were measured by XRF (X-Ray
fluorescence spectrometer), and the uncertainty of this analytical method is usually <1%.
Trace elements and rare earth elements (REEs) were measured by using ICP-MS, and the
precision of the analysis results was better than 5–10%. For the details of the analytical
methods, please refer to [24].
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4.2. Sr-Nd Isotopes

The Sr and Nd isotopic ratios of the samples were determined by Triton plus thermal
ionization mass spectrometry (Thermo Fisher Scientific, Waltham, MA, USA) (TIMS) at
OGGE. The content of Rb, Sr, Sm, and Nd was measured by ICP-MS, the ratio of 87Rb/86Sr
and 147Sm/144Nd were calculated by them. In this experiment, NBS987 standard gave an
average 87Sr/86Sr = 0.71024 ± 10 (2σ), mass fractionation of Sr isotopes was normalized to
86Sr/88Sr = 0.1194; BCR-2 standard yielded an average 143Nd/144Nd = 0.512620 ± 2 (2σ),
mass fractionation of Nd isotopes was normalized to 146Nd/144Nd = 0.7219. The measure-
ment accuracy of Rb/Sr and Sm/Nd ratios is better than 0.1%. For the detailed analytical
methods, refer to [50].

4.3. LA-MC-ICP-MS Zircon U-Pb Dating and Hf Isotopes

Separation of zircon grains by heavy-liquid and magnetic methods installed in an
epoxy disc and polished to expose their centers. A method of simultaneously measuring
U-Pb and Lu-Hf isotopes, as well as trace elements, was completed by Neptune MC-ICPMS
and Agilent 7500a ICP-MS connected to a 193 nm excimer laser ablation system at the
Beijing GeoAnalysis Co., Ltd. For a detailed description of the analyzer, refer to [51].
Standard zircons 91500 and GJ-1 measured after every 10 analyses, and every 30 analyses
were followed by two measurements of NIST SRM 610. The relative standard deviations
of reference values for 91500 were set at 2%. The detailed analytical procedures are given
in [52]. Offline processing of analysis data (including selection of samples and blank signals,
correction of instrument sensitivity drift, element content, U-Pb isotope ratio, and age
calculation) was completed by ICP MS Data Cal software [53].

The in-situ micro area Lu-Hf isotope test in zircon was completed by the Neptune
multi-receiver inductively coupled plasma mass spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) and Geolas Pro laser ablation system(Coherent, Santa Clara, CA,
USA). The diameter of the test beam spot was 32 µm. The sample aerosol ablated by the
laser is transported to the mass spectrometer by helium as the carrier gas for testing. To
adjust and improve the sensitivity of the instrument, argon and a small amount of nitrogen
were introduced in the gas path. All test positions are the same as or close to the U-Pb
dating point. The zircon standard GJ-1 is analyzed every 10 sample points for monitoring.
The test accuracy of GJ-1 in this experiment is 176Hf/177Hf = 0.282030 ± 40 (2σ).

5. Results
5.1. LA-ICP-MS Zircon U-Pb Age

Zircon grains from one sample (PM21-Bb5) were selected for LA-ICP-MS U-Pb dating
and zircon CL image acquisition. The CL images of zircon show a single color; most
zircons are colorless and transparent, and the particles are euhedral-subhedra granular or
columnar, with good crystallinity (Figure 3A). The cathodoluminescence image shows clear
oscillatory zoning in zircon, which is typical in igneous zircons [54,55]. The Th content
in zircon is within 252–2192 ppm, and the U content is within 664–2755 ppm. There is a
significant positive correlation between the two, and the Th/U ratio is between 0.18 and
2.46, which is much higher than values of metamorphic zircon (generally <0.1), and within
the range of magmatic zircon [56,57]. In this experiment, 40 zircon crystals were selected
from tuff sample, and the U-Pb isotopic of zircon results are shown in Table 1. The 40 zircon
samples have good concordance in the U-Pb concordia diagrams. The age distribution of
zircons is relatively concentrated and evenly distributed on or near the concordia curve.
The results show that the U-Pb system was in a closed system after the formation of zircons,
and the dating results can represent the crystallization age of the rocks. The 206Pb/238U
age span of 40 zircon samples is within a small range of 9.8–10.6 Ma, and the weighted
average age is 10.3 ± 0.2a (n = 40, MSWD = 1.10).



Minerals 2021, 11, 655 6 of 28

Minerals 2021, 11, x FOR PEER REVIEW 6 of 30 
 

formation of zircons, and the dating results can represent the crystallization age of the 
rocks. The 206Pb/238U age span of 40 zircon samples is within a small range of 9.8–10.6 Ma, 
and the weighted average age is 10.3 ± 0.2a (n = 40, MSWD = 1.10). 

5.2. Whole Rock Geochemical Composition 
The major and trace element composition of 12 tuff samples from the Zongdangcun 

Formation collected in the Wuyu Basin of the Nanmulin area are listed in Table 2. The loss 
on ignition (LOI) of various samples is low, which indicates that the rocks have not been 
altered and that the test data are reliable. Although the chemistry of a crystal vitreous tuff 
does not necessarily represent the composition of the melt phase in magmas, the test 
results of the samples indicate that these samples can represent the magma compositions.  

 

 

 

 

Figure 3. (A) Representative cathodoluminescence images of zircon from the tuff sample, PM21-BB5; (B) The U-Pb 
concordia diagrams of zircon U-Pb for the samples; (C) Single-crystal and weighted mean zircon age U-Pb; (D) Histograms 
of the igneous zircons U-Pb age from the samples.

Figure 3. (A) Representative cathodoluminescence images of zircon from the tuff sample, PM21-BB5; (B) The U-Pb concordia
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5.2. Whole Rock Geochemical Composition

The major and trace element composition of 12 tuff samples from the Zongdangcun
Formation collected in the Wuyu Basin of the Nanmulin area are listed in Table 2. The
loss on ignition (LOI) of various samples is low, which indicates that the rocks have not
been altered and that the test data are reliable. Although the chemistry of a crystal vitreous
tuff does not necessarily represent the composition of the melt phase in magmas, the test
results of the samples indicate that these samples can represent the magma compositions.

The compositional data show that felsic rocks of the Zongdangcun Formation are
peraluminous [58], its A/CNK ratio (1.42–1.80) is greater than 1 (Figure 4C), and its SiO2
content is 68.41–71.37wt%. The K2O content is relatively high and distributed between 3.95
and 4.87wt%, and the samples plot into the high-potassium calcium-alkaline series [59].
The distribution range of the Rittman index σ of the sample is 1.93–2.88 < 3.3, reflecting the
characteristics of calc-alkaline magmatism. The content of MgO is low (0.50–0.69 wt.%);
Mg# is less than 43.92. The samples are low in TFe2O3 (less than 2.38 wt.%) and low-
concentration compatible elements (Cr = 15.22–24.71 ppm; Ni = 5.33–6.49 ppm) (Table 2).
The content of Al2O3, CaO, TiO2, and P2O5 decrease with the increase of SiO2 contents
(Figure 5A–D), indicating that magma differentiation. In the TAS diagram, the studied
samples plot into the range of rhyolite and dacite (Figure 4A) [60], which is consistent with
petrography and generally have high contents of silicon, potassium, but low contents of
calcium and magnesium.
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Table 1. LA-ICP-MS zircon U–Pb age data for the crystal-vitreous tuff of the Zongdangcun Formation.

Spot Pb (ppm) Th (ppm) U (ppm) Th/U

207Pb/206Pb 207Pb/235U 206Pb/238U 208Pb/232Th 207Pb/206Pb 207Pb/235U 206Pb/238U 208Pb/232Th

Ratio 1σ Ratio 1σ Ratio 1σ Ratio 1σ Age
(Ma) 1σ Age

(Ma) 1σ Age
(Ma) 1σ Age

(Ma) 1σ

PM21-JD1-01 3.89 1385 1920 0.72 0.0449 0.0073 0.0099 0.0016 0.0016 0.0000 0.0004 0.0000 error 10.0159 1.6394 10.4707 0.2979 7.8505 0.9331

PM21-JD1-02 5.49 1231 2755 0.45 0.0452 0.0057 0.0100 0.0012 0.0016 0.0000 0.0005 0.0001 error 10.1242 1.2166 10.4943 0.2927 10.0574 1.2202

PM21-JD1-03 7.32 612 1400 0.44 0.0430 0.0043 0.0254 0.0026 0.0043 0.0001 0.0012 0.0001 error 25.4626 2.5443 27.4721 0.5654 24.1125 2.4168

PM21-JD1-04 2.78 686 1373 0.50 0.0457 0.0090 0.0099 0.0018 0.0016 0.0001 0.0006 0.0001 error 9.9801 1.8571 10.4289 0.3729 11.6017 1.4836

PM21-JD1-05 3.90 633 2062 0.31 0.0370 0.0089 0.0081 0.0020 0.0016 0.0001 0.0005 0.0001 error error 8.1978 1.9731 10.1857 0.4704 9.7415 2.0176

PM21-JD1-06 3.84 1216 1847 0.66 0.0572 0.0070 0.0125 0.0015 0.0016 0.0001 0.0004 0.0001 498.1900 269.4100 12.6180 1.4625 10.4340 0.3429 8.4172 1.0141

PM21-JD1-07 7.70 1298 4021 0.32 0.0484 0.0045 0.0107 0.0011 0.0016 0.0000 0.0005 0.0001 116.7550 207.3750 10.8467 1.0988 10.4441 0.2861 9.1572 1.0158

PM21-JD1-08 2.56 1189 1107 1.07 0.0631 0.0186 0.0131 0.0032 0.0016 0.0001 0.0004 0.0001 722.2300 516.6550 13.2505 3.1765 10.1775 0.6741 7.8937 1.3825

PM21-JD1-09 2.33 952 1054 0.90 0.0485 0.0089 0.0108 0.0020 0.0016 0.0001 0.0004 0.0001 124.1600 381.4350 10.9306 2.0207 10.5332 0.4127 8.0998 1.0799

PM21-JD1-10 1.54 550 664 0.83 0.0594 0.0384 0.0122 0.0080 0.0017 0.0002 0.0005 0.0002 588.9150 994.4200 12.3348 7.9922 10.6310 1.0528 9.9172 3.0567

PM21-JD1-11 3.63 1255 1553 0.81 0.0988 0.0184 0.0213 0.0041 0.0016 0.0001 0.0005 0.0001 2000.0000 354.1650 21.4058 4.0366 10.0046 0.5749 10.6556 1.6824

PM21-JD1-12 4.29 957 1828 0.52 0.0665 0.0192 0.0160 0.0049 0.0016 0.0003 0.0005 0.0001 833.3300 633.7475 16.1406 4.9341 10.3387 1.6744 10.1272 1.7239

PM21-JD1-13 4.42 1146 2158 0.53 0.0407 0.0075 0.0085 0.0016 0.0016 0.0001 0.0004 0.0001 error 8.6414 1.6388 10.1813 0.3497 8.2260 1.2960

PM21-JD1-14 3.56 777 1798 0.43 0.0512 0.0073 0.0108 0.0015 0.0016 0.0001 0.0004 0.0001 250.0650 299.9700 10.9099 1.4647 10.2159 0.3366 8.6969 1.1061

PM21-JD1-15 7.72 2499 3415 0.73 0.0498 0.0134 0.0110 0.0029 0.0016 0.0001 0.0005 0.0001 187.1200 529.5550 11.0592 2.9282 10.2982 0.4850 9.4229 1.5143

PM21-JD1-16 6.86 2613 2998 0.87 0.0575 0.0250 0.0121 0.0047 0.0016 0.0001 0.0004 0.0001 509.3000 749.0250 12.2414 4.7493 10.1826 0.6638 8.2315 1.2801

PM21-JD1-17 3.36 994 1592 0.62 0.0571 0.0087 0.0123 0.0019 0.0016 0.0001 0.0004 0.0001 494.4850 339.6150 12.3906 1.8630 10.4338 0.4645 8.2867 1.1481

PM21-JD1-18 10.36 1660 5264 0.32 0.0475 0.0043 0.0103 0.0009 0.0016 0.0000 0.0004 0.0001 76.0200 199.9700 10.4404 0.9241 10.2150 0.2200 8.4395 1.0328

PM21-JD1-19 3.38 917 1556 0.59 0.0553 0.0101 0.0117 0.0021 0.0016 0.0001 0.0004 0.0001 433.3800 357.3600 11.8534 2.0950 10.2050 0.4820 8.8238 1.4958

PM21-JD1-20 2.17 671 942 0.71 0.0643 0.0110 0.0136 0.0022 0.0016 0.0001 0.0005 0.0001 753.7100 367.1025 13.6885 2.1611 10.4385 0.4521 10.1665 1.5644

PM21-JD1-21 3.76 913 1909 0.48 0.0510 0.0068 0.0108 0.0014 0.0016 0.0001 0.0004 0.0001 238.9550 281.4550 10.8638 1.3906 9.9878 0.3598 7.5948 1.2334

PM21-JD1-22 5.78 896 2996 0.30 0.0629 0.0135 0.0136 0.0031 0.0015 0.0001 0.0006 0.0001 705.5650 468.4775 13.6672 3.0616 9.9708 0.4021 11.7081 2.8853

PM21-JD1-23 3.40 473 1545 0.31 0.0503 0.0067 0.0129 0.0019 0.0019 0.0001 0.0006 0.0001 209.3300 290.7100 13.0450 1.8706 11.9857 0.4758 12.5874 1.6950

PM21-JD1-24 6.41 702 3492 0.20 0.0440 0.0070 0.0093 0.0015 0.0015 0.0001 0.0004 0.0001 error 9.4110 1.4967 9.9842 0.3320 8.4437 1.6980

PM21-JD1-25 6.96 1162 3939 0.30 0.0500 0.0053 0.0099 0.0010 0.0015 0.0000 0.0004 0.0001 194.5250 238.8550 10.0044 1.0150 9.3565 0.2568 8.1900 1.0642

PM21-JD1-26 5.98 1576 3036 0.52 0.0518 0.0072 0.0107 0.0014 0.0015 0.0000 0.0004 0.0001 275.9900 288.8600 10.7579 1.3883 9.7602 0.2804 9.0247 1.1651

PM21-JD1-27 3.35 2230 904 2.47 0.1482 0.0517 0.0331 0.0108 0.0016 0.0002 0.0005 0.0001 2325.0050 629.4700 33.0804 10.6336 10.6060 1.2051 10.4401 1.2160
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Table 1. Cont.

Spot Pb (ppm) Th (ppm) U (ppm) Th/U

207Pb/206Pb 207Pb/235U 206Pb/238U 208Pb/232Th 207Pb/206Pb 207Pb/235U 206Pb/238U 208Pb/232Th

Ratio 1σ Ratio 1σ Ratio 1σ Ratio 1σ Age
(Ma) 1σ Age

(Ma) 1σ Age
(Ma) 1σ Age

(Ma) 1σ

PM21-JD1-28 5.06 3010 2030 1.48 0.0552 0.0174 0.0113 0.0033 0.0016 0.0001 0.0004 0.0001 420.4200 582.3550 11.4517 3.3615 10.0263 0.7478 8.2309 1.6536

PM21-JD1-29 11.69 7367 3593 2.05 0.0512 0.0058 0.0130 0.0015 0.0019 0.0001 0.0005 0.0001 250.0650 249.9750 13.0651 1.4953 11.9324 0.4515 10.5252 1.5226

PM21-JD1-30 2.76 822 1309 0.63 0.0537 0.0088 0.0119 0.0020 0.0017 0.0001 0.0004 0.0001 366.7200 327.7350 12.0370 1.9872 10.6484 0.4546 8.1357 1.9308

PM21-JD1-31 1.69 372 788 0.47 0.0407 0.0110 0.0096 0.0025 0.0018 0.0001 0.0005 0.0001 error 9.7208 2.5474 11.3482 0.4683 10.2954 1.8062

PM21-JD1-32 3.92 1980 1638 1.21 0.0433 0.0065 0.0095 0.0014 0.0016 0.0000 0.0004 0.0000 error 9.5684 1.4360 10.1311 0.3060 8.0332 0.8119

PM21-JD1-33 9.43 2114 4918 0.43 0.0494 0.0049 0.0104 0.0009 0.0016 0.0000 0.0003 0.0000 164.9000 224.0400 10.4764 0.9243 10.0015 0.2749 7.0168 0.8464

PM21-JD1-34 6.85 2257 1498 1.51 0.0484 0.0063 0.0196 0.0025 0.0029 0.0001 0.0007 0.0001 120.4600 277.7400 19.6934 2.5385 18.9102 0.6182 14.1629 1.3537

PM21-JD1-35 2.70 253 1423 0.18 0.0517 0.0073 0.0117 0.0017 0.0017 0.0001 0.0006 0.0001 333.3900 231.4600 11.8002 1.6860 10.7698 0.4094 11.5635 1.8038

PM21-JD1-36 7.19 1334 3669 0.36 0.0678 0.0101 0.0143 0.0022 0.0016 0.0001 0.0004 0.0001 861.1050 312.9475 14.4451 2.1872 10.0135 0.4200 8.4582 1.6327

PM21-JD1-37 3.65 1204 1656 0.73 0.0543 0.0076 0.0119 0.0016 0.0016 0.0001 0.0004 0.0001 383.3850 319.2450 12.0543 1.5564 10.6156 0.3727 8.4842 1.1241

PM21-JD1-38 4.09 1716 1856 0.92 0.0551 0.0089 0.0116 0.0017 0.0016 0.0001 0.0004 0.0000 416.7150 364.7700 11.6668 1.7216 10.2338 0.3484 7.1273 0.7010

PM21-JD1-39 11.35 5410 5006 1.08 0.0515 0.0044 0.0109 0.0010 0.0015 0.0000 0.0004 0.0000 264.8800 198.1225 11.0475 0.9592 9.9779 0.2100 7.3946 0.6281

PM21-JD1-40 4.68 2192 1983 1.11 0.0519 0.0085 0.0112 0.0018 0.0016 0.0001 0.0004 0.0000 279.6900 336.9950 11.3361 1.7729 10.2435 0.3848 7.8654 0.8354

Error: Due to the small size of some zircon crystals, the amount of laser ablation is not enough to obtain effective isotope and age information.

Table 2. Major and trace element analysis of adakitic rock for the Zongdangcun formation.

Simple PM20-10-Bb1 PM21-10-Bb1 PM24-1-Bb1 PM24-4-Bb1 PM24-5-Bb1 PM21-Bb2 PM21-Bb3 PM21-Bb4 PM21-Bb5 * PM21-Bb8 PM21-4-Bb1 PM21-6-Bb1

SiO2 (wt%) 69.13 69.18 68.41 68.57 68.27 71.01 71.37 70.02 68.95 69.17 68.90 69.32
TiO2 0.33 0.41 0.36 0.35 0.33 0.31 0.28 0.30 0.31 0.30 0.32 0.28

Al2O3% 15.33 15.26 15.54 15.87 15.17 15.09 15.03 15.29 15.01 14.93 15.41 14.98
TFe2O3% 2.16 2.33 2.23 2.30 2.31 1.83 1.86 1.57 1.77 1.90 2.38 2.07

MnO 0.06 0.03 0.03 0.03 0.04 0.03 0.03 0.04 0.03 0.03 0.03 0.04
MgO% 0.58 0.50 0.66 0.68 0.62 0.57 0.52 0.69 0.56 0.60 0.53 0.58
CaO% 1.92 2.27 2.40 1.94 2.72 1.86 1.68 2.11 2.13 2.07 1.87 1.75

Na2O% 3.80 3.58 3.66 3.61 3.59 3.46 3.56 2.88 2.91 2.91 3.53 4.03
K2O% 4.87 4.03 4.71 4.87 4.40 4.16 4.55 4.35 4.44 4.52 4.10 3.95
P2O5 0.12 0.12 0.13 0.11 0.13 0.12 0.12 0.10 0.14 0.12 0.12 0.12
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Table 2. Cont.

Simple PM20-10-Bb1 PM21-10-Bb1 PM24-1-Bb1 PM24-4-Bb1 PM24-5-Bb1 PM21-Bb2 PM21-Bb3 PM21-Bb4 PM21-Bb5 * PM21-Bb8 PM21-4-Bb1 PM21-6-Bb1

LOI% 1.50 2.14 1.70 1.47 2.62 0.90 0.35 2.40 2.32 2.43 1.22 1.14
Mg# 32.46 27.71 34.51 34.57 32.31 35.70 33.26 43.93 36.06 36.02 28.42 33.31

Rb(ppm) 291.86 221.19 213.43 263.49 187.26 203.00 222.00 210.00 214.00 220.00 195.00 180.00
Ba 1068.93 1055.32 1144.15 1107.62 1101.29 924.00 900.00 886.00 891.00 875.00 942.00 854.00
Th 52.69 47.88 58.41 52.76 50.42 48.40 45.20 48.90 48.00 48.20 48.20 46.50
U 6.37 4.61 6.07 5.52 5.79 3.54 4.20 7.70 7.56 8.01 2.07 3.82
Ta 1.39 0.77 0.95 1.31 0.87 1.04 1.02 0.90 1.14 1.10 0.92 0.79
Nb 15.06 11.23 11.48 13.48 10.17 11.30 11.10 11.80 10.40 11.60 10.60 9.94
Sr 477.74 604.07 548.25 498.35 522.19 604.00 572.00 732.00 728.00 778.00 620.00 574.00
P 512.10 518.30 581.20 481.90 547.90 515.02 523.75 449.55 589.22 523.75 506.29 519.39
Zr 81.76 105.10 94.58 73.96 89.56 168.00 162.00 162.00 166.00 169.00 184.00 197.00
Hf 3.79 3.79 3.48 3.23 3.29 4.50 4.40 4.50 4.40 4.50 5.00 7.60
Y 11.43 9.96 10.39 9.32 9.58 11.80 9.95 11.00 11.10 11.70 11.60 10.60
Sc 2.49 2.15 2.55 2.48 2.29 2.37 1.77 2.53 2.34 2.15 2.34 2.42
V 30.02 37.70 34.57 33.75 31.10 33.02 30.78 30.03 32.17 34.43 30.11 31.15
Cr 24.71 21.09 18.96 16.36 18.35 21.74 23.81 19.33 16.46 17.42 15.22 17.13
Co 3.57 2.76 3.71 4.08 4.54 3.65 3.64 4.22 3.16 3.77 2.98 4.32
Ni 5.36 5.41 5.86 5.33 6.49 5.41 5.33 5.49 5.46 5.93 6.02 6.21
La 59.54 59.03 62.01 54.72 58.89 57.60 49.00 51.30 49.40 52.60 55.00 52.40
Ce 98.99 95.97 99.17 85.33 90.82 106.00 90.00 95.90 92.40 97.60 102.00 94.20
Pr 10.90 10.42 11.12 9.88 10.12 11.00 9.50 10.40 9.96 10.70 10.80 10.20
Nd 39.32 36.94 40.38 34.07 35.59 38.10 32.60 35.60 34.40 36.80 37.40 34.90
Sm 5.79 5.33 5.80 4.84 5.07 5.49 4.67 5.23 5.06 5.38 5.40 5.12
Eu 1.21 1.33 1.35 1.35 1.34 1.15 1.08 1.10 1.14 1.17 1.19 1.12
Gd 4.35 4.28 4.55 3.82 3.92 4.70 4.03 4.48 4.30 4.66 4.77 4.39
Tb 0.59 0.55 0.56 0.52 0.49 0.52 0.44 0.50 0.48 0.51 0.52 0.49
Dy 2.02 1.86 1.91 1.75 1.64 2.30 1.90 2.24 2.13 2.24 2.31 2.18
Ho 0.36 0.33 0.34 0.31 0.30 0.37 0.30 0.36 0.35 0.36 0.36 0.36
Er 1.25 1.13 1.23 1.13 1.12 1.16 1.00 1.10 1.08 1.14 1.16 1.08
Tm 0.16 0.13 0.15 0.13 0.12 0.16 0.14 0.16 0.16 0.16 0.15 0.14
Yb 0.95 0.79 0.82 0.80 0.75 1.02 0.87 0.94 1.00 1.06 0.98 0.90
Lu 0.16 0.13 0.16 0.15 0.14 0.14 0.12 0.14 0.14 0.15 0.14 0.13

ΣREE 225.60 218.21 229.55 198.79 210.33 229.71 195.65 209.45 202.00 214.53 222.18 207.61
LREE 215.76 209.02 219.84 190.18 201.84 219.34 186.85 199.53 192.36 204.25 211.79 197.94
HREE 9.85 9.19 9.71 8.61 8.49 10.37 8.80 9.92 9.64 10.28 10.39 9.67

LREE/HREE 21.91 22.75 22.64 22.09 23.77 21.15 21.23 20.11 19.95 19.87 20.38 20.47
LaN/YbN 44.77 53.80 54.18 49.12 56.25 40.51 40.40 39.15 35.43 35.59 40.26 41.76
δEu 0.71 0.82 0.78 0.93 0.88 0.67 0.74 0.68 0.73 0.70 0.70 0.70
δCe 0.88 0.87 0.86 0.83 0.84 0.97 0.96 0.96 0.96 0.95 0.96 0.94

Note: Mg# = (MgO/(MgO + FeOt)) × 100; δEu = EuN[(SmN + GdN)/2]; δCe = CeN/[(LaN + PrN)/2]. *: The dated sample.
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peraluminous [58], its A/CNK ratio (1.42–1.80) is greater than 1 (Figure 4C), and its SiO2 
content is 68.41–71.37wt%. The K2O content is relatively high and distributed between 
3.95 and 4.87wt%, and the samples plot into the high-potassium calcium-alkaline series 
[59]. The distribution range of the Rittman index σ of the sample is 1.93–2.88 < 3.3, 
reflecting the characteristics of calc-alkaline magmatism. The content of MgO is low (0.50–
0.69 wt.%); Mg# is less than 43.92. The samples are low in TFe2O3 (less than 2.38 wt.%) and 
low-concentration compatible elements (Cr = 15.22–24.71 ppm; Ni = 5.33–6.49 ppm) (Table 
2). The content of Al2O3, CaO, TiO2, and P2O5 decrease with the increase of SiO2 contents 
(Figure 5A–D), indicating that magma differentiation. In the TAS diagram, the studied 
samples plot into the range of rhyolite and dacite (Figure 4A) [60], which is consistent 
with petrography and generally have high contents of silicon, potassium, but low contents 
of calcium and magnesium. 
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Bb1, PM24-1-Bb1) were calculated by using zircon 206Pb/238U weighted average ages (10.3 
± 0.2 Ma) (Table 3). They are characterized by a relatively uniform εNd(t) value (−6.76–
−6.68) and an almost constant initial (87Sr/86Sr)i isotope ratio (0.7082–0.7088). The age of the 
single-stage Nd model is TDM = 1040–1057 Ma, and the age of the two-stage Nd model is 
TDM2 = 1371–1377 Ma. 

The 29 analyzed areas in zircons used for U-Pb dating (sample PM21-Bb5) were 
selected to carry out in-situ analyses for Lu-Hf isotope composition (test results are listed 
in Table 4). Among them, the 176Lu/177Hf ratios are all less than 0.002, which indicates that 
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The Zongdangcun tuffs in the Wuyu Basin have similar trace element composi-
tion. The samples are enriched in LILE [62] but depleted in HFSE (Figure 6). High
Sr (477–778 ppm) and low Y (9.32–11.80 ppm) concentrations lead to high Sr/Y ratios
(41.8–66.5) and slight negative Eu anomalies (0.67–0.93); strong negative Nb, Ta, P, Ti, Sr
anomalies and positive Zr and Hf anomalies are shown in the primitive mantle-normalized
element spider diagram (Figure 6). In addition, the samples show a right leaning pattern
of LREE enrichment and HREE depletion ((La/Yb)N > 26.18). The contents of major and
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trace elements in the samples are consistent with the geochemical characteristics of adakitic
rocks [63–66]. In Figure 7, all samples plot in the adakitic area.
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5.3. Sr-Nd (Bulk Rock) and Hf (Zircon) Isotopic Data

The initial Sr-Nd isotopic compositions of three samples (PM20-10-Bb1, PM21-10-
Bb1, PM24-1-Bb1) were calculated by using zircon 206Pb/238U weighted average ages
(10.3 ± 0.2 Ma) (Table 3). They are characterized by a relatively uniform εNd(t) value
(−6.76–−6.68) and an almost constant initial (87Sr/86Sr)i isotope ratio (0.7082–0.7088). The
age of the single-stage Nd model is TDM = 1040–1057 Ma, and the age of the two-stage Nd
model is TDM2 = 1371–1377 Ma.

Table 3. Whole rock Sr-Nd isotopic data for the silicic tuffs of the Zongdangcun Formation.

Sample Rb
ppm Sr ppm 87Rb/86Sr 87Sr/86Sr (87Sr/86Sr)i Sm

ppm
Nd

ppm
147Sm/144Nd 143Nd/144Nd εNd(t) TDM T2DM

PM20-10-Bb1 291.86 477.74 1.76774 0.709064 0.708806 5.79 39.32 0.088945549 0.512286 −6.73 1057 1374
PM21-10-Bb1 221.19 604.07 1.05954 0.708442 0.708287 5.33 36.94 0.087177326 0.512288 −6.68 1040 1371
PM24-1-Bb1 213.43 548.25 1.12645 0.708635 0.708471 5.80 40.38 0.086796746 0.512284 −6.76 1042 1377
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The 29 analyzed areas in zircons used for U-Pb dating (sample PM21-Bb5) were
selected to carry out in-situ analyses for Lu-Hf isotope composition (test results are listed
in Table 4). Among them, the 176Lu/177Hf ratios are all less than 0.002, which indicates
that 176Hf accumulated little 177Hf due to radiogenic decay during the geological evolution
of magma sources. Therefore, the 176Hf/177Hf ratios measured can basically represent
the Hf isotopic composition of zircon crystallization systems [68]. At the same time,
the f Lu/Hf value of zircon ranges from −0.98 to −0.93, with an average value of −0.97,
which is significantly smaller than that of silica-alumina (−0.72) [69] and silica-magnesium
(−0.34) [70]. Therefore, the TDM2 of zircon does not represent the age of tuff and its source
rocks but only represents the age at which the source rock material from the depleted
mantle or the average age of retention in the crust [69,70]. The zircon 176Hf/177Hf ratios
of the samples are in the range of 0.282647–0.282816; the corresponding εHf(t) values are
widely distributed (−4.19–6.72), but most of them are located under the uniform chondrite
reservoir; the zircon Hf isotopic one-stage model age TDM = 0.42–0.85 Ga, and the two-stage
age TDM2 = 0.98–1.36 Ga.

5.4. Crustal Thickness

In the process of subduction and orogenic evolution, variation in crustal thickness
is one of the important parameters affecting the geochemical characteristics of magmatic
rocks [71–73]. The quantitative or semiquantitative estimation of crustal thickness is key to
limiting deep geological processes and magmatic evolution. Chapman [74] and Profeta [75]
stated that the Sr/Y and (La/Yb)N of intermediate-acid magma have a linear relationship
with crustal thickness on the basis of the comprehensive analysis of a large number of
data. All the samples are applied to the empirical equation conditions, so the median
samples (PM24-5-Bb1, PM21-6-Bb1) are selected to estimate the crustal thickness. (1) The
relationships of thickness to the Sr/Y value proposed by Chapman et al. (2015) [74],
imply that, the crustal thickness of sample PM24-5-Bb1 is 68.5 km with an uncertainty of
7.2 km, and that the crustal thickness of sample PM21-6-bb1 is 68.2 km with an uncertainty
of 7.1 km. (2) Applying the linear equation of thickness related to the (La/Yb)N value
proposed by Profeta et al.(2015) [75], yields a crustal thickness derived from sample PM24-
5-Bb1 of 79.2 km with an uncertainty of 13.6 km; and a crustal thickness derived from
sample PM21-6-Bb1of 79.8 km, with an uncertainty of 14.6 km.

These results show that the Miocene Gangdese crustal thicknesses calculated by the
values of Sr/Y and (La/Yb)N are approximately 60–80 km, which is a reasonable thickness
and exhibits a state of substantial thickening. This result is consistent with the crustal
thickness obtained by other independent geological methods in the study region [76,77].
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Table 4. Zircon Hf isotopic data for check the Zongdangcun Formation.

Sample Age (Ga) 176Yb/177Hf 2σ 176Lu/177Hf 2σ 176Hf/177Hf 2σ TDM (Ga) T2DM (Ga) Hf(i) εHf(0) εHf(t) 2σ f Lu/Hf

PM21-JD1-1 0.0105 0.033373 0.000867 0.001171 0.000028 0.282792 0.000023 0.66 1.04 0.282792 0.70 0.92 0.81 −0.96
PM21-JD1-2 0.0105 0.018638 0.000056 0.000619 0.000007 0.282800 0.000021 0.63 1.02 0.282800 0.98 1.21 0.75 −0.98
PM21-JD1-4 0.0104 0.021760 0.000485 0.000682 0.000013 0.282782 0.000021 0.66 1.06 0.282782 0.36 0.58 0.73 −0.98
PM21-JD1-5 0.0102 0.018659 0.000048 0.000647 0.000002 0.282796 0.000018 0.64 1.03 0.282796 0.86 1.08 0.64 −0.98
PM21-JD1-6 0.0104 0.046085 0.001602 0.001391 0.000061 0.282657 0.000028 0.85 1.34 0.282657 −4.07 −3.85 1.01 −0.96
PM21-JD1-7 0.0104 0.045220 0.000237 0.001276 0.000006 0.282743 0.000023 0.73 1.15 0.282742 −1.04 −0.82 0.80 −0.96
PM21-JD1-9 0.0105 0.024186 0.000112 0.000671 0.000002 0.282647 0.000022 0.85 1.36 0.282647 −4.41 −4.19 0.78 −0.98

PM21-JD1-13 0.0102 0.012335 0.000181 0.000382 0.000005 0.282800 0.000020 0.63 1.02 0.282800 0.99 1.21 0.69 −0.99
PM21-JD1-14 0.0102 0.023904 0.000677 0.000654 0.000017 0.282753 0.000025 0.70 1.12 0.282753 −0.67 −0.46 0.88 −0.98
PM21-JD1-15 0.0103 0.083510 0.000518 0.002139 0.000012 0.282764 0.000028 0.71 1.10 0.282763 −0.30 −0.09 1.00 −0.94
PM21-JD1-16 0.0102 0.031547 0.000490 0.000937 0.000014 0.282736 0.000025 0.73 1.16 0.282735 −1.29 −1.07 0.87 −0.97
PM21-JD1-17 0.0104 0.029805 0.000490 0.001050 0.000020 0.282813 0.000027 0.62 0.99 0.282813 1.45 1.67 0.96 −0.97
PM21-JD1-18 0.0102 0.030783 0.000788 0.000999 0.000029 0.282793 0.000023 0.65 1.03 0.282793 0.74 0.96 0.81 −0.97
PM21-JD1-19 0.0102 0.025492 0.000234 0.000976 0.000008 0.282816 0.000038 0.62 0.98 0.282815 1.54 1.76 1.36 −0.97
PM21-JD1-20 0.0104 0.016714 0.000087 0.000545 0.000010 0.282756 0.000027 0.69 1.12 0.282756 −0.55 −0.33 0.96 −0.98
PM21-JD1-21 0.0100 0.026894 0.000162 0.001030 0.000008 0.282729 0.000021 0.74 1.18 0.282728 −1.53 −1.32 0.73 −0.97
PM21-JD1-23 0.0120 0.029601 0.000749 0.000930 0.000026 0.282699 0.000022 0.78 1.24 0.282699 −2.58 −2.32 0.76 −0.97
PM21-JD1-24 0.0100 0.040209 0.000458 0.001382 0.000016 0.282774 0.000021 0.68 1.08 0.282773 0.06 0.27 0.74 −0.96
PM21-JD1-26 0.0098 0.036028 0.000528 0.001025 0.000007 0.282774 0.000024 0.68 1.08 0.282774 0.07 0.28 0.86 −0.97
PM21-JD1-28 0.0100 0.027640 0.000600 0.000701 0.000013 0.282776 0.000026 0.67 1.07 0.282776 0.15 0.36 0.90 −0.98
PM21-JD1-30 0.0106 0.020169 0.000440 0.000791 0.000015 0.282790 0.000025 0.65 1.04 0.282790 0.63 0.86 0.89 −0.98
PM21-JD1-31 0.0113 0.007948 0.000102 0.000238 0.000002 0.282691 0.000022 0.78 1.26 0.282691 −2.86 −2.61 0.76 −0.99
PM21-JD1-32 0.0101 0.040298 0.000988 0.001317 0.000027 0.282815 0.000031 0.62 0.98 0.282815 1.54 1.75 1.08 −0.96
PM21-JD1-33 0.0100 0.070652 0.002432 0.002179 0.000048 0.282791 0.000025 0.67 1.04 0.282790 0.66 0.87 0.87 −0.93
PM21-JD1-35 0.0108 0.019444 0.000324 0.000511 0.000007 0.282739 0.000020 0.72 1.16 0.282739 −1.18 −0.95 0.70 −0.98
PM21-JD1-37 0.0106 0.056193 0.001160 0.001349 0.000025 0.282956 0.000027 0.42 0.66 0.282956 6.50 6.72 0.95 −0.96
PM21-JD1-38 0.0102 0.038387 0.000275 0.001250 0.000011 0.282794 0.000025 0.65 1.03 0.282794 0.78 1.00 0.88 −0.96
PM21-JD1-39 0.0100 0.064006 0.000778 0.001629 0.000015 0.282791 0.000021 0.66 1.04 0.282791 0.67 0.88 0.73 −0.95
PM21-JD1-40 0.0102 0.020273 0.000642 0.000561 0.000015 0.282699 0.000020 0.77 1.24 0.282699 −2.57 −2.35 0.71 −0.98
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6. Discussion

The major and trace elements, bulk rock Sr-Nd isotopes, zircon U-Pb geochronologic
and zircon Hf isotopes characteristics of the adakitic rocks in Tibet place important con-
straints on the geodynamic evolution of southern Tibet after the collision of the Indian and
Asian plates. The crystal-vitreous tuffs do not have rock fragments, indicating that there is
no heterogeneous material derived from crustal rocks. In addition, the samples have the
same REE normalized patterns and a similar Sr-Nd composition, which suggests that the
crystal-vitreous tuff preserves the composition of the felsic magmas.

6.1. Origin and Petrogenesis of The Zongdangcun Group Adakitic Rock

The adakitic rocks of the Zongdangcun Formation in the Wuyu Basin are characterized
by high Sr, low Y, high Sr/Y, and La/Yb ratios and fall into the adakitic rock field (Figure 7).
Due to the occurrence of Cr, Sc, and Y and HREEs in garnet, these studied samples show
that the content of the above elements is low and that the Sc content is almost stable with
changes in the Cr content, indicating that there are a lot of garnet residues in the source
area and the samples were formed in a deeper depth. Moreover, the relative depletion of
Ba with respect to Rb in the primitive, incompatible mantle-normalized element patterns
(Figure 6B) indicates that amphibole might also be in a residual phase, reflecting the
partition coefficient of Ba is higher than that of Rb [78,79].

Although the partial melting of subducted oceanic crust [69] is the former model for
the formation of adakitic rocks, the adakitic rocks of the Zongdangcun Formation were
formed in the Miocene (Table 1), and the Gangdese batholith was in the post-collisional
stage [12–14,44,46,50,80,81]. The subduction of the Neotethys Oceanic crust ended, and
the lithospheric subduction of the Neotethys Oceanic crust broke off during the period
of ~50 Ma [82–84]. The geochemical characteristics of the samples, such as low MgO,
Ni, and Cr concentration, are significantly different from those of adakites formed by
subduction slab melting (Figure 8). It can be ruled out that this mechanism is the ori-
gin of Miocene adakites in southern Tibet. This paper will focus on the following four
possible genetic mechanisms: (1) melting of mantle peridotite under water-bearing con-
ditions [21,50]; (2) fractional crystallization and assimilation of basalt melt under high or
low pressure [85–87]; (3) partial melting of subducted continental crust/delamination of
the crust [13]; and (4) partial melting of the thickened lower crust in a post-collisional
environment [12,13,87–91].

The low-degree partial melting of mantle peridotite only produces andesitic melt
and cannot directly form a large amount of felsic melt, while the high-degree separa-
tion crystallization model of basaltic magma requires a larger supply of basaltic parent
magma [92]. During the post-collisional period, there were only a small amount of mafic
magmatic rocks in the western Gangdese belt [44–46,93,94]. However, the magmatic rocks
of the Zongdangcun Formation exposed in the Wuyu Basin and its periphery are mainly
rhyolite volcanic rocks, and the area lacks a large amount of contemporary mafic magmatic
rocks [3,40,47]. In addition, Figure 8B,E show that the formation of adakitic magmas in the
Zongdangcun Formation is not directly related to fractional crystallization, but mainly due
to partial melting of the lower crust. Therefore, we propose that the melting of the mantle
peridotite and the fractional crystallization of basaltic melts are not ideal models for the
formation of adakitic rocks in the Zongdangcun Formation.
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The Eocene-Miocene leucogranites in the Tethyan Himalayan orogen are believed
to have been formed by the melting of the continental crust of India, with similarly high
87Sr/86Sr and low 143Nd/144Nd values and low zircon Hf isotope compositions [97–99].
The adakitic rocks of the Zongdangcun Formation have higher εHf(t)(−4.19–6.72) and
εNd(t)(−6.76–−6.68), which are quite different from the melts from Indian continental crust.
In addition, the melt derived from the partial melting of subducted or delaminated continen-
tal crust will interact with the mantle peridotite during the ascending process, which makes
it rich in magnesium (MgO > 1.5%, Mg# > 50), relatively low in silicon (SiO2 = 56–68%)
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and high in compatible elements (Cr and Ni), [36,61,70,88,90,91,100–102], which is not con-
sistent with the geochemical characteristics of the studied samples (SiO2 = 68.27–71.37%,
MgO = 0.50–0.69%, Mg# = 27.71–43.93, Cr = 5.22–24.71, and Ni = 5.33–6.49). Furthermore,
the geophysical data indicates that a large volume of continental lithospheric mantle
and the lower crust of the Lhasa block are still preserved below the Lhasa block [77].
Thereby excluding the possibility of being formed in the subducted or delaminated lower
continental crust.

Herein, we propose that the main body of adakitic rocks of the Zongdangcun Forma-
tion in the Wuyu Basin is derived from the partial melting of the thickened lower crust.
The amount of plagioclase crystals in the samples is small, and there is a slight negative Eu
anomaly. The evidence shows that these adakites didn’t experience extensive plagioclase
accumulation in crustal magmatic reservoirs. The adakitic rocks of the Zongdangcun
Formation are peraluminous, indicating that there is a large volume of Al-rich crustal com-
ponents in the magmatic source [42], and the whole-rock geochemical characteristics (low
MgO, Cr, Ni, and high K2O contents) of the samples support our view. On the Time-Hf(t)
diagram, the sample zircon εHf(t) has a wide distribution range and is mainly negative,
mostly falling below the TDMC = 1.0 Ga line (Figure 9), and the TDM2 of Hf is relatively
old at 0.98–0.1.36 Ga (Figure 9), which different from Indian crust(εHf(t) < −8) [5] and
Lhasa terrane (εHf(t) = −3–−14) and Gangdese batholith (εHf(t) is usually positive) [42].
This result reflects that the magma has the characteristics of a multip source. In addition,
it shows that the adakitic magmas may be dominated by thickening crust and remelting
on the southern margin of the Gangdese block. The Sr-Nd isotopic composition of the
sample is obviously different from that of adakitic rock formed by partial melting of the
subduction crust of India [15,103], and it is similar to adakitic rocks and volcanic rocks
of the Linzizong Group formed by partial melting of the thickened lower crust of the
Gangdese belt during the Oligocene-Miocene (Figure 9). The latter is also considered to be
formed by partial melting of the thickened mafic lower crust [41,104]. However, the Sr-Nd
isotopic composition of the sample is also different from that of the adakitic rocks formed
by partial melting of the thickened crust during the Oligocene-Miocene in the Gangdese
zone and the volcanic rocks of the Linzizong Group. The higher (87Sr/86Sr)i and lower
εNd(t) indicates that enriched components from ancient crust are involved in the magma
genesis process. The geochemical characteristics of Sr-Nd isotopes also indicate that the
source of magma does not simply originate from the partial melting of the thickened crust.
The main source of its enriched composition may be the ancient basement of Lhasa at the
bottom of the thickened crust of the Indian subducted continental crust at the bottom of
the thickened crust. The samples in Figure 10 plot on the mixed two-terminal element
curve of the Cenozoic thickened crust and the leucogranite of the Himalayan orogenic
belt representing the isotope composition of the Indian continental crust [98], which is
quite different from the isotope composition of the Lhasa lower crust [45]. Therefore, we
consider the subducting Indian ancient continental crust to be the most probable source to
provide enriched components for adakitic magmas. In addition, from the analysis of the
distribution position of magmatic rocks, the pre-Cambrian crystalline basement reported
at the southern margin of the Lhasa block is mainly distributed in the eastern Himalayan
tectonic node, but the Wuyu Basin is located in the middle section of the southern margin
of the southern Lhasa block, so the ancient basement materials distributed in the eastern
tectonic node cannot participate in the formation of rocks. At the same time, taking into
account the impact of crustal shrinkage caused by the collision between India and Eurasia
since the Cenozoic, the Wuyu Basin exhibits a long geographic distance from the central
Lhasa terrane during the Miocene, resulting in the ancient basement in the middle of Lhasa
block is difficult to participate in the genesis of adakitic rocks of Zongdangcun Formation.
It is also difficult to establish the basement participation in the magma genesis of adakitic
rocks in the Zongdangcun Formation. Therefore, we thought that the main reason for
the high (87Sr/86Sr)i and low εNd(t) and εHf(t) characteristics (Figures 9 and 10) of the
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Zongdangcun Formation adakitic rocks relative to the adakitic rocks of the Linzizong
Group is the addition of enriched ancient Indian crustal components [15,16,42,97,105–108].

On the basis of the linear relationship of the Sr/Y value, (La/Yb)N value and magma
formation depth [76,77], the result of the depth of magma formation (Figure 11) is close to
the crustal thickness of the southern Tibetan Plateau, which is approximately 74 km [109]
and further supports that it originated from the crust-mantle boundary at the bottom of
the thickened crust of the Qinghai-Tibet Plateau.

As the lithosphere of the Qinghai-Tibet Plateau during the continental collision and
subduction process, due to the shortening of the Cenozoic and the uniform thickening of
the crust, resulted in gravitational instability, the upwelling of hot asthenospheric material
heated the lithosphere mantle and triggered its partial melting to form the potassium-rich
magmas. The K-rich mafic magma migrated to the surface or remained in the subsurface
along the E-W extensional tectonic control [47]. Potassium-rich magma trapped in the
lower crust heated the surrounding mafic lower crust, promoting the partial melting of
the crust to form adakitic magma. As the amount of fluid/melt released by subducting
continental crust is much lower than that of the oceanic crust subduction zone, the intensity
of magmatism above the continental subduction zone is obviously lower than that of the
oceanic continental subduction zone [110]. Compared with the large amount of granite
in the Linzizong group formed during the subduction period of the Neotethyan oceanic
crust in the Gangdise belt [41,104], the area of the adakite in Miocene is very small, which
is consistent with the characteristics of the weak magmatism induced by subduction of the
continental plate. Therefore, the incorporation of fluids/melts from the subducting Indian
plates and the decompression of extensional structures may be the main contributing
processes for the formation of adakitic parent magma.

Herein, we propose that the post-collisional adakitic magmatic rocks in the middle
segment of the southern margin of the Gangdese belt are mainly derived from partial
melting of the thickened lower crust (mainly the lower crust of the Lhasa block with the
addition of minor ancient Indian continental crust), with garnet and amphibole remaining
in the source area. The upwelling of the asthenosphere provided the heat, while the
addition of fluid/melt and the decompression of mafic lower crust triggered the partial
melting of the mafic lower crust in the east–west extensional setting.

6.2. Source Region for The Miocene Adakitic Rocks

During the northward subduction of the Indian continent during Oligocene to Miocene,
magmatic rocks consist of ultrapotassic rocks, potassic intermediated acid rocks and
adakitic rocks are developed in the Lhasa block in southern Tibet [3,45,97]. Among them,
the ultrapotassic rocks are mainly distributed in the middle of the Lhasa block and the
area to the west of 87◦ E in a discontinuous band, and the magmatic activity timeline
shows a trend of decreasing ages from west to the east [47,97]. The post-collisional adakitic
rocks in the Gangdese belt were mainly formed between 33 Ma and 8 Ma [4] and dis-
tributed along the southern margin of the Gangdese belt overall. They mainly occur in the
eastern segment of the structural belt and sporadically occur in the middle and western
segments [3,12–14,16,48,61,97,105,111–114]. The adakitic rocks in the eastern and western
parts of the Gangdese belt have geochemical characteristics similar to those of the samples
produced in the middle of the tectonic belt (Figures 5 and 7), so we believe they may
have similar sources of magma. However, the geochemical composition of the Miocene
adakitic rocks in southern Tibet has the characteristics of regular changes from west to the
east along the structural belt (Figures 9 and 10). According to the change of geochemical
characteristics, the structural belt is divided into eastern, middle, and western sections
along the 84◦ E and 90◦ E lines.
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Figure 10. (87Sr/86Sr)i-εNd(t) diagram of Gangdese. Nd–Sr isotopic compositions of the Miocene
adakitic rocks in the Lhasa terrane. The Miocene adakitic rocks from [13–15,21,50]. The Yarlung
MORB from [11], the new crust of the Lhasa block ( as Dazi basalt) from [98]; lower crust from [45];
the ancient Indian crust (as leucogranite of the Himalayan ) form [107]. Data come from the same
source as Figure 4.

The adakitic rocks in the eastern section of the southern margin of the Gangdese
belt are mostly produced by ore-bearing porphyries, which have become an important
part of the Gangdese porphyry copper belt [13]. The zircon Hf isotopes of the post-
collisional adakitic magma in the eastern section of the Gangdese magmatic belt show
depletion characteristics, with higher εHf(t) values. Some Hf isotopic compositions show
enriched composition (Figure 9), suggesting that the main body of adakitic magma in the
eastern Gangdese belt came from the depleted source and that a small amount of enriched
components were involved. The Miocene adakitic rocks in the western section of the
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Gangdese belt are mostly calc-alkaline volcanic rocks [12], with minor (ultra-) potassic
volcanic rocks. These adakitic rocks have geochemical characteristics and magmatic zircon
Hf isotope model ages similar to those of eastern adakitic rocks, indicating that the main
body of Miocene adakitic magma in the eastern and western Gangdese belts may have
a similar source. However, the εHf(t) value of the magmatic zircon from the western
Miocene adakitic rock is lower than those in the eastern section with mostly negative and
a large distribution range, indicating that the western Miocene adakitic rock may derive
from a much older continental crust or much less contribution of mantle materials. The
Hf isotopic composition range of adakites in the middle section of the Gangdese belt is
between the εHf(t) values of adakitic rocks in the eastern and western sections of the same
period. Zircon εHf(t) value of these Miocene adakitic rocks increases substantially from
west to east, suggesting that the decreased contribution of the ancient Indian crust during
the formation of the thickened lower crust (Figure 9A,B).
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The εNd(t)-(87Sr/86Sr)i diagram of the adakitic rocks in the Gangdese belt clearly
reflect the changing trend of the material contribution of the ancient crust. The Sr-Nd
isotope composition of Miocene adakitic magmatic rocks in the Gangdese belt is distributed
in both directions of more depletion and more enrichment (Figure 10). This reflects that the
magma source or during magma evolution, there may be both the contribution of depleted
mantle-derived materials and the involvement of ancient crustal enriched components.
The Sr-Nd isotopes of Miocene adakitic rocks in southern Tibet all plot on or near the
mixing line between the juvenile Lhasa thickened lower crust and the ancient Indian crust
(represented by the leucogranite of the Himalayas). The adakitic rocks in the eastern section
of the southern margin of the Gangdese belt have the characteristics of low (87Sr/86Sr)i
and high εNd(t) signaling depleted source areas, while the source areas of the adakitic
rocks in the western section are more enriched. The Sr-Nd isotope variation range in
the middle section of the study area is widely distributed, showing obvious transition
characteristics. Sr-Nd isotope analysis shows that Hf isotope analysis is consistent, which
strongly indicates that there are key source differences among the three eastern, central
and western sections of Gangdese. The eastern section has a lesser contribution from the
Indian continental crust, compared to the western section. The large-scale development of
porphyry copper deposits in the eastern part of the contemporaneous structure may also
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be related to the fact that the magma in the eastern part of the structure originated from
mantle source material [116].

In summary, the post-collisional adakitic magma generation along the southern margin
of the Gangdese belt has a similar origin. The main body of adakitic magma is formed
by the partial melting of thickened crust, and the difference in quantity involved in the
ancient crust of India may be the main reason for the geochemical heterogeneity of adakitic
magma after the collision.

6.3. Tectonic Implication

The geodynamic implications of Miocene adakitic magmatism on the Tibetan Plateau
are closely related to the post-collisional interactions between the Eurasian and Indian
plates. Previous studies have shown that the thickness of the Tibetan Plateau is approx-
imately twice that of the average continental crust thickness (−70 km) [117,118]. Most
geoscientists hypothesize that the formation of the thick crust of the Qinghai-Tibet Plateau
is mainly related to the compression and shortening of the crust caused by the Cenozoic
collision between India and Eurasia. The upwelling of mantle material on the Qinghai-
Tibet Plateau and the underplating of magma also made an important contribution to the
thickening of the crust [12,13,15,21,40,50]. According to the linear relationship between
the Sr/Y value and the (La/Yb)N value [74,75]. The depth of magma formation depth
is estimated, and the results are shown in Figure 11. The crust of the Gangdese belt in
southern Tibet has thickened rapidly since 40 Ma [12,108,112,119], which is consistent
with the collision between the Indian plate and the Asian plate as previous have shown.
Therefore, we assume that the crust of the Qinghai-Tibet Plateau is uniformly shortened
and thickened due to the collision of the Indian–Asian continent.

At present, the more meaningful dynamic models for simulating post-collisional
magmatism in the Gangdese [44,93,108] mainly include lithospheric mantle convective
thinning [44,93] and Indian plate rotation/disconnection [116,120]. In this period, there is a
lack of massive basic magmatism in the study area [3,37,45,47], so the mantle plume model
is usually not used as the tectonic origin of post-collisional magmatism in the Gangdese
belt. The lithospheric convective thinning model emphasizes that the lithospheric mantle is
gravitationally unstable due to the shortening of the Cenozoic crust and uniform thickening.
Part of the continental lithospheric mantle is replaced by the upwelling asthenosphere,
which provides heat for the partial melting of the lithospheric mantle and lower crust and
is accompanied by surface uplift. The Indian plate rotation/detachment model suggests
that plate rotation/detachment caused the upwelling of asthenospheric material in the
lower part of the Indian lithosphere, which led to the melting of the lithospheric mantle
in the lower part of the Tibetan Plateau. However, it is difficult to explain both the N-S
rift system caused by the E-W extension and the E-W distribution of the post-collisional
magmatic rocks in the Gangdese belt [50]. Integrating post-collisional magmatism and its
relationship with the north-south rift system [121], combined with the geophysical data of
the east-west subduction angle of the Indian subducting plate in the Gangdese zone [24],
a model simulating the tearing and segmented subduction of the Indian plate front is
proposed (Figure 12).

The composition of the Gangdese granite in southern Tibet also suggests that the
magma source is mainly juvenile Lhasa thicked lower crust [112,113,122]. The Indian plate
subducted toward the Lhasa block at a high angle in the eastern part of the Gangdese
belt [24], which provided the environment for the upwelling of high-temperature astheno-
sphere to contact the Cenozoic lower crust. The Sr-Nd isotopes of adakitic rocks and the Hf
isotope characteristics of magmatic zircons from the post-collision activity in the eastern
section of the Gangdese magma belt indicate that the magma originated from a depleted
source area (Figures 9 and 10), suggesting that igneous rocks were sourced from a mafic
lower crust in the thickened orogeny. Individual samples with enrichment characteristics
indicate that a small number of ancient Indian crustal components are involved in the
eastern part of the Gangdese belt. The Sr-Nd isotopes of the adakitic rocks in the western
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section of the Gangdese belt and the Hf isotopic composition of magmatic zircon show that
the source magma in the Western Gangdese belt is more enriched than that in the eastern
Gangdese belt, suggesting that the participation ratio of Indian ancient crust end members
in the post-collisional adakitic rocks in the western Gangdese belt is higher than that in the
eastern Gangdese belt. Seismic data show that the Indian plate subducted at a low angle in
the western segment of the collision zone [24]. Predecessors have performed much research
here and ruled out the possibility that large-scale lithospheric delamination, slab separation,
or a sudden increase in the subduction angle of the Indian continental slab occurred in the
western section of the Gangdese belt, which then created a large amount of asthenospheric
material [3,12,46,81,83,120]. As the subduction angle of the Indian plate in the western
part of the Gangdese belt is gentle, the amount of asthenospheric material that can upwell
through the tearing window of the subduction plate in the western part of the Gangdese
belt under such geological conditions is limited, and cannot act as a major heat source
and depleted material for the thickened lower crust. Consistent with the isotope ratios,
the involvement of ancient Indian crust during the formation of Miocene adakitic magma
in the western part of the Gangdese belt constitutes a higher contribution. The Miocene
adakitic magmas in the middle part of the Gangdese belt are located between the two and
have obvious transitional geochemical characteristics. In this case, the characteristics of
the Sr-Nd isotope and magmatic zircon Hf isotope of the post-collision formation in the
Gangdese belt show that the source magma is enriched in the western part of the structural
belt and gradually depleted to the east, which can be considered strong evidence that the
material contribution of the Indian subducted continental crust in the Gangdese structural
belt gradually decreases during the post-collisional adakitic magmatism.
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After the fragmentation of the Neotethys oceanic crust, the Indian-Eurasian conti-
nent continued to subduct northward. As the Indian plate subducted below the Lhasa
terrane [17,77,106,123–126], it underwent partial eclogitization and subsequent delami-
nation of the front material of the subducted Indian continental slab [34]. As a result,
the front edge of that undergoes tearing, followed by segmented differential subduction.
The slab tear zone is similar to a slab window, thereby providing ideal conditions for
the upwelling of deep asthenospheric material and mantle-derived magma. With post-
collisional stretching and convective thinning of the mantle, asthenosphere materials first
undergo thermal upwelling erosion along the subducting slab tear zone and the “slab tear
window” caused by the fracture of its boundary. The asthenosphere material rises through
the “lamellar tearing window” to provide heat to the upper lithosphere, and the K-rich
magma formed by partial melting at the bottom of the lower crust intrudes into the surface
along the extensional fissures or remains in the lower crust. These stagnant K-rich mafic
magmas locally heated the surrounding lower crust, combined with the release of fluid
from the subduction plate and the decompression of extensional structure, which caused
the partial melting of the low melting-point components in the lower crust and formed
adakitic magmas in post-collisional conditions. In addition, the outcrops of post-collisional
potassic-ultrapotassic rocks in the Gangdese belt usually appear in the western part of the
structural belt, which reflects the low-angle subduction process of the Indian continental
plate in the western part of the structural belt and provides a large amount of material for
post-collisional magmatism in the area. However, in the eastern part, due to the high-angle
subduction of the Indian plate, the participation of the enriched continental crust material
is low, so no large area of contemporaneous potassic-ultrapotassic magma is found.

In conclusion, the Cenozoic Indian Eurasian collision resulted in the shortening of
the Gangdese lithosphere and uniform thickening of the crust. With the post-collisional
extension and thinning of the lithospheric mantle, the hot asthenosphere beneath the
subducted crust was torn along the front edge of the Indian plate and upwelled at the
high-angle subduction position of the eastern segment of the plate, resulting in the anatexis
of thickened lower crust and forming the main body of Miocene adakitic magmas along
the southern margin of the Gangdese belt. The main reason for the difference in material
contamination between adakitic magma and the Indian continental plate is that the main
body of the magma and the subducted plate are subducted in certain sections.

7. Conclusions

This paper selected felsic magmatic rocks in the middle Gangdese as the research
object, combining the previous research results data on the adakitic rocks in the southern
Gangdese belt of the Lhasa terrane, provide a comprehensive dataset of the geochemistry,
zircon U–Pb dating, and Sr-Nd (bulk rock) and Hf (zircon) isotopic compositions for the
Miocene adakitic rocks formed by post-collision in the south Gangdese belt. These datasets
can help us to comprehend the crustal evolution and the dynamic mechanism in the south
of the Lhasa terrane. Our key conclusions are summarized as follows:

1. The Tortonian age of the acidic magmatic rocks of the Zongdangcun Formation in
the Wuyu Basin in central Gangdese, southern Tibet, is approximately 10.3 ± 0.2 Ma.
These Miocene rocks display the geochemical characteristics of adakites.

2. The analysis of elemental geochemical data and isotope ratios and the estimation of
crustal thickness with Sr/Y and (La/Yb)N values indicate that the post-collisional
magmatic rocks in the middle Gangdese belt resulted from the partial melting of the
thickened lower crust (essentially formed by the lower crust of the Lhasa block, with
a minor contribution from the ancient Indian crust.). The cause of the melting may
have been the upwelling of hot asthenospheric material at the bottom of the Indian
plate and the lowering of the lower crustal melting curve caused by the infiltration of
fluids released from the Indian plate.

3. The bulk-rock Sr-Nd and zircon Hf isotopic compositions of adakitic rocks formed
during the post-collisional times reflect the relative depletion of adakitic magma in
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the eastern section and the relative enrichment in the western section of this period.
This implies that there may be more lower Indian crust involved in the formation of
Miocene adakitic rocks from the east to the west Gangdese belt.

4. The hot asthenosphere beneath the subducted crust tearing along the front edge of
the continental Indian plate and upwelling at the high-angle subduction position
of the eastern segment of the plate resulted in the thickening of the lower crust
and subsequent melting, thereby forming Miocene adakitic magma on the southern
margin of the Gangdese belt. The difference in the contribution ratio of the ancient
Indian crust in the adakitic magma formed by the segmented subduction plate in
the east-west trending segment may be related to the change in the subduction angle
of the Indian plate. The tearing and segmented subduction of the front edge of the
Indian plate is a possible model for the formation of the post-collisional Gangdese
adakitic rocks.
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