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Abstract 15 

High-K calc-alkaline to shoshonitic suites are widespread and generally volumetrically small but provide 16 

key information on magmatic mantle-crust interactions. Limited work has addressed the multi-stage 17 

formation of relatively high-volume high-K to shoshonitic rocks. A newly-identified, late Cretaceous to 18 

early Cenozoic high-volume high-K to shoshonitic association (ca. 28,000 km3) is described, from the 19 

southeastern Himalayan-Tibetan orogen. The mafic intrusions are shoshonitic (K2O contents, ~3.3 20 

wt.%), have high-Mg contents (~5.1 wt.%) with high-Mg# (57), LREE and LILEs with low Ba/Th, 21 

Ba/La, Sm/La (<0.3), Nb/Yb and 208Pb/206Pb ratios but high Hf/Sm (>0.70), Th/Yb, Th/La (>0.2) and 22 

La/Sm, and lack an Eu anomaly. Their mafic minerals are hydrous, dominated by magnesio-hornblende 23 

(Mg#, ~0.69-0.73) and Mg- and K-biotite (MgO, 7.27-9.26 wt.%; K2O, 9.65-10.1 wt.%). Such 24 

characteristics strongly suggest derivation from the sub-continental lithospheric mantle (SCLM), 25 

metasomatized by sediment-derived melts/fluids. The associated felsic intrusions have high SiO2, alkali 26 

content (Na2O+K2O contents up to 10.0 wt.%) and incompatible elements (e.g. K, Rb), with 27 

ferropargasite-hastingsite and ferrobiotite-siderophyllite as the mafic phases. These characteristics point 28 

to derivation from the continental crust enriched by fluids, likely those released from the 29 

contemporaneous mafic magmas crystallising at depth. In contrast to low-volume potassic magmatism 30 

from post-collision and earliest arc-rift settings, these high-volume high-K and shoshonitic intrusions 31 

define a mantle-to-upper crust pathway at an active continental margin. Alongside geophysical data, 32 

these observations are consistent with the contemporary subduction history, arising from subduction of 33 

the Neo-Tethyan ocean slab to initial collision of India-Asia, from steepening subduction to slab rollback 34 

and breakoff. 35 

Keywords High-volume shoshonitic rocks. Metasomatized lithospheric mantle. Active continental 36 

margin. Mantle-to-crust pathway. Subduction to initial collision. 37 

Introduction 38 

High-K calc-alkaline to shoshonitic rocks occur commonly in island arc and post-collision settings 39 

(for example: the Izu-Bonin-Mariana arc, Ishizuka et al. 2010; the Mediterranean, Variscan and 40 

Caledonian terrains of Europe, Thompson and Fowler 1986; Peccerillo 1992, 1999; Duggen et al. 41 

2005; Francalanci et al. 2000; Conticelli et al. 2002, 2009a, 2009b, 2011, 2015; Avanzinelli et al. 42 

2008, 2009; Fowler et al. 2008; Prelević et al. 2008, 2010; Soder et al. 2018; Janoušek et al. 2020) 43 

and the Himalayan belt from Europe to Asia (Turner et al. 1996; Chung et al. 1998; Williams et al. 44 

2004; Pe-Piper et al. 2009; Prelević et al. 2012; Ding et al. 2003; Jiang et al. 2006; Zhao et al. 2009; 45 

Campbell et al. 2014; Table 1). Their origin is widely debated: (1) those of the Izu-Bonin & Mariana 46 

arcs could result from melting of an enriched lithosphere and uppermost asthenosphere by arc-rift 47 
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propagation (Ishizuka et al. 2010); (2) in the post-collision example of the Tethyan orogeny their 48 

appearance has been explained in many ways: melting of veined lithosphere that was metasomatized 49 

by subduction-related fluids/melts from ancient slabs (Guo et al. 2005; Gao et al. 2007; Pe-Piper et 50 

al. 2009; Huang et al 2010; Conticelli et al. 2009b); sediment/dunite reaction (Förster et al. 2019); 51 

subducted continental sediments or lower crust (Zhao et al. 2009; Liu et al. 2014, 2015); subducted 52 

continental crust followed by melting and/or progressive interaction of components from both 53 

environments (Campbell et al. 2014; Soder et al. 2018; Avanzinelli et al. 2020); mantle reaction with 54 

Si-rich melts from recycled continental crustal materials (Dallai et al. 2019); melting of 55 

metasomatized lithospheric mantle, thickened lithosphere and lower crust in a complex and 56 

continuous interaction with some contribution from the asthenosphere (Jiang et al. 2002; Prelević 57 

et al. 2012, 2015). Amongst all these suggestions, a common theme is a complicated petrogenesis 58 

involving mantle-crust interaction via subducted crustal materials. 59 

In the westernmost sector of the Alpine-Himalayan collisional margin, high-K calc-alkaline to 60 

shoshonitic rocks are widespread but usually of relatively low volume. In this paper, we report a 61 

newly-identified late-Cretaceous to early-Cenozoic high-volume province in the southeastern 62 

Himalayan-Tibetan orogen (Fig. 1). We use whole-rock and mineral chemistry (amphibole, biotite 63 

and apatite) as well as zircon U-Pb and Lu-Hf data and whole-rock radiogenic isotopes to investigate 64 

the source and the evolution of the magma. Together with other geochemical and geophysical data 65 

from the literature we aim to constrain the geodynamic processes operating during the transition 66 

from Neo-Tethyan oceanic subduction to initial collision of Indian- and Asian- plates, and contribute 67 

to the understanding of high-K calc-alkaline to shoshonitic magmatic systems elsewhere, regardless 68 

of the time of their formation. 69 

Geological background and general petrography 70 

The Tethyan tectonic realm is regarded as an important window to the various superimposed evolutionary 71 

processes between micro-continental and oceanic plates (Tommasini et al. 2011), which are globally 72 

widespread in space and time. This long tectonic belt extends from the Mediterranean Sea in the west to 73 

Tibet and SE Asia in the east. The Himalayan-Tibetan Tethyan realm (Fig. 1a) has a detailed record of 74 

geological processes since the early Paleozoic and is subdivided into a number of blocks, such as northern 75 

Qiangtang, southern Qiangtang, Lhasa and Himalaya, with suture zones such as Jinshajiang-Ailaoshan, 76 

Longmucuo-Shuanghu, Bangong-Nujiang and Yarlung-Zangbo. Within this domain, Cenozoic potassic 77 

to ultrapotassic igneous rocks are widespread, though usually small in volume, throughout Tibet (Chung 78 

et al. 1998, 2005; Guo et al. 2005; Jiang et al. 2006; Gao et al. 2007; Huang et al. 2010; Campbell et al. 79 

2010; Liu et al. 2014, 2015). They are generally considered to represent a magmatic response to the 80 

convective removal of lower lithosphere during the collision between India and Asia (Chung et al. 1998). 81 
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In southeastern Tibet, the Tengchong block is located in the southeastern segment of the Tibetan 82 

Tethyan domain (Fig. 1a). It is bordered by the Nujiang–Lushui–Ruili fault in the east, further separated 83 

from Baoshan block, with the Putao–Myitkyina suture in the west to separate it from the west Burma 84 

block (Metcalfe 2013). The presence of Permo-Carboniferous glaciomarine deposits overlying 85 

Gondwana-like fossil assemblages supports an origin from the western Australia margin, an eastern 86 

segment of the Gondwana continent. Notably, the prominent Gaoligong group, comprising amphibolites, 87 

feldspathic gneisses, quartzites, migmatites, marble and schists, has been regarded as Mesoproterozoic 88 

metamorphic basement. Upper Paleozoic to lower Mesozoic carbonates and clastic sediments overlie the 89 

basement. Three boundary faults divide the Tengchong block: the Mingguang-Menglian, Guyong-90 

Longchuan and Sudian-Tongbiguan magmatic belts are separated by the Dayingjiang, Gudong-91 

Tengchong and Binlangjiang faults (Fig. 1b). Late Mesozoic to early Cenozoic granitoid magmatic belts 92 

were emplaced into these country rocks and are partly covered by young volcanic sequences during 93 

Tertiary-Quaternary. 94 

This study describes high-potassium calc-alkaline to shoshonitic intrusive igneous rocks ranging in 95 

composition from monzodiorite to granodiorite to granite (~28000 km3, calculated using the methods of 96 

Ratchbacher et al. (2019)) in the Jiucheng area of the Guyong-Longchuan magmatic belt, in the central 97 

Tengchong block (Fig. 1b). In the field, the monzodiorites have sharp intrusive contacts with granodiorite 98 

(Fig. 2A), granodiorite usually show sharp contacts with the biotite granites and granites (Fig. 2B, D and 99 

E), and biotite granite also show sharp contacts with granite (Fig. 2C) although some are gradational (Fig. 100 

2D). Abundant felsic veins can also be found (Fig. 2A). Monzodiorites are fine-grained, granodiorites 101 

vary from coarse- to medium-grained and fine-grained (Fig. 2A-C), but both biotite granite and granite 102 

are also fine-grained (Fig. 2D-E). The monzodiorites (e.g. JC-33) mainly contain hornblende (15-28%), 103 

biotite (5-10%), plagioclase (40-45%), alkali feldspar (15-25%) and minor quartz, with accessory zircon, 104 

titanite and apatite. Most hornblende (Fig. 3c-d) is in intergrowth with biotite and titanite. Accessory 105 

minerals usually occur within the felsic minerals. Granodiorites (e.g. JC-59) mainly contain hornblende 106 

(~3%), biotite (15-20%), plagioclase (30-35%), alkali feldspar (20-25%) and quartz (10-15%), with 107 

abundant accessory titanite, zircon and apatite. The hornblende-bearing granite (JC-02) contains 108 

hornblende (1-3%), biotite (3-5%), plagioclase (10-15%), alkali feldspar (40-45%) and quartz (25-30%), 109 

with accessory zircon and apatite. A few hornblendes occur between quartz and feldspars. The 110 

leucogranite (JC-47) has biotite (3-5%), alkali feldspar (40-45%) and quartz (40-45%), accessory 111 

minerals including zircon and apatite. Biotites occur between quartz and feldspar, the latter are often 112 

observed as phenocrysts. Both sample JC-73 and JC-80 granites are more leucocratic and contain less 113 

biotite (<3%), with alkali feldspar (40-45%) and quartz (40-45%), plus accessory zircon and apatite. 114 

Biotites occur between quartz and feldspar and all feldspars are perthitic. Anhedral quartz and albites 115 

often occur within feldspar phenocrysts (Fig. 3a-b). 116 
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Analytical methods 117 

Zircon has been separated from six samples from the central Tengchong block (Fig. 1b). Detailed 118 

analytical methods of in situ zircon U-Pb and Lu-Hf and associated bulk-rock geochemistry are given in 119 

Supplementary Methods and Tables 1-2, largely after Weis et al. (2006), Yuan et al. (2008, and Bao et 120 

al. (2016). Data are presented as follows: in-situ zircon U-Pb isotopic data (n=6) in Supplementary 121 

Dataset 1; in-situ zircon Lu-Hf isotopic data (n=84) in the Supplementary Table 1; whole-rock 122 

geochemistry (n=31) and Sr-Nd-Pb isotopes (n=10) in Supplementary Table 2. Other high-potassium 123 

calc-alkaline to shoshonitic samples (n=71) in the central Tengchong, from (Cao et al. 2016, 2017; Chen 124 

et al. 2014; Qi et al. 2015; Xie et al. 2016; Xu et al. 2012; Zhao et al. 2016, 2017), are also summarized 125 

in Table 1. 126 

Major element compositions of minerals, including amphibole, biotite and apatite were analyzed by 127 

using a JXA-8230 electron microprobe and in situ trace elements of amphibole were analyzed by LA-128 

ICP-MS at the State Key Laboratory of Continental Dynamics, Northwest University, Xi'an, China. 129 

Detailed methods are presented in Supplementary Methods and data in Supplementary Tables 3-4.  130 

Results 131 

The samples in this study can be divided into two obvious groups, the mafic and felsic components. The 132 

mafic components represent shoshonitic diorites, and the felsic components represent high-K calc-133 

alkaline to shoshonitic granodiorite-granite suites. Sample localities with age and lithology are shown in 134 

Figure 4. Samples were selected to cover the lithological range observed from the freshest localities, all 135 

samples represent the comprehensive features of the high-K calc-alkaline to shoshonitic granitoids in 136 

central Tengchong, SE Tibet.  137 

In-situ zircon U–Pb Ages 138 

The sample location, lithology and ages are summarized in Table 1 and zircon CL images with associated 139 

U-Pb ages are shown in Fig. 4. The zircons are generally euhedral, up to 150–350 µm long, and 140 

length/width ratios range from 1:1 to 3:1. They are colorless to light brown, prismatic, transparent to 141 

translucent and have clear oscillatory zoning. Most have high Th/U ratios (> 0.4), indicating a magmatic 142 

origin. 143 

Nineteen analyses were obtained from hornblende-bearing granite sample JC-01. Th/U values range 144 

from 0.31 – 1.05 (mean value = 0.64), with associated 206Pb/238U ages from 72.0 ± 1.9 to 68.1 ± 1.5 Ma, 145 

with a weighted mean age of 70.3 ± 0.7 Ma (MSWD =0.6, n =19, Fig. 4a). Eleven spot analyses of 146 

zircons were obtained from monzodiorite sample JC-31. These have moderate Th/U values = 0.29 – 1.13 147 

(mean value = 0.66), a small range of 206Pb/238U ages from 72.0 ± 2.0 to 68.0 ± 1.0 Ma, with a weighted 148 

mean age of 70.0 ± 1.0 Ma (MSWD =1.4, n =11, Fig. 4b). Twenty-eight zircon analyses were obtained 149 
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from leucogranite sample JC-71. They have relatively low to moderate Th/U values = 0.14 – 0.93 (mean 150 

value = 0.39) and their 206Pb/238U ages range from 66.6 ± 2.0 to 64.3 ± 1.3 Ma, with a weighted mean 151 

age of 65.4 ± 0.6 Ma (MSWD = 0.2, n = 28, Fig. 4c). Granodiorite sample JC-56 yielded nineteen spot 152 

analyses. They have moderate Th/U values = 0.21 – 1.16 (mean value = 0.70) and their 206Pb/238U ages 153 

range from 57.0 ± 1.3 to 54.2 ± 1.2 Ma, with a weighted mean age of 55.4 ± 0.6 Ma (MSWD = 0.2, n 154 

=19, Fig. 4d). Sample JC-46, a hornblende-bearing granite, gave thirteen analyses and associated 155 

206Pb/238U ages from 54.3 ± 1.1 to 50.0 ± 1.0 Ma, with a weighted mean age of 52.5 ± 0.6 Ma (MSWD 156 

= 1.1, n =13, Fig. 4e). They also have moderate Th/U values = 0.28 – 1.15 (mean value = 0.48). Finally, 157 

hornblende-bearing granite JC-86 shows a similar zircon U-Pb age range to sample JC-46, 206Pb/238U 158 

ages range from 53.0 ± 1.6 to 51.1 ± 1.2 Ma, with a weighted mean age of 52.4 ± 0.7 Ma (MSWD = 0.1, 159 

n =15, Fig. 4f). Their Th/U values range from 0.15 to 1.35 (mean value = 0.68). 160 

In-situ zircon Lu-Hf isotopes 161 

Lu-Hf isotopes analyses on the same domains are listed in Supplementary Table 1. Initial 176Hf/177Hf 162 

ratios and εHf(t) values of zircons were calculated at their crystallization ages, described above. All have 163 

evolved Hf isotopic compositions, with εHf(t) values of -15.4 to -7.20 for the Late Cretaceous granite 164 

(JC-01, 19 zircons, initial 176Hf/177Hf 0.282231 to 0.282525), -11.7 to -3.11 for the Late-Cretaceous 165 

monzodiorite JC-31 (1 zircons, initial 176Hf/177Hf 0.282397 to 0.282641), -11.1 to -7.29 for the Late-166 

Cretaceous granite JC-71 (16 zircons, initial 176Hf/177Hf 0.282419 to 0.282525), -11.1 to -5.61 for the 167 

Early-Cenozoic granodiorite JC-56 (19 zircons, initial 176Hf/177Hf 0.282424 to 0.282579), and -9.19 to -168 

4.82 for the Early-Cenozoic hornblende-bearing granite JC-86 (17 zircons, initial 176Hf/177Hf 0.282480 169 

to 0.282603). The one inherited zircon grain of JC-01 has εHf(t) of -17.6 (at 1978 Ma). The two-stage 170 

zircon Lu-Hf isotopic model ages of the rocks are in the range of 1594-1766 Ma for Late-Cretaceous 171 

hornblende-bearing granites, 873-1220 Ma for the Late-Cretaceous monzodiorites, 1596-1834 Ma for 172 

Late-Cretaceous leucogranites, 1482-1829 Ma for the Early-Cenozoic granodiorite, 1430-1706 Ma for 173 

the Early-Cenozoic leucogranites. 174 

Whole-rock major and trace element geochemistry 175 

On K2O vs. SiO2 (Peccerillo and Taylor 1976) and K2O + Na2O vs. SiO2 (Le Maitre 2002) diagrams, 176 

the data fall in the high-K calc-alkaline to shoshonitic fields and in shoshonite, latite and rhyolite 177 

extrusive equivalents respectively, in common with similar rocks from southern and eastern Tibet and 178 

central Tengchong (Fig. 5a-b). Major and trace elements are described in more detail below. 179 

Late Cretaceous units. 180 

Samples of late-Cretaceous shoshonitic monzodiorite (~70 Ma) from the Jiucheng area contain low 181 

concentrations of SiO2 (50.8 – 52.9 wt.%) and high concentrations of Fe2O3T (8.53 – 9.15 wt.%), TiO2 182 
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(1.17–1.25 wt.%) and MgO (4.73–5.84 wt.%) with high-Mg# = 56.0 – 59.8. They also show high K2O 183 

(2.91 – 3.78), K2O+Na2O (6.03 – 6.49), and Al2O3 concentrations (16.2 – 17.1) with low A/CNK ratios 184 

of 0.71–0.75. These samples display moderate (La/Yb)N values (5.21–7.15) and low (Gd/Yb)N (1.49–185 

1.65) values and have rare-earth element (REE) patterns (Fig. 6a) with small or insignificant Eu 186 

anomalies (δEu = 0.76–0.93). Significant trace element features are relative enrichment in Rb, K and Pb 187 

and depletion in Nb, Ta and Ti (Fig. 5b). 188 

The late-Cretaceous (~70 Ma) hornblende-bearing ranite samples have moderate SiO2 189 

concentrations of 69.8–70.8 wt.% and high concentrations of K2O (4.53–4.95 wt.%) with K2O/Na2O 190 

ratios of 1.42–1.59, but contain low concentrations of Fe2O3T (3.14–3.34 wt.%), TiO2 (0.46–0.48 wt.%), 191 

CaO (2.16–2.30 wt.%), and MgO (0.74–0.79 wt.%), with Mg# values of 35.3–35.7. These samples also 192 

contain 14.1–14.7 wt.% Al2O3 and have relatively high A/CNK (molar Al2O3/CaO + Na2O + K2O) ratios 193 

of 0.99–1.00. In the chondrite-normalized rare earth element (REE) variation diagram (Fig. 6a), these 194 

samples have significant negative Eu anomalies (δEu = 0.34–0.40), high (La/Yb)N (10.8–11.6), and low 195 

(Gd/Yb)N (1.47–1.77) values, indicating possible involvement of plagioclase in magma genesis. On a 196 

primitive-mantle-normalized trace element variation diagram (Fig. 6b), these samples are notably 197 

enriched in the large ion lithophile elements (LILE; Rb, Th, U, K and Pb), and are depleted in Nb, Ta, 198 

Sr, P and Ti. 199 

The late-Cretaceous leucogranite (~65 Ma) samples show high SiO2 concentrations of 75.1–76.0 200 

wt.% and high concentrations of K2O (5.09–5.89 wt.%) and K2O/Na2O ratios of 1.70–2.07, but 201 

comparatively low concentrations of Fe2O3T (0.90–1.45 wt.%), TiO2 (0.09–0.16 wt.%), CaO (1.02–1.28 202 

wt.%), and MgO (0.07–0.19 wt.%), with Mg# values of 15.3–23.4. They also contain Al2O3 values = 203 

12.8–13.3 wt.% with associated high A/CNK = 1.02–1.03. In the rare earth element (REE) variation 204 

diagram (Fig. 6a), the samples have notable negative Eu anomalies (δEu = 0.41–0.70), high (La/Yb)N 205 

(7.74–26.7) and moderated (Gd/Yb)N (1.61–3.14) values, again indicating plagioclase involvement. On 206 

Fig. 6b, these samples are enriched in LILE (K, Th, U, Rb and Pb) and are sharply depleted in P, Ti, Ba, 207 

Nb, Ta and Sr. 208 

Early Cenozoic units. 209 

The early-Cenozoic granodiorite (~55 Ma) samples have moderate SiO2 (58.9–66.8 wt.%) with high 210 

K2O (5.58–5.92), K2O+Na2O (9.58–10.0), and high Al2O3 concentrations (16.7–19.0) with A/CNK ratios 211 

of 0.99–1.02. They also show low CaO (2.17–3.39 wt.%) and MgO (0.47–0.83 wt.%) with low-Mg# = 212 

23.5–25.0 and very low Cr (1.4 -2.5 ppm), Ni (<1.4 ppm). These samples display high total REE values 213 

(714–810 ppm) with high (La/Yb)N values (20.3–26.3) and (Gd/Yb)N (1.96–2.45) values (Fig. 6d) with 214 

significant negative Eu anomalies (δEu = 0.30–0.44). In the trace element patterns (Fig. 6c), the samples 215 

are significantly enriched large ion lithophile elements and depleted in P, Nb, Ta and Ti. 216 
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The early-Cenozoic leucogranites (~52 Ma) samples have high SiO2 concentrations of 74.6–75.9 217 

wt.% and high concentrations of K2O (4.72–6.77 wt.%) and K2O/Na2O ratios of 1.40–2.58, but 218 

correspondingly low concentrations of Fe2O3T (1.40–1.75 wt.%), TiO2 (0.10–0.17 wt.%), CaO (0.63–219 

1.13 wt.%), and MgO (0.11–0.16 wt.%) with Mg# values of 15.2–17.7. These samples also contain 220 

moderate Al2O3 values = 12.5–13.4 wt.% with associated A/CNK = 1.01–1.06. In the REE plots (Fig. 221 

6d), the samples have consistent negative Eu anomalies (δEu = 0.23–0.29), variable high (La/Yb)N (8.35–222 

26.4) and moderate (Gd/Yb)N (1.32–2.88) values, again suggesting plagioclase involvement in 223 

petrogenesis. On the trace element variation diagram (Fig. 6c), these samples are again enriched in the 224 

large ion lithophile elements, and are also sharply depleted in P, Ti, Ba, Nb, Ta and Sr. 225 

Whole-rock Pb–Sr–Nd isotopes 226 

The whole-rock Pb-Sr-Nd isotopic compositions define a restricted range of variation, described below. 227 

The Late-Cretaceous hornblende-bearing granites (~70 Ma) show high initial 87Sr/86Sr ratio = 228 

0.712717-0.712718 and low initial 143Nd/144Nd ratios = 0.511984 – 0.511992 with negative εNd(t) values 229 

= -11.0 – -10.9. Late-Cretaceous monzodiorites (~70 Ma) have similar high initial 87Sr/86Sr ratios 230 

=0.710105-0.710220 and low initial 143Nd/144Nd ratios = 0.512027 – 0.512086 with negative εNd(t) 231 

values = -10.2 – -9.0. The 65 Ma (late Cretaceous) leucogranites also have high initial 87Sr/86Sr ratio 232 

=0.711854-0.711957 and low initial 143Nd/144Nd ratios = 0.512055 – 0.512144 with negative εNd(t) 233 

values = -9.7 – -8.0. Early-Cenozoic granodiorite (~55 Ma) have high initial 87Sr/86Sr ratio =0.710798-234 

0.711031 and low initial 143Nd/144Nd ratios = 0.512141 – 0.512157 with negative εNd(t) values = -8.3 – 235 

-8.0, and finally the Early-Cenozoic leucogranites (~52 Ma) likewise have high initial 87Sr/86Sr ratio 236 

=0.710463-0.710545 and low initial 143Nd/144Nd ratios = 0.512162 – 0.512166 with negative εNd(t) 237 

values = -8.0 – -7.9. All these values lie at the enriched terminus of the mantle array and the “less-evolved” 238 

end of the field defined by other coeval potassic magmas from central Tengchong. 239 

Late-Cretaceous to Early-Cenozoic high-K calc-alkaline to shoshonitic samples have relatively high 240 

and similar whole-rock Pb isotopic components, comparable with samples from Tengchong and 241 

elsewhere. Initial 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb ratios of Late-Cretaceous shoshonitic granite 242 

(~70 Ma) are 18.626 – 18.686, 15.742, and 39.260 – 39.356; of monzodiorites (~70 Ma) are 18.636 – 243 

18.641, 15.723 – 15.730, and 39.183 – 39.238; and of leucogranite (~65 Ma) are 18.669 – 18.672, 244 

15.737– 15.744, and 39.264 – 39.316. The initial 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb ratios of Early-245 

Cenozoic granodiorites (~55 Ma) are 18.688 – 18.707, 15.720– 15.737, and 39.262 – 39.318; and of 52 246 

Ma hornblende-bearing granites are 18.755 – 18.765, 15.743, and 39.325 – 39.334. In addition, the 247 

208Pb/206Pb ratios for ~70 Ma granite and monzodiorites, ~65 Ma leucogranite, ~55 Ma granodiorites and 248 

~52 Ma hornblende-bearing granites are also similar, at 2.11, 2.10, 2.10 – 2.11, 2.10, and 2.10, 249 

respectively. 250 
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Electron microprobe analyses and LA-ICP-MS in situ trace element  251 

Hornblendes are the dominant mafic and hydrous minerals in the shoshonitic monzodiorites and are 252 

of typical magnesio-hornblende type (Fig. 7a). They (JC-33, Fig. 3c-d) are euhedral and usually 253 

intergrown with biotite. The EMPA chemical data (Supplemental Table 3, Fig. 7a) show the following 254 

ranges of composition: SiO2 (45.0 – 53.8%), Al2O3 (2.19-8.73%), FeOt (12.2-16.8%), TiO2 (0.33-0.61%), 255 

MgO (11.0-15.7%，Cr2O3 (0.001-0.57%), MnO (0-0.31%), NiO (0-0.05%), CaO (10.4-12.6%), Na2O 256 

(0.13-0.64%), K2O (0.18-0.81%), F (0-0.21%) and SrO (0.10-0.20%). LA-ICP-MS trace element 257 

(Supplemental Table 4) show that the magnesio-hornblendes share similar characters with those from 258 

normal arc crust (Smith 2009), with slightly elevated MREE, but more enriched Rb, La, Th, U and Pb 259 

and variable Eu in the primitive mantle-normalizedand chondrite-normalized diagrams (Fig. 8a-b). 260 

Calculated equilibrium melts of amphibole have lower REE content than the whole-rock composition, 261 

suggesting crystallization of magnesio-hornblende somewhat later than REE-rich accessory minerals 262 

(Fig. 8e-f). 263 

Hornblendes from the coeval and juxtaposed hornblende-bearing granite (JC-59, JC-88, JC-02) are 264 

typical ferro-pargasite to hastingsite type (Fig. 3c-d, Fig. 7b), with high Al2O3 (9.47-12.3%), FeOt (23.4-265 

29.4%), TiO2 (0.53-1.34%), K2O (1.36-2.03%) and Na2O (0.87-1.21%), and low SiO2, MgO (1.72-6.11%) 266 

and CaO (9.40-11.5%). 267 

Biotites in the shoshonitic monzodiorites (JC-33) are typical magnesio-biotite (Fig. 6c), with high 268 

MgO (10.5-11.9%) but high K2O (9.54-10.0%) content (Fig. 7c, d), low FeOt (17.2-19.1%). Biotite from 269 

those granodiorite-granite suites (JC-58, JC-59, JC-47, JC-88, JC-02, JC-03 and JC-73) show decreasing 270 

K2O with MgO, with MgO content range from 9.26 to 2.18%, FeOt up to 29.3% and K2O -falling to 271 

9.23% (Fig. 7d, Supplementary Table 3). 272 

Apatites in both shoshonitic mafic and felsic granitoids are typical low Cl fluorapatite (Fig. 8e): 273 

those in the mafic component have slightly higher Cl (0.04wt.%), P2O5 (42.44wt%), SrO (0.03WT.%) 274 

than in the associated felsic components. 275 

Discussion 276 

Petrogenesis of the high-K calc-alkaline to shoshonitic intrusions 277 

Late-Cretaceous to early-Cenozoic intrusions in the Jiucheng area, central Tengchong Terrane all have 278 

notably high alkalis and K2O/Na2O ratios (Supplemental Table 2) and belong to the high-K calc-alkaline 279 

to shoshonitic suites of typical potassic rocks (Peccerillo and Taylor 1976; Le Maitre et al. 2002) (Fig. 280 

5a-b). Such features are comparable with many other potassic intrusions in the Tethyan belt from the 281 

Mediterranean to Greater Tibet (Tommasini et al. 2011; Huang et al. 2010; Avanzinelli et al. 2008, 2009, 282 

2020). Similarly, they show “enriched” crustal isotope signatures (initial 87Sr/86Sr ca. 0.7101 – 0.7121, 283 
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εNd(t) ca. -7.9 – 11.0), akin to coeval and local arc magmas, and similar to potassic and ultrapotassic 284 

rocks in southern Tibet and shoshonitic magmas in eastern Tibet (Fig. 9a-d). Their associated initial 285 

206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb ratios are consistent, 18.626 – 18.765, 15.720 – 15.744 and 286 

39.183 – 39.356 respectively (Supplementary Table 2; Fig. 9e-f), and plot in the field of potassic rocks 287 

and S-type granites from the Lhasa terrane, overlapping fields of lower to upper crust and near the top 288 

field of Early Cenozoic potassic rocks in eastern Tibet. Zircon in situ Lu-Hf isotopic compositions range 289 

from εHf(t) = -17.6 to -3.11, in the continental crustal array including global lower crust and sediments 290 

(Supplementary Table 2; Fig. 10). All these features resonate with trace element characteristics such as 291 

enriched LILE and LREE with relatively depleted HFSE, similar to typical Cenozoic potassic rocks in 292 

the Tethyan realm. They will be explored further below. 293 

Late Cretaceous units. 294 

The high-K to shoshonite suite of the Late Cretaceous defines a separate set of trends from those of 295 

the Early Cenozoic counterparts (Fig. 5), suggesting distinctive evolutionary trends. In the Late 296 

Cretaceous case, the samples have distinctly bimodal distributions close to the high-K liquid line of 297 

descent (LLD, Fig. 5). The shoshonitic monzodiorites have low SiO2 (50.8 to 52.9 wt.%) and high MgO 298 

(4.73 to 5.84 wt.%) with high-Mg# (56.0 to 59.8) and relatively high Cr, Ni (Cr = 88-145 ppm, Ni = 23-299 

33 ppm) (Supplemental Table 2), and therefore are likely to be mantle-derived. Since all the rocks show 300 

“crustal” isotopic and elemental signatures, those of the mafic end-member strongly suggest a mantle 301 

influenced by crust-derived materials. Many petrogenetic models have been invoked to explain similar 302 

observations elsewhere, for example: (i) mantle metasomatized by subduction-related fluids/melts, such 303 

as subducted continental crust (Liu et al. 2014; Soder et al. 2018), fluids from altered oceanic slab (Guo 304 

et al. 2005; Pe-Piper et al. 2009; Huang et al. 2010) and subducted sediments (including carbonates) (Gao 305 

et al. 2007; Conticelli et al. 2008; Liu et al. 2015); (ii) melting of otherwise hydrous mantle (Meen 1987); 306 

and/or (iii) melting of continental crust that had been thrust into the upper mantle (Campbell et al. 2014). 307 

Figure 10 assembles a variety of relevant diagnostic plots from the literature. Low CaO/Al2O3 ratios 308 

(<0.50) (Fig. 10a), high K2O/Na2O and high Hf/Sm ratios (>0.70) (Fig. 11a) argue against the possibility 309 

of metasomatism by carbonatites (Liu et al. 2015). On another hand, high Th/Yb and La/Sm with low 310 

Ba/Th and Ba/La ratios share similar arrays with sediment-derived melts rather than hydrous fluids (Fig. 311 

10b-e). Compared to experimental data (Förster et al. 2019; Fig. 11e-f), those from the shoshonitic 312 

monzodiorites have relatively high Th/Yb and Th /La (>0.2) and their low Sm/La (<0.3) and Nb/Yb 313 

ratios fall in the field of sediment/dunite reaction melts (with variable ratios) rather than basanite/dunite 314 

reaction melts. Also, on the Th/La vs. 208Pb/206Pb diagram (Fig. 11e-f), all samples show a trend from 315 

GLOSS to SALATHO, which has been regarded as the result of metasomatism by K2O-rich sediment 316 

melts (Tommasini et al. 2010). A recent B isotope study based in Anatolia (Palmer et al. 2019) has 317 

suggested that such fluids result from recycling of high-pressure phengite, and that the resulting 318 
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volcanism offers a time constraint on slab rollback and eventual detachment. Finally, the lack of negative 319 

Eu anomalies might be consistent with a plagioclase-free residue of melting. However Eu's behavior in 320 

this case is not unequivocal. Eu anomalies may also be caused by the differential mobility of this element 321 

in the original magma, even before plagioclase crystallises. The phenomenon of diffusive fractionation 322 

has been studied, both in experiments and numerical modelling (see Perugini et al. 2006; Perugini et al. 323 

2015). The differential Eu-mobility in the silicate melt is decisive and we think the observed anomaly is 324 

related to such phenomenon. 325 

Mineral chemistry offers additional insights. Both hydrous minerals, hornblende and biotite, in the 326 

monzodiorite are magnesio-type (Fig. 7a-c), which is of typical mantle-derived nature (Zhu et al. 2017). 327 

Biotite in the mafic components has higher K2O than those from the felsic equivalent (Fig. 7d) imply 328 

that the mafic component could be metasomatized by K-rich melts/fluids in source. Typical low Cl 329 

fluorapatite in mafic component preclude the possible of sea-water fluids (Zhang et al. 2017) (Fig. 8e). 330 

It therefore seems likely that the mafic representatives of these potassic intrusions were derived from 331 

sub-continental lithospheric mantle that had interacted with sediment-derived melts. 332 

The late-Cretaceous high-K calc-alkaline to shoshonitic hornblende-bearing granites have high SiO2 333 

(69.8 – 76.0 wt.%) and extremely low MgO (0.07 – 0.79) with Mg# (15.2 – 35.7) (Supplementary Table 334 

2), thus probably resulted from the melting of evolved continental crustal materials. The A/CNK values 335 

are weakly peraluminous (0.99 to 1.02), which together with their high CaO/Na2O and Al2O3/TiO2 and 336 

low (Al2O3 + MgO + Fe2O3T + TiO2) and moderate Al2O3/(MgO + Fe2O3T + TiO2) ratios (Supplementary 337 

Table 2), suggest derivation from a metagraywacke source (Patiňo Douce 1999). However, partial 338 

melting of metagraywacke is unlikely to produce such potassium-rich (shoshonitic) melts with 339 

correspondingly high “incompatible” elements including LILE (Rb, Th) and LREE, well above those of 340 

typical upper continental crust (e.g. Zhao et al. 2016) (Fig. 6). Castro (2019) has provided experimental 341 

evidence for a link between the crystallization of sanukitoid-like (hydrous, high-K) magmas and fluid-342 

fluxing of granite genesis in the lower crust. Such a model is attractive here, given the intimate 343 

relationships of the felsic plutons with coeval and/or earlier K- and Mg-rich mafic intrusions derived 344 

from metasomatized sub-continental lithosphere. 345 

Early Cenozoic units.  346 

The Early Cenozoic high-K calc-alkaline to shoshonitic granodiorites have moderate SiO2 (average 347 

62.1 wt.%) but also notably high K2O (5.58 – 5.91 wt.%), total alkalis (9.58 – 10.0 wt.%), REE and LILE 348 

(Fig. 6). Both LREE and HREE have twice the concentrations of normal upper continental crustal 349 

materials. A similar phenomenon is reported from the southern Bangwan area (Zhao et al. 2016), and 350 

such rocks are unlikely to have been produced by melting of normal continental crust. The extremely 351 

low MgO (average 0.66 wt.%), Cr (average 2 ppm) and Ni (average 1 ppm) exclude direct derivation 352 
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from the mantle. Experimental studies have shown that intermediate SiO2 could be derived from granulite 353 

facies rocks in the lower crust (Rapp and Watson 1995), during which abundant amphibole and biotite 354 

likely result from water-rich melting (Milord et al. 2001). Similar to Castro’s model (Castro 2019), 355 

Lóperz et al. (2005) suggested the presence of K2O- and LILE-rich fluids. The granites have high SiO2 356 

(74.5-75.9 wt.%) but relatively low Ba, La, Ce, HFSE, total REE with marked troughs at P, Ti, Ba, Nb, 357 

Ta and Eu on mantle-normalised patterns (Fig. 6c). Nevertheless, LILE and LREE are higher than normal 358 

upper continental crust, but HREE patterns are broadly similar (Fig. 6c). Overall, they are elementally 359 

very similar to the Late Cretaceous leucogranites and are therefore likely to share a common petrogenesis. 360 

Most of the rocks discussed above are plutonic and thus had substantial crustal residence before 361 

reaching their solidus. Thus a combination of crustal contamination with or without crystal fractionation 362 

(AFC, assimilation-fractionation crystallization) likely operated within the magmatic reservoir. Such 363 

processes often modify geochemical signatures, but rarely beyond recognition. For example, case studies 364 

of the Rogart granite (Fowler et al. 2001), Ach’Uaine appinites (Fowler and Henney 1996) and Glen 365 

Dessary syenite (Fowler 1992, all in NW Scotland), show that the magmas had a long history of 366 

fractionation which involved crystal-liquid separation and crustal contamination, but the data could also 367 

allow some constraints on the source composition and processes of magmagenesis. In the present study, 368 

field observation and petrography do not provide any evidence for widespread crustal contamination, 369 

such as the presence of xenoliths (e.g. Conticelli and Peccerillo 1990; Conticelli 1998). However, data 370 

from this study that have been least influenced by AFC processes include: 1. Zircon and whole-rock 371 

isotope systematics – these have likely retained information on magmatic source, since zircon is a robust 372 

a mineral consistently used for precisely this purpose, and in the present study the zircon Hf isotopic data 373 

are coupled with the whole-rock Nd isotopes (Fig. 10). Although there is the variation in epsilon Hf(t) 374 

values for each sample, the εHf(t) value of each sample is in the range of -10.0 to -5.0 (not more than 375 

5ε units) and does not correlate with 176Yb/177Hf ratios (Supplemental Table 1). Both isotope systems 376 

suggest that there are enriched and evolved ancient crust materials in the source, which is also consistent 377 

with whole-rock Sr and Pb isotopic data (Fig. 9). 2. Mineral chemistry discriminators - the biotite from 378 

shoshonitic monzodiorites has higher Mg and K contents than biotite from high-K calc-alkaline to 379 

shoshonitic granodiorite and granite suites; the different hornblende compositions: while magnesio-380 

hornblendes occurs in diorites, ferropargasites in granodiorite-granite suites (Fig. 7). These features also 381 

argue against AFC derivation of one from the other. 3. Major element discriminators - the trends between 382 

shoshonitic monzodiorite and high-K calc-alkaline granodiorite-granite are not consistent with AFC, FC 383 

or mixing, although FC-related process may occur in the generation of high-K calc-alkaline granodiorite-384 

granite. On the basis of these observations, we suggest that the high-K calc-alkaline to shoshonitic suites 385 

are not sufficiently affected by AFC to obscure primary petrogenetic processes. The following discussion 386 

is based on this understanding. 387 
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Geodynamic implications: the transition from Neo-Tethys subduction to collision between India and 388 
Asia 389 

The subduction of Neo-Tethyan oceanic slab under the southern margin of the Asia-Europe plate was 390 

ongoing from late Triassic and/or early Jurassic until the collision of India-Asia during early Cenozoic. 391 

Comprehensive evidence from stratigraphic, paleobiological, geochronological, geochemical and 392 

paleomagnetic data show that the widespread Mesozoic to early-Cenozoic magmatism in Tengchong 393 

could be the southeastern extension of Gangdese magmatic arc (Zhao et al. 2016; Zhu et al. 2017, 2018). 394 

Clockwise rotation of the Tengchong block occurred at ~ 40 Ma along the Eastern Himalayan syntaxis 395 

and crustal detachments and strike-slip shear followed (Kornfeld et al. 2014). Late Cretaceous to early 396 

Cenozoic high-K calc-alkaline to shoshonitic suites have been identified for the first time in the south 397 

margin of Asia that are related to the subduction of Neo-Tethyan ocean crust and convergence of India-398 

Asian plates. The two different shoshonitic suites must be integrated into a regional geodynamic process 399 

that explains, in particular, the melting episodes in sub-continental lithospheric mantle (Fig. 12A).  400 

Late Cretaceous geodynamics. 401 

The former stage (ca. 75-64 Ma) was bimodal, with mafic intrusions the products of melting of sub-402 

continental lithosphere mantle metasomatized by sediment-derived fluids/melts, and felsic intrusions 403 

produced by high-degree melting of metagraywacke, significantly influenced by fluids from the 404 

shoshonitic mafic intrusions. Bimodal magmatism is sometimes regarded as an indicator of crustal 405 

extension. A late-Cretaceous extensional setting in the Tengchong block may be a response to extensional 406 

collapse after significant compression during a later stage of early Cretaceous or an early stage of late 407 

Cretaceous convergence (Searle et al. 2007), induced by the northward subduction of Neo-Tethys. 408 

According to Sr/Y ratios of the Guyong-Husa granites in central Tengchong and their apparent 409 

relationship with geophysically-determined Moho depth (Chiaradia 2015), Zhao et al. (2016) considered 410 

that the crust of Tengchong block was indeed thin during this time, while that of the eastern Himalayan 411 

syntaxis and the northern part of southern Lhasa were normal and the southern part of southern Lhasa 412 

was thickened. After a period of magmatic quiescence, the rate of convergence increased dramatically 413 

and flat subduction transformed to steep subduction (Lee and Lawver 1995). This resulted in the 414 

generation of the Gangdese magmatic arc (Chung et al. 2005) and its southeastern extension in 415 

Tengchong. During steep subduction (Fig. 12B), subducted sediment-derived melts and/or fluids play a 416 

significant role in the production of high-K calc-alkaline to shoshonitic rocks, for example the Choshi 417 

rocks (Hanyu et al. 2006), granodiorites in southeastern Lhasa (Zhu et al. 2019) and the high-K to 418 

shoshonitic suites in central Tengchong that are the subject of this study. Normal geothermal models 419 

cannot produce a slab hot enough to melt the sediment carapace – to do so temperatures at the slab top 420 

to be 200˚C higher than normal are required (Schmidt et al. 2004; Zhu et al. 2019). However, an abrupt 421 

transition from flat to steep subduction can disturb the normal mantle wedge convective flow pattern and 422 
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greatly affect slab temperatures (Behn et al. 2011). In addition, the down-going slab will take the 423 

subducted sediments deep, to form buoyant diapirs that may release fluids/melts laden with trace 424 

elements into the overlying lithospheric mantle (Behn et al. 2011; Zhu et al. 2019), to form the source of 425 

the mafic potassic magmas. Such magmas with their advected heat may ascend to the base of continental 426 

crust, where fluxed melting by exsolved aqueous fluids, forming associated felsic intrusions. 427 

Early Cenozoic geodynamics. 428 

Subsequently, at ca. 65-58 Ma, initial collision between Indian and Asian plates occurred, as 429 

supported by paleogeographic, kinematic and geodynamic data (van Hinsbergen et al. 2019). Since ca. 430 

55 Ma, the northward drift rate of India plate had been sharply decelerated from 18-19 cm/y to 4-5 cm/y 431 

(Klootwijk et al. 1992). Together with the buoyancy of the Tengchong lithosphere, this dampened 432 

subduction and induced slab roll-back (Fig. 11C, Kohn and Parkinson 2002). Abundant calc-alkaline arc 433 

magmatism along the continental arc margin of the Tengchong terrane had variable bulk-rock εNd(t) 434 

values and positive zircon εHf(t) values, plus low initial 87Sr/86Sr ratios tending towards the mantle array. 435 

Compositional variations are correlated with gradually increasing enrichment from west to east (Zhao et 436 

al. 2019). Thus, hydrous fluids may have been released mainly into the western Tengchong block (Wang 437 

et al. 2014) giving way to sediment-derived potassium-rich melts, enriched with incompatible elements 438 

and REE, in the central Tengchong block, such as the Bangwan and Jiucheng areas (Zhao et al. 2016, 439 

2019; and this study). This model for high-K to shoshonitic intrusions is consistent with experimental 440 

result of Castro (2019) that the mantle-derived K-rich, high-Mg# magmas may be coeval with, and 441 

contribute to, granite production. In addition, zircon εHf(t) data of shoshonitic rocks also show that the 442 

notably increasing εHf(t) values since ca. 70 Ma until 40 Ma (Fig. 10b), implying the more primitive 443 

mantle inputs from the later stages, closely controlled by geodynamic processes. 444 

The general geodynamic significance of high-K calc-alkaline to shoshonitic magmatism 445 

In general, the post-collision potassic magmatism of both European Variscan and Asian Himalayan-446 

Tibetan orogen is widespread but low-volume (Soder et al. 2019; Janoušek et al. 2020; Chung et al. 1998; 447 

Guo et al. 2007). This type of K-rich (shoshonitic) magmatism often occurs at the very end of the orogeny 448 

(Trubač et al. 2020). At this stage, because of exhumation and cooling of lower to middle crust, the 449 

widespread transfer of high-volume magmatism from mantle to crust is difficult. There are often close 450 

spatio-temporal relationship with regional deformation, such as strike-slip faults, shear zones and major 451 

thrust systems within a narrow belt over long distances. Thus, geodynamic processes at depth plus 452 

regional structure logically control pathways from mantle-derived melts to upper, more evolved magmas. 453 

Similar low-volume but widely distributed high-K to shoshonitic magmatism has occurred in oceanic 454 

arcs (Ishizuka et al. 2010), for example, Izu-Bonin-Mariana arc. These volcanoes extend more than 250 455 

km from Io-to island to Hiyoshi, associated with earliest back-arc basin rifting, which taps a source region 456 



15 

in the enriched lithosphere or uppermost asthenosphere. In this setting, the rocks are characterized by 457 

lower Th/Yb. Th/La, Hf/Sm, 87Sr/86Sr, 207Pb/204Pb, 208Pb/204Pb, 206Pb/204Pb, positive εNd(t) values, higher 458 

MgO contents and Ce/Pb ratios (Fig. 8 and 10) than those from orogen, post-collision setting. 459 

 Continental arc examples, such as the Late Cretaceous rocks described here, show many similar 460 

elemental and isotopic characteristics with those in post-collision settings. Both high-volume shoshonitic 461 

rocks (in this case) and low-volume-widespread potassic rocks in southern and northern Tibet have lower 462 

MgO contents, Ce/Pb ratios, notably negative εNd(t) and εHf(t) values, higher 87Sr/86Sr, Th/Yb, Th/La, 463 

Hf/Sm, 207Pb/204Pb, 208Pb/204Pb, 206Pb/204Pb ratios than potassic rocks in island arcs. Both have been 464 

affected by subducted crustal materials but through different mechanisms: subducted sediments vs 465 

continental crust. In other words,  crustal metasomatism, enriched mantle underplating and extensive 466 

melting of overlying continental crust could be significant and continuous along the pathway of mantle-467 

to-crust in the generation of high-volume high-K calc-alkaline to shoshonitic magmatism on the Earth. 468 

Conclusions 469 

1. Hydrous, shoshonitic, monzodioritic magmas from melting of sediment-metasomatized sub-470 

continental lithospheric mantle provide heat, water and recycled crustal materials to induce fluxed 471 

melting of the overlying crust. This results in generation of high-K calc-alkaline to shoshonitic 472 

granodiorite-granite suites. 473 

2. Metasomatized mantle input to the base of a continental arc and subsequent melting at active 474 

continental margins are required to produce extensive high-K calc-alkaline to shoshonitic magmatism, 475 

in contrast to widespread but low-volume potassic magmatism elsewhere. 476 

3. The resulting mantle-to-crust magmatic pathways at active continental margins are produced by multi-477 

stage processes, for example where dramatically increasing convergence rate results in steeper 478 

subduction of the Neo-Tethyan slab and subsequent slab roll-back induced by the initial collision of 479 

India-Asia. 480 

4. In both post-collisional and continental arc cases, the potassic magmatism has higher Th/Yb, Th/La, 481 

206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb, initial 87Sr/86Sr ratios and lower Ce/Pb, εNd(t) and εHf(t) values than 482 

in arc rifting. 483 
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Figure captions 757 

Fig. 1 a. Continental blocks and potassic rocks of the Tibetan orogenic system (Chung et al. 2005). b. 758 
Magmatic distribution of the Tengchong terrane. 759 

Fig. 2 Field features and contact relation of high-K calc-alkaline to shoshonitic monzodiorite, 760 
granodiorite and granite suite in the Tengchong of southeastern Tibet, SW China 761 

Fig. 3 Microscope and BSE image of of high-K calc-alkaline to shoshonitic monzodiorite, granodiorite 762 
and granite suite in the Tengchong of southeastern Tibet, SW China. 763 

Fig. 4 LA-ICP-MS zircon U–Pb concordia diagram and associated CL images of zircon grains from the 764 
high- K calc-alkaline to shoshonitic granitoids in the Tengchong block, SW China. The pink circles are 765 
the U-Pb isotopic analysis spots and the yellow circles are the zircon Lu-Hf isotopic analysis spots. 766 

Fig. 5 K2O vs SiO2 and Na2O + K2O vs. SiO2 (a-b) diagram for the high-potassium to shoshonitic rocks 767 
(Peccerillo and Taylor. 1976; Le Maltre 2002). Data of high-K calc-alkaline to shoshonitic granitoids in 768 
central Tengchong are summarized in Table 1. 769 

Fig. 6 Primitive-mantle-normalized trace element spider diagram and Chondrite-normalized REE 770 
diagrams (a and b) for the high-potassic to shoshonitic granitoids in the Tengchong. The primitive 771 
mantle and chondrite values are from Sun and McDonough (1989). 772 

Fig. 7 Nomenclature of amphibole type diagram (a-b) (Leake et al. 1997). Nomenclature of biotite type 773 
( c ) (Froster 1960); K2O vs. MgO (d) of biotite content of high-K to shoshonitic intrusions in 774 
southeastern Tibet. 775 

Fig. 8 Primitive-mantle-normalized trace element spiderdiagram and Chondrite-normalized REE 776 
diagrams (a and b), (c-d) The La/Yb vs Dy/Yb and Pb vs Zr for amphibole in the mafic component of 777 
the high-K calc-alkaline to shoshonitic intrusions in the Southeastern Tibet. The primitive mantle and 778 
chondrite values are from Sun and McDonough (1989). Data of amphibole from normal arc crust in the 779 
subduction zone from Smith (2014). Cl vs. F of apatite in high-K to shoshonitic intrusions (Zhang et al. 780 
2017) (e); Ch Chondrite-normalized REE diagrams for whole-rock of shoshonitic mafic intrusions, 781 
associated amphibole and calculated equilibrium melts (f). 782 

Fig. 9 Bulk-rock εNd(t) & initial 87Sr/86Sr vs. MgO (wt.%) & Ce/Pb ratios (a-d), 207Pb/204Pb vs 783 
206Pb/204Pb (e) and 208Pb/204Pb vs 206Pb/204Pb (f) from various shoshonitic provinces around the world 784 
that is summarized in Table 1. S-type granites in the Lhasa terrane & Himalayan basement from Liu et 785 
al. (2014). 786 
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Fig. 10 Zircon εHf(t) vs bulk-rock εNd(t) & zircon U-Pb data (Ma) (a-b) for shoshonitic magmatism in 787 
the Himalayan-Tibetan orogen. Lower continental crust (Miller et al. 1999) and upper continental crust 788 
(Harris et al. 1990); MORB and mantle array referenced as in Wang et al. (2014); Global sediments 789 
referenced from Vervoort et al. (1999). Symbols as Fig. 9 790 

Fig. 11 Hf/Sm vs CaO/Al2O3 (a), Th/Yb vs. Ba/La (b), Ba/Th vs La/Sm (c) referenced from (Zhu et al. 791 
2019). Th/La vs 208Pb/206Pb (d), Th/Yb vs. Nb/Yb (e), Th/La vs Sm/La (f) referenced from (Tommasini 792 
et al. 2010). Experimental data of sediments/dunite reaction melts and basanite/dunite reaction melts 793 
(variable ratios) refenced from (Förster et al. 2019). Symbols as Fig. 9. 794 

Fig. 12 Metasomatized mantle-to-crust magmatic pathways (A) and Geodynamic processes(B-C) due 795 
to change from the Neo-Tethyan subduction to initial collision 796 

Table captions 797 

Table 1. Summary of high-K calc-alkaline to shoshonitic granitoids in the Central Tengchong terrane, 798 
SE Tibet. 799 



























Table 1 Summary data of high-K calc-alkaline to shoshonitic granitoids in the central Tengchong
terrane, SE Tibet

Samples Locations (N,
E)

Lithology Major
mineral
composition

Age (Ma) References

09QG-60 25°18′30″N,
98°12′45″E

Granite Qtz
(25–35vol%) 
+ Kf
(25–35vol%) 
+ Pl
(25–35vol%) 
+ Bi
(5–10vol%)

64.8 ± 0.7 Qi et al. 2015

09QG-45 24°57′41″N,
98°19′13″E

Granite Qtz
(25–35vol%) 
+ Kf
(25–35vol%) 
+ Pl
(25–35vol%) 
+ Bi
(5–10vol%) + 
Ms (0–3vol%)

76.6 ± 2.0 Qi et al. 2015

09QG-50 25°13′50″N,
98°11′42″E

Granite
porphyry

Qtz
(25–35vol%) 
+ Kf
(25–35vol%) 
+ Pl
(25–35vol%) 
+ Bi
(5–10vol%)

65.3 ± 1.0 Qi et al. 2015

09QG-55 25°13′50″N,
98°12′02″E

Granite Qtz
(25–35vol%) 
+ Kf
(25–35vol%) 
+ Pl
(25–35vol%) 
+ Bi
(5–10vol%)

64.9 ± 0.9 Qi et al. 2015

https://link.springer.com/article/10.1007/s00410-021-01843-z#ref-CR70
https://link.springer.com/article/10.1007/s00410-021-01843-z#ref-CR70
https://link.springer.com/article/10.1007/s00410-021-01843-z#ref-CR70
https://link.springer.com/article/10.1007/s00410-021-01843-z#ref-CR70


13MB06 25°00′05″N,
98°19′56″E

Monzogranite Qtz
(20–25vol%) 
+ Kf
(30–35vol%) 
+ Pl
(30–35vol%) 
+ Bi
(1–3vol%) + 
Hbl
(0–5vol%)

73.8 ± 0.5 Xie et al.
2016

13TC19 25°21′58″N,
98°18′53″E

Monzogranite Qtz
(20–25vol%) 
+ Kf
(30–35vol%) 
+ Pl
(30–35vol%) 
+ Bi
(1–3vol%) + 
Hbl
(0–5vol%)

74.3 ± 0.5 Xie et al.
2016

13ZX06 25°05′40″N,
98°14′53″E

Monzogranite Qtz
(20–25vol%) 
+ Kf
(30–35vol%) 
+ Pl
(30–35vol%) 
+ Bi
(1–3vol%) + 
Hbl
(0–5vol%)

65.6 ± 0.6 Xie et al.
2016

13LLS04-1 24°55′31″N,
98°15′33″E

Monzogranite Qtz
(~ 25vol%) + 
Kf
(25–35vol%) 
+ Pl
(30–40vol%) 
+ Bi
(3–8vol%)

50.5 ± 0.4 Xie et al.
2016

https://link.springer.com/article/10.1007/s00410-021-01843-z#ref-CR85
https://link.springer.com/article/10.1007/s00410-021-01843-z#ref-CR85
https://link.springer.com/article/10.1007/s00410-021-01843-z#ref-CR85
https://link.springer.com/article/10.1007/s00410-021-01843-z#ref-CR85


13XQ02 25°03′44″N,
98°17′38″E

Granodiorite Qtz
(20–25vol%) 
+ Kf
(30–35vol%) 
+ Pl
(30-35vol%) +
 Bi
(1-3vol%) + H
bl (0–5vol%)

50.4 ± 0.4 Xie et al.
2016

XLH-6 25°26′49″N,
98°25′46″E

Granite Qtz
(20–30vol%) 
+ Kf
(38vol%) + Pl
(32vol%) + Bi
(8vol%)

73.3 ± 0.2 Chen et al.
2015

DSP-1 25°25′36″N,
98°22′50″E

Granite Qtz
(20–30vol%) 
+ Kf
(38vol%) + Pl
(32vol%) + Bi
(8vol%)

73.3 ± 0.3 Chen et al.
2015

LLS-2 24°55′14″N,
98°15′33″E

Granite Qtz
(28vol%) + Kf
(35vol%) + Pl
(30vol%) + Bi
(10vol%)

53.0 ± 0.2 Chen et al.
2015

LLS-6 24°56′49″N,
98°16′45″E

Granite Qtz
(28vol%) + Kf
(35vol%) + Pl
(30vol%) + Bi
(10vol%)

52.7 ± 0.2 Chen et al.
2015

LL96 24°20.371′N,
97°50.562′

Granite Kf
(25vol%) + Pt
h
(20vol%) + Pl
(28vol%) + Qt
z
(20vol%) + Bi

50.6 ± 0.6 Zhao et al.
2016

https://link.springer.com/article/10.1007/s00410-021-01843-z#ref-CR85
https://link.springer.com/article/10.1007/s00410-021-01843-z#ref-CR12
https://link.springer.com/article/10.1007/s00410-021-01843-z#ref-CR12
https://link.springer.com/article/10.1007/s00410-021-01843-z#ref-CR12
https://link.springer.com/article/10.1007/s00410-021-01843-z#ref-CR12
https://link.springer.com/article/10.1007/s00410-021-01843-z#ref-CR88


(7vol%)

LC2-17 24°20.404′N,
97°50.397′

Granite Kf
(15vol%) + Pt
h
(25vol%) + Pl
(20vol%) + M
c
(15vol%) + Qt
z
(20vol%) + Bi
(5vol%)

48.9 ± 0.5 Zhao et al.
2016

LC2-09 24°20.421′N,
97°50.575′E

Granodiorite
porphyry

Pth
(25vol%) + M
c
(15vol%) + Pl
(30vol%) + Qt
z
(15vol%) + Bi
(12vol%) + Hb
l (3vol%)

50.0 ± 0.4 Zhao et al.
2016

LC2-30 24°20.823′N,
97°50.286′E

Mafic enclave Bi
(25vol%) + Hb
l
(20vol%) + Pl
(30vol%) + Kf
(20vol%) + Qt
z (5vol%)

49.8 ± 0.2 Zhao et al.
2016

GY06 25°22.695′N,
98°12.251′E′

Granite Qtz
(25vol%) + Pl
(20vol%) + M
c
(15vol%) + Kf
(25vol%) + Bi
(12vol%) + Hb
l (3vol%)

64.0 ± 1.0 Zhao et al.
2017

GY17 25°21.476′N,
98°13.647E

Granite Qtz
(30vol%) + Pl

65.0 ± 1.0 Zhao et al.
2017

https://link.springer.com/article/10.1007/s00410-021-01843-z#ref-CR88
https://link.springer.com/article/10.1007/s00410-021-01843-z#ref-CR88
https://link.springer.com/article/10.1007/s00410-021-01843-z#ref-CR88
https://link.springer.com/article/10.1007/s00410-021-01843-z#ref-CR89
https://link.springer.com/article/10.1007/s00410-021-01843-z#ref-CR89


(25vol%) + M
c
(20vol%) + Kf
(22vol%) + Bi
(3vol%)

GY46 25°20.715′N,
98°15.840′E

Granite Qtz
(28vol%) + Pl
(35vol%) + M
c
(15vol%) + Kf
(20vol%) + Bi
(2vol%)

64.0 ± 1.0 Zhao et al.
2017

LC28 24°27.855′N,
97°45.040′E

Granodiorite Qtz
(20vol%) + Pl
(30vol%) + M
c
(10vol%) + Kf
(15vol%) + Bi
(7vol%) + Hbl
(8vol%)

64.0 ± 1.0 Zhao et al.
2017

JC01 24°42.09′N,
98°04.58′E

Granite Qtz
(25–30vol%) 
+ Kf
(40–45vol%) 
+ Pl
(10-15vol%) +
 Bi(3-5vol%) +
 Hbl
(1–3vol%)

70.3 ± 0.7 This study

JC31 27°42.13′N,
98°04.52′E

Monzodiorite Hbl
(15–28vol%) 
+ Bi
(5–10vol%) + 
Pl
(40–45vol%) 
+ Kf
(15-25vol%) +
 minor Qtz

71.0 ± 1.0 This study

https://link.springer.com/article/10.1007/s00410-021-01843-z#ref-CR89
https://link.springer.com/article/10.1007/s00410-021-01843-z#ref-CR89


JC71 27°42.17′N,
98°05.20′E

Granite Qtz(35–40vol
%) + Kf
(40-45vol%) +
 Pl
(5vol%) + Bi
(1–3%)

65.4 ± 0.6 This study

JC56 27°44.29′N,
98°01.25′E

Granodiorite Hbl
(~ 5vol%) + Bi
(15–20vol%) 
+ Pl
(30–35vol%) 
+ Kf
(20–25vol%) 
+ Qtz
(10vol%)

55.4 ± 0.6 This study

JC46 27°44.09′N,
98°00.35′E

Granite Qtz
(35–40vol%) 
+ Kf
(40–45vol%) 
+ Pl
(5vol%) + Bi
(1–3vol%)

52.5 ± 0.6 This study

JC86 27°43.32′N,
98°00.31′E

Granite Qtz
(35–40vol%) 
+ Kf
(40–45vol%) 
+ Pl
(5vol%) + Bi
(3–5vol%)

52.4 ± 0.7 This study

Hbl Hornblende, Bi Biotite, Qtz Quartz, Pl Plagioclase, Kf K-feldspar, Ms Muscovite, Mc
Microcline, Pth Perthite
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