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Key Points: 13 

 The Bangda A-type granite and Ruduo syenite were emplaced along the Longmu-14 
Shuanghu Suture zone at ~78 Ma and ~74 Ma, respectively. 15 

 The two intrusions were derived from partial melting of alkali-rich basaltic lower crust 16 
with a minor contribution of mantle melt. 17 

 Late Cretaceous transtension followed the Lhasa-Qiangtang collision in the Eastern 18 
Tibetan Plateau. 19 
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Abstract 21 

The Late Cretaceous is an important geological time interval for the Tibetan Plateau because it 22 
corresponds to the period when the tectonic regime changed from Lhasa-Qiangtang collision to 23 
Indo-Asian assembly. However, the nature of and controls on the change in tectonic regime are 24 
poorly constrained. In this paper, we report results of a study of two intrusions in the Changdu 25 
area of the Eastern Tibetan Plateau. Zircon U-Pb dating shows that both intrusions formed at ca. 26 
77.6~74.3 Ma. The Bangda intrusion has A-type granite affinity and a peraluminous character, 27 
whereas the Ruduo intrusion is a metaluminous syenite. Both intrusions have very similar trace 28 
element compositions, slightly enriched zircon εHf(t) values (-9.3 and -1.7), and EM-2-like Sr-29 
Nd-Pb isotope ratios. These features of the two intrusions indicate that their magmas were 30 
derived from partial melting of an alkali-rich basaltic lower crust and a small proportion of 31 
mantle melt. The occurrence of alkaline intrusions is consistent with Late Cretaceous extension 32 
in the Eastern Tibetan Plateau. Based on the results of this study and previous data, we propose 33 
an intra-plate extensional tectonic model, in which there was NS-NNW directed Late Cretaceous 34 
transtension in the Eastern Tibetan Plateau following the Lhasa-Qiangtang collision. This 35 
extension is interpreted to have been triggered by the Bangong-Nujiang slab break-off at around 36 
110 Ma and driven by the far-field subduction of the Neo-Tethys oceanic crust. 37 

1 Introduction 38 

In the past two decades, stratigraphic, petrological, and geochronological evidence have 39 
accumulated, which indicate that the assembly of the Lhasa and Qiangtang Terranes caused 40 
significant Late Mesozoic crustal thickening, and formation of the Tibetan Plateau prior to the 41 
Indo-Asian collision (e.g., Murphy et al., 1997; Yin & Harrison, 2000; Kapp et al., 2003; Kapp et 42 
al., 2007; Wilson & Fowler, 2011; Tian et al., 2014; Volkmer et al., 2014; Wang et al., 2014b; 43 
Zhao et al., 2017). This has prompted researchers to re-evaluate the contribution of the Indo-44 
Asian collision to the development of the Tibetan Plateau. However, the nature and effects of the 45 
Lhasa and Qiangtang assembly are still hotly debated. Kapp et al. (2005) proposed a hard 46 
collision model, in which the Lhasa terrane was underthrust northward beneath the Qiangtang 47 
terrane during the Early to Mid-Cretaceous, due to flat-slab subduction of Neotethyan oceanic 48 
lithosphere along the Indus-Yarlung Zangbo Suture Zone (IYZSZ). Zhang et al. (2012) 49 
concluded that northward subduction of the Bangong-Nujiang Meso-Tethyan Oceanic crust 50 
beneath the Qiangtang Terrane continued until the two terranes collided in the Late Cretaceous. 51 
In contrast to these hypotheses, Zhu et al. (2016) proposed a divergent double subduction model 52 
and claimed that the Lhasa-Qiangtang collision was a soft collision that began during the Early 53 
Cretaceous (140~130 Ma) and was followed by the Bangong-Nujiang slab break-off and its 54 
sinking during the late Early Cretaceous (120~110 Ma). The models referred to above were 55 
developed based mainly on geological evidence from the western and central part (~80o ̶ 94o E) 56 
(Kapp et al., 2005; Zhang et al., 2012; Zhu et al., 2016) and did not consider the eastern part of 57 
the Tibetan Plateau (~95o  ̶ 105o E), which includes the eastern portion of the Lhasa and 58 
Qiangtang Terranes, the Yidun Arc, and the Songpan-Ganzi Fold Belt. In addition, the models do 59 
not satisfactorily address the issue of the change in the geodynamic regime from Lhasa-60 
Qiangtang collision to Indo-Asia assembly, the nature and controls of which remain a puzzle. 61 

A Cretaceous regional uplift of the Eastern Tibetan Plateau is recorded by Cretaceous 62 
apatite fission-track (AFT) and zircon (U-Th)/He ages of the Triassic intrusions in the 63 
Qiangtang, Yidun, and Songpan-Ganzi Terranes (Figures 1 and 2; e.g., Lai et al., 2007; Wilson 64 
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& Fowler, 2011; Tian et al., 2014; Zhao et al., 2017; Leng et al., 2018). This regional uplift, and 65 
a suite of Cretaceous A-type and adakite-like intrusions (105 ~ 75 Ma) along the north-south 66 
striking Yidun Arc (Figure 1), are variously interpreted to have resulted from collision of the 67 
Yidun and Songpan-Ganzi Terranes (Hou et al., 2003), subduction of the Neo-Tethys oceanic 68 
crust (Reid et al., 2007) and strike-slip pull-apart extension in a late- or post-collisional 69 
environment related to the Lhasa-Qiangtang collision (Wang et al., 2014a; Wang et al., 2014b; 70 
Yang et al., 2016). The main problem in satisfactorily interpreting geological events in the 71 
Eastern Tibetan Plateau is that the nature of and controls on the relative motion of the Lhasa and 72 
Qiangtang terranes and the Yidun Arc have not been well-constrained. However, the poorly 73 
studied Late Cretaceous magmatism of the eastern part of the Qiangtang terrane (between the 74 
Lhasa Terrane and Yidun Arc), which included the emplacement of metaluminous to 75 
peraluminous A-type granites and syenites, helps shed light on this problem. 76 

A-type granites and syenites are widely accepted to reflect lithospheric extension (e.g., 77 
Whalen et al., 1987; Maniar & Piccoli, 1989; Eby, 1992; Bonin, 2007; Frost & Frost, 2011), 78 
however, the genesis of the two kinds of igneous rocks are still controversial. They are typically 79 
alkaline to peralkaline in composition and are considered to be the products of fractional 80 
crystallization from mantle-derived magmas with a crustal component (e.g., Eby et al., 1998; 81 
Bonin, 2007; Frost & Frost, 2011; Laporte et al., 2014; Litvinovsky et al., 2015; Siegel et al., 82 
2018). A small proportion of A-type granites, however, is metaluminous and peraluminous and 83 
interpreted to be derived from partial melting of quartzo-feldspathic meta-igneous or 84 
metasedimentary rocks within the middle crust or lower crust (e.g., Whalen et al., 1987; Patiño 85 
Douce, 1997; Dall'Agnol & de Oliveira, 2007; Thomsen & Schmidt, 2008; Frost & Frost, 2011; 86 
Dai et al., 2017). Some metaluminous and peraluminous A-type-granites, as well as some 87 
metaluminous syenites, are interpreted to have been derived from partial melting of a lower crust 88 
composed of alkali basalt (e.g., Kaszuba & Wendlandt, 2000; Legendre et al., 2005; Litvinovsky 89 
et al., 2015). 90 

The current study is based on two representative acidic intrusions formed in the Late 91 
Cretaceous that were recently described in the Changdu area of the Qiangtang Terrane, Eastern 92 
Tibetan Plateau. Here, we report on the nature, age and origin of these intrusions, and use the 93 
information to contribute new understanding of the Lhasa-Qiangtang collision. A combination of 94 
whole-rock geochemistry, Hf-O and Sr-Nd-Pb isotope geochemistry and zircon U-Pb age 95 
determinations are used to constrain the petrogenesis and timing of the intrusions. From this 96 
information, we make the case that the intrusions were emplaced during Late Cretaceous 97 
transtension related to the Lhasa-Qiangtang collision after the Meso-Tethyan slab had broken 98 
off, and that this was probably due to the far-field effect of the northward subduction of the Neo-99 
Tethys oceanic crust. 100 

2 Regional geology 101 

The Eastern Tibetan Plateau is a complex assemblage of terranes, which broke off the 102 
Gondwanan or Cathaysian paleo-continent. Detrital zircon ages suggest that the Lhasa Terrane 103 
separated from Western Australia and the Western Qiangtang Terrane from the Indian plate, both 104 
of which were part of Gondwana (Zhu et al., 2011a). The Eastern Qiangtang, Yidun Arc 105 
(Zhongza Massif), and Songpan-Ganzi Terranes have a similar basement to the Yangtze Terrane, 106 
which is thought to be part of the Cathaysian paleo-continent (Wang et al., 2013a). 107 
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2.1 Closure of the Paleo-Tethyan Oceans during the Triassic 108 

The terranes in the Eastern Tibetan Plateau are separated by several Paleo-Tethyan suture 109 
zones, namely the Longmu-Shuanghu Suture Zone (LSSZ), the Jinshajiang Suture Zone (JSSZ), 110 
and the Ganzi-Litang Suture Zone (GLSZ). From west to east, these suture zones separate the 111 
Western Qiangtang, Eastern Qiangtang, Yidun Arc, and Songpan-Ganzi Terranes, respectively 112 
(Figures 1a and 1b). Three large arc-type, post-collisional magmatic belts formed along these 113 
three suture zones as a result of the closure of the Longmu-Shuanghu, Jinshajiang, and Ganzi-114 
Litang Paleo-Tethyan Oceans, and the assembly of the terranes during the Late Permian and 115 
Triassic (e.g., Yin & Harrison, 2000; Zhu et al., 2011a; Yang et al., 2014; Peng et al., 2015). 116 
Triassic volcano-sedimentary successions are widely distributed in the Eastern Tibetan Plateau 117 
and consist of flysch and volcanic flows (Yang et al., 2014). 118 

Triassic eclogites are exposed along the LSSZ in the Dingqing-Leiwuqi-Basu area of the 119 
Eastern Tibetan Plateau (Zhang & Tang, 2009), which is thought to be the eastward extension of 120 
the high-pressure to ultra-high-pressure Triassic metamorphic belt that occurs along the LSSZ in 121 
the central Tibetan Plateau (Zhang & Tang, 2009; Pullen & Kapp, 2014). A wide back-arc basin 122 
and large area of volcanic rocks occur in a 500 km north-south zone that follows the strike of the 123 
Yidun Arc. Emplacement of these rocks was triggered by the roll-back of the westward dipping 124 
Ganzi-Litang oceanic slab beneath the Zhongza Massif during the Middle and Late Triassic. 125 
Bimodal volcanic rocks were generated in the Changtai-Daocheng area in the northern Yidun 126 
Arc during the Middle Triassic (~230 Ma; Wang et al., 2013b), indicating that the Arc was in a 127 
phase of extension at this time. 128 

2.2 Jurassic and Cretaceous geological records in the Eastern Tibetan Plateau 129 

2.2.1 Basu-Chayu area of the Lhasa Terrane 130 

The Lhasa Terrane is located between the Himalaya and Qiangtang Terranes, and is 131 
bounded to the north by the Meso-Tethyan Bangong-Nujiang Suture Zone (BNSZ) and to the 132 
south by the Neo-Tethyan Indus-Yarlung Zangbo Suture Zone (IYZSZ) (Figures 1a and 1b). 133 
Paleomagnetic data suggest that the Lhasa Terrane was at the same paleolatitude as the Indian 134 
Plate at ~240 Ma and has been moving northward since then, reaching the same paleolatitude as 135 
the Qiangtang Terrane at ca. ~135 Ma (Song et al., 2017; Figure 2a). 136 

The Jurassic rocks in the region comprise Middle Jurassic limestone, red conglomerate, 137 
and sandstone, and Upper Jurassic sandstone and black shale, which are separated from the 138 
underlying Triassic strata by an angular unconformity. The overlying rocks comprise Lower 139 
Cretaceous sandstone, shale, and andesitic volcanics, which lie beneath a Paleogene molasse and 140 
red beds (Table S1). 141 

Four episodes of felsic igneous activity have been recognized in the Basu-Chayu area 142 
with ages of ~195 Ma, ~153 Ma, 133~110 Ma, and 66~57 Ma (Chiu et al., 2009). Several studies 143 
have suggested that the granitoids representing the two earliest episodes (~195 and ~153 Ma) are 144 
genetically related to Jurassic granitoids in the Northern Plutonic belt of central Tibet (Figure 145 
1b). The latter are interpreted by some researchers to have formed during flat subduction of the 146 
Neo-Tethyan Indus-Yarlung Zangbo Oceanic lithosphere (Chiu et al., 2009) and by others to 147 
record the southward subduction of the Bangong-Nujiang Oceanic slab (Zhu et al., 2011b). There 148 
is a similar debate over the genesis of the Early Cretaceous granitoids (133~110 Ma). Either they 149 
were products of flat northward subduction of the Neo-Tethyan Oceanic crust (Chiu et al., 2009) 150 
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or the southward subduction of the Meso-Tethyan Oceanic crust and subsequent slab break-off 151 
(Zhu et al., 2011b). The 66~57 Ma granitoids are thought to be genetically related to Neo-152 
Tethyan Oceanic slab roll-back (Chung et al., 2005; Chiu et al., 2009). 153 

2.2.2 The Changdu area of the Qiangtang Terrane 154 

The Jurassic sedimentary rocks of the Changdu area consist of Lower Jurassic red 155 
sandstone and siltstone, Middle Jurassic red sandstone and siltstone intercalated with bioclastic 156 
limestone, and Upper Jurassic red sandstone, siltstone, and mudstone. The Cretaceous rocks 157 
comprise red sandstone and conglomerate, which are separated from the Jurassic sedimentary 158 
rocks by an angular unconformity (Table S1). 159 

According to regional geological survey reports, the Jurassic and Early Cretaceous 160 
magmatism is poorly represented in the Changdu area. Several Late Cretaceous syenites and A-161 
type granitic intrusions (77.6~74.3 Ma; this study) are exposed in the Leiwuqi-Zuogong part of 162 
this area along the LSSZ (Figures 1b-1d). There are also Cenozoic alkaline intrusions (~40 Ma), 163 
which were emplaced along strike-slip faults thought to have been triggered by the Indo-Asian 164 
collision (Chung et al., 2005). 165 

2.2.3 The Yidun Arc and Songpan-Ganzi Terrane 166 

In the Yidun Arc, Paleogene molasse and red beds unconformably overlie Triassic flysch, 167 
calcareous rocks and calc-alkaline rhyolitic volcanics. Jurassic and Cretaceous strata were rarely 168 
deposited in the Yidun Arc and only a few Jurassic nonmarine strata and intrusions are observed 169 
(Reid et al., 2007; Wang at al., 2014b; Jackson et al., 2018; Table S1). The latter are thought to 170 
represent postcollisional magmas related to collision of the Yidun and Songpan-Ganzi Terranes 171 
(Qu et al., 2003; Wu et al., 2014). In contrast, during the Cretaceous, large volumes of intrusive 172 
rocks were emplaced along north-south striking faults in the Yidun Arc, i.e., the Dege-173 
Xiangcheng-Geza faults (DXGF). In the northern Yidun Arc, the intrusions are dominantly A-174 
type granites with ages ranging from 105 Ma to 75 Ma. These intrusions have high SiO2 175 
(72.3~76.3 wt.%) and Zr+Nb+Ce+Y (270~442 ppm) contents, a Ga/Al ratio of 2.49~4.24, a 176 
zircon εHf value of −3.9 to 0.0, whole-rock εNd values of −8.40 to −4.96 and variable initial 177 
87Sr/86Sr ratios (0.7032 to 0.7220) (Qu et al., 2002; Reid et al., 2007). According to Qu et al. 178 
(2002), these intrusions resulted from the mixing of metasediment-derived melts with small 179 
proportions of mantle-derived melts. In the southern Yidun Arc, the intrusions have adakite-like 180 
compositions with variable SiO2 contents (65~70 wt.%), variable Sr/Y (22–72), and La/Yb (37–181 
69) ratios, zircon εHf values of −7.9 to −2.3, δ18O values ranging from 5.9 ‰ to 8.4‰, whole-182 
rock εNd values of −8.5 to −5.3 and initial 87Sr/86Sr ratios of 0.7069 to 0.7098 (Wang et al., 183 
2014a; Wang et al., 2014b; Yang et al., 2016). Their ages vary from 87 to 76 Ma (Wang et al., 184 
2014a). Wang et al. (2014b) concluded that these intrusions were derived mainly from partial 185 
melting of a thickened lower crust and to a minor extent the mantle. 186 

The Songpan-Ganzi Terrane is covered by a Triassic flysch that was initially 10-15 km 187 
thick (Table S1). The flysch was strongly folded during the Late Triassic closure of the Paleo-188 
Tethyan Ocean and subsequent collision between the Songpan-Ganzi Terrane and the Yidun Arc. 189 
Two generations of granitoids, namely synorogenic granites (220~190 Ma) and postorgenic 190 
granites (188~153 Ma) are exposed in the terrane (Tian et al., 2014). 191 
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2.3 The intrusions of this study 192 

The Ruduo (Figure 1c) and Bangda (Figure 1d) intrusions investigated in this study are 193 
located in the Western Qiangtang Terrane, along the LSSZ (Figure 1b). The Bangda intrusion is 194 
about 70 km southeast of the Ruduo intrusion (N 30° 40' 10.03", E 97° 08' 22.98") and is 195 
exposed over an area of ~ 6000 m2. It is a biotite granite porphyry composed of 25–35 vol.% K-196 
feldspar, 30–40 vol.% plagioclase, 25–30 vol.% quartz, and 5–10 vol.% biotite (Figures 3a-3c). 197 
Accessory minerals include zircon, apatite, and titanite. The Ruduo intrusion is a small stock 198 
exposed in Ruduo village (N 31° 06' 43.07", E 96° 41' 57.32") and intruded Permian gneissic 199 
granites (Figure 1c). It is a syenite containing 35–45 vol.% K-feldspar, 45–50% vol.% albite, 1–5 200 
vol.% muscovite and 1–5 vol.% carbonate minerals (Figures 3d-3h). The main accessory 201 
minerals are zircon, monazite, apatite, and pyrite. Samples from the two intrusions were 202 
collected along a traverse corresponding to the long axis of the intrusions. 203 

3 Results 204 

Details of the analytical methods and formulae are given in Text S1 and Tables S2–S7 205 
in the supporting information (Keto and Jacobsen, 1987; Wiedenbeck et al., 1995; Todt et al., 206 
1996; Blichert-Toft and Albarède, 1997; Qi et al., 2000; Tanaka et al., 2000; Griffin et al., 2000; 207 
Scherer et al., 2001; Griffin et al., 2002; Ludwig, 2003; Zhang et al., 2006; Liu et al., 2010; Li et 208 
al., 2013; Li et al., 2015; Liu et al., 2017). Results of laser ablation inductively coupled plasma 209 
mass spectrometric (LA-ICP-MS), zircon U-Pb isotopic (geochronological), zircon Hf-O 210 
isotopic, whole-rock major and trace element, and Sr-Nd-Pb isotopic analyses for the samples 211 
are given in Tables S2–S7. 212 

3.1 Zircon U-Pb age 213 

The ages of the Ruduo and Bangda intrusions were determined using zircon crystals 214 
extracted from samples RD15-01 and BD15-07, respectively (Table S2). The zircon crystals 215 
from these samples are euhedral, colorless, and display oscillatory zoning in CL images. No 216 
inherited cores were observed in the crystals from sample BD15-07 but several crystals with 217 
inherited cores were extracted from sample RD15-01 (Figure 4c). 218 

Twenty-seven analyses were conducted on twenty-two zircon crystals from sample 219 
RD15-01 (Table S2). Three crystals with inherited cores yielded Paleoproterozoic ages 220 
(analytical points 24, 25, 33, 34, and 13). The 206Pb/238U model ages for these cores range from 221 
1022 to 1670 Ma, the 207Pb/235U model ages are from 1295 to 1749 Ma, and the 207Pb/206Pb 222 
model ages from 1391 to 1780 Ma (Figure 4c). A further eight analyses of inherited cores 223 
yielded 206Pb/238U model ages varying from 87.8 to 83.8 Ma and 207Pb/235U model ages ranging 224 
from 89.9 to 81.1 Ma (analytical points 4, 6, 12, 17, 26, 29, 32, and 35). The weighted mean age 225 
was 85.5 ± 1.2 Ma (2σ, MSWD = 2.3). The remaining fourteen analytical points, including three 226 
points on the outer parts of crystals that had inherited cores, returned 206Pb/238U model ages from 227 
77.5 to 73.3 Ma. All the model ages are concordant and the weighted mean 206Pb/238U model age 228 
is 74.3 ± 0.8 Ma (2σ, MSWD = 3.8) (Figures 4a and 4b). The zircon crystals with the youngest 229 
206Pb/238U model ages display growth zones indicating that they crystalized from the magma 230 
directly. Their weighted mean age of 74.3 ± 0.8 Ma is interpreted to be the age of the Ruduo 231 
intrusion. 232 

Seventeen analyses of zircon crystals from sample BD15-07 yielded 206Pb/238U model 233 
ages of 81.4 Ma to 73.8 Ma and 207Pb/235U model ages of 83.5 to 75.0 Ma (Table S2). All the 234 
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model ages are concordant and the weighted mean 206Pb/238U model age is 77.6 ± 0.9 Ma (2σ, 235 
MSWD = 5.6) (Figure 4d), which is interpreted to be the age of the Bangda intrusion. 236 

3.2 Zircon O isotope ratios 237 

Twenty-six oxygen isotopic analyses were conducted on zircon crystals from the Ruduo 238 
syenite prior to U-Pb dating (Tables S2 and S3). The δ18O values of the cores of zircon crystals 239 
with Paleoproterozoic ages ranged from 5.9 ‰ to 11.3 ‰. In contrast, the range of δ18O values 240 
for cores (inherited) of zircon crystals with ages ranging from 87.8 to 83.8 Ma is narrower and 241 
overall higher, i.e., from 9.2 ‰ to 12.3 ‰ (Figure 4c; Table S2). The δ18O values of the 242 
analytical points yielding 206Pb/238U model ages from 77.5 to 73.3 Ma vary from 7.8 ‰ to 10.2 243 
‰, and the weight mean value is 9.3 ± 0.3‰ (2σ) (Figure S1). Twenty zircon crystals from the 244 
Bangda granite yielded 18O values ranging from 8.0‰ to 11.9‰ and a weight mean of 9.8 ± 245 
0.3‰ (2σ) (Figure S1). 246 

3.3 Zircon Hf isotopic ratios 247 

Values of εHf(t) and two-stage model ages (TDM2) for sample RD15-01 (Ruduo 248 
intrusion) were calculated assuming an age of crystallization of 74.3 Ma (Table S4). Twenty 249 
zircon crystals without inherited cores yielded εHf(t) values between -7.9 and -1.7, corresponding 250 
to TDM2 model ages of 1.64 to 1.25 Ga (Figure S1). The εHf(t) values and TDM2 ages of sample 251 
BD15-07 were calculated for a crystallization age of 77.6 Ma. Twenty-three zircon crystals 252 
yielded εHf(t) values between -9.3 and -4.4 reflecting TDM2 ages of 1.71 to 1.42 Ga (Figure S1). 253 

3.4 Major and trace elements 254 

The major and trace element compositions of the Ruduo and Bangda intrusions are 255 
listed in Table S5. The Ruduo intrusion has high Na2O (6.83–7.38 wt.%), K2O (4.87–5.50 wt.%), 256 
Na2O+K2O (12.1–12.3 wt.%), Al2O3 (18.6–19.0 wt.%), and Zr+Nb+Ce+Y contents (363–409 257 
ppm) contents, and a high Ga/Al ratio (2.42–2.64). The contents of SiO2 (61.9–63.3 wt.%), CaO 258 
(1.32–1.76 wt.%), Fe2O3

T (1.02–1.54 wt.%) and MgO (0.38–0.55 wt.%) are relatively low. This 259 
composition classifies the Ruduo intrusion as a syenite (Figure 5a). The A/CNK (0.92–0.96), 260 
A/NK (1.09–1.11), and FeOT/(FeOT+MgO) (0.65–0.73) ratios indicates that it is metaluminous, 261 
alkaline, magnesian, and oxidized (Figures 5c and 5d). 262 

The Bangda intrusion is a peraluminous, calc-alkaline, magnesian, and oxidized granite 263 
(A/CNK = 1.08–1.10 and A/NK = 1.31–1.39, and FeOT/(FeOT+MgO) = 0.77–0.80; Figure 5). 264 
The contents of the major element oxides are as follows: SiO2 (69.6–72.6 wt.%), Na2O (2.94–265 
3.00 wt.%), K2O (5.05–5.45 wt.%), and Na2O+K2O (8.04–8.39 wt.%). The Ga/Al ratio (2.98–266 
3.11, >2.6) and Zr+Nb+Ce+Y content (309–448, mostly >350 ppm) are high, which is also the 267 
case for the Ruduo intrusion. The composition of the Bangda intrusion classifies it as an A-type 268 
granite (Figures 5a and 5b). In plots of K2O versus SiO2 and K2O versus Na2O (Figures 5e and 269 
5f), both the Bangda and Ruduo intrusions show potassic (shoshonitic) affinity, however, both 270 
intrusions display low MgO* = MgO/(MgO + FeOT) values (0.20~0.35). 271 

The chondrite-normalized rare earth element (REE) and primitive mantle-normalized 272 
trace element profiles of the Bangda and Ruduo intrusions are remarkably similar. Both 273 
intrusions display highly fractionated REE patterns with La/Yb ratios of 16–28 and negative Eu 274 
anomalies (Eu/Eu* = 0.34–0.48) (Figure 6a), and both show negative Ba, Nb, Sr, P, and Ti 275 
anomalies, and positive Rb and Th anomalies (Figure 6b). The two intrusions have relatively low 276 
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Sr (98.3–174 ppm) and Ba (279–467 ppm) contents. The Ruduo intrusion, however, is much 277 
more enriched in U than the Bangda intrusion. 278 

3.5 Whole-rock Sr, Nd, and Pb isotope ratios 279 

The Sr and Nd isotope ratios of the Bangda and Ruduo intrusions are reported in Table 280 
S6 and the Pb isotope ratios in Table S7. The initial isotopic ratios for the Ruduo and Bangda 281 
intrusions were corrected to 74.3 Ma and 77.6 Ma, respectively. The Bangda intrusion (six 282 
samples) displays a very narrow range of initial 87Sr/86Sr (0.7103–0.7117) ratios. The range of 283 
εNd(t) values is also narrow (-7.5 to -8.0) and is reflected in the narrow range of TDM2 ages of 284 
1.49–1.53 Ga. The Pb isotope ratios are: (206Pb/204Pb)t from 18.610 to 18.881; (207Pb/204Pb) t from 285 
15.686 to15.702 and (208Pb /204Pb)t from 38.952 to 38.970. The Ruduo intrusion (three samples) 286 
has slightly higher initial 87Sr/86Sr ratios (0.7170–0.7177) and εNd(t) values ( -8.6 to -9.0) than the 287 
Bangda intrusion (TDM2 = 1.58–1.61 Ga). The Pb isotope ratios are: (206Pb/204Pb)t from 18.362 to 288 
18.487; (207Pb/204Pb) t from 15.671 to 15.677 and (208Pb /204Pb) t from 38.632 to 38.652. 289 

4 Discussion 290 

4.1 Petrogenesis of the Ruduo syenite and Bangda A-type granite 291 

The results of this study show that the Ruduo syenite and Bangda A-type granite have 292 
remarkably similar REE and trace element profiles (Figures 6a and 6b), and Sr-Nd-Pb-Hf-O 293 
isotopic compositions (Figure 7), suggesting that they were derived from a similar source. As 294 
mentioned earlier three hypotheses have been proposed for the genesis of A-type granite and 295 
syenite magmas: (1) partial melting of mantle followed by fractional crystallization and 296 
assimilation (e.g., Eby et al., 1998; Bonin, 2007; Frost & Frost, 2011; Laporte et al., 2014; 297 
Litvinovsky et al., 2015; Siegel et al., 2018) ; (2) partial melting of quartzo-feldspathic meta-298 
igneous or metasedimentary rocks within middle crust or lower crust or the orogenic zones that 299 
are under high pressure (e.g., Whalen et al., 1987; Patiño Douce, 1997; Dall'Agnol & de 300 
Oliveira, 2007; Thomsen & Schmidt, 2008; Frost & Frost, 2011; Dai et al., 2017); and (3) partial 301 
melting of alkali basalts in the lower crust (e.g., Kaszuba & Wendlandt, 2000; Legendre et al., 302 
2005; Litvinovsky et al., 2015). 303 

The EM-2-like Sr-Nd-Pb isotopic compositions of the Bangda and Ruduo intrusions 304 
suggest that there was a substantial contribution of an EM-2-like component to their magmas 305 
(Figure 7). Although the alkaline and metaluminous Ruduo syenite may have crystallized from a 306 
mantle derived melt that underwent fractional crystallization and assimilation (Laporte et al., 307 
2014; Figure 8), this is very unlikely to have been the case for the peraluminous, calc-alkaline, 308 
and magnesian Bangda A-type granite (Figures 5c and 5d). The reason for this is that A-type 309 
granites generated from mantle-derived melts, even after crustal assimilation, show 310 
alkaline/peralkaline and ferroan affinities (Eby et al., 1998; Bonin, 2007; Frost & Frost, 2011; 311 
Litvinovsky et al., 2015; Siegel et al., 2018). In addition, mantle-derived potassic felsic or 312 
syenitic magmas invariably have high MgO* values (0.47~0.76; e.g., Lu et al., 2013; Condamine 313 
and Médard, 2014; Laporte et al., 2014), i.e., much higher than those of the Bangda and Ruduo 314 
intrusions (MgO* = 0.20~0.35). The positive correlation of CaO, FeOT, and MgO (Figure 8) 315 
with the silica content of the two intrusions, also make an origin for the magmas via fractional 316 
crystallization unlikely. 317 

Wang, X.-S., Williams-Jones, A.E., Bi, X.-W., Hu, R.-Z., Xiao, J.-F., & Huang, M.-L. (2019). 
J. Geophys. Res., Solid Earth 124, 6409–6427.  

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth 

 

Compared to rocks representing the regional upper crust in the Changdu Area, i.e., the 318 
Amdo orthogneiss (Harris et al., 1988; Figure 7c), however, and S-type granites that are also in 319 
the area (Dongdashan) and were derived from Late Triassic metasedimentary rocks [εHf(t) (-18.3 320 
to ~ -8.4) and TDM2

Hf model ages (2.41~1.81 Ga)] (Peng et al., 2015; Figures 6b and 6c), the 321 
Bangda A-type granite and Ruduo syenite have higher zircon εHf(t) values (-9.3 and -1.7), 322 
younger TDM2

Hf model ages (1.71~1.25 Ga) and depleted Sr and Nd isotope values (Figure 7). 323 
These observations indicate that the two intrusions could not have had an origin similar to that of 324 
the Dongdashan granites, which are interpreted to have been derived primarily from partial 325 
melting of old metasedimentary rocks (Peng et al., 2015). In addition, there is no evidence to 326 
suggest that it is possible to generate syenite magmas through partial melting of quartzo-327 
feldspathic metasedimentary or quartzo-feldspathic meta-igneous rocks. In principle, syenites 328 
could be products of high pressure (2.5~5.0 GPa) partial melting of calcareous Fe-bearing rocks 329 
(Thomsen & Schmidt, 2008). However, high pressure partial melting models generate magmas 330 
with high Sr contents (mostly >160 ppm), and high K2O/Na2O (mostly >2; Figure 8) and La/Yb 331 
(mostly > 39) ratios (Thomsen & Schmidt, 2008; Dai et al., 2017), whereas the data presented 332 
above show that the corresponding values for the Bangda and Ruduo intrusions are much lower.  333 

From the geochemical and isotopic data presented above, it is evident that fractional 334 
crystallization of contaminated mantle-derived melts and partial melting of quartzo-feldspathic 335 
meta-igneous or metasedimentary rocks cannot satisfactorily explain the genesis of the two 336 
intrusions. Instead, it is much more likely that they were the products of partial melting of 337 
basaltic lower crust having the isotopic composition of EM-2. 338 

Numerous experimental studies have shown that at high pressure (1.0~3.2 GPa), partial 339 
melting of basaltic rocks will generate melts with Sr contents greater than 400 ppm, and high 340 
Sr/Y ≥ 20 and La/Yb ≥ 20 ratios, i.e., melts of adakitic affinity, because of increases in the 341 
proportions of residual pyroxene, and garnet with  increasing pressure (e.g., Rapp et al., 1991; 342 
Wolf and Wyllie, 1994; Rapp and Watson, 1995; Winther, 1996; Xiao & Clemens, 2007; Qian 343 
and Hermann, 2013). However, the Bangda and Ruduo intrusions have similar negative Eu*/Eu 344 
values, low Sr (98.3 –174 ppm) and Ba (279 – 467 ppm) contents, and low La/Yb (16 – 28) and 345 
Sr/Y (4.4 – 7.6) ratios. This is indicative of partial melting in a lower crust of normal thickness 346 
(20~30 km), in which plagioclase is a dominant mineral (Stern, 2002). Indeed, partial melting 347 
experiments conducted on low K basaltic rocks (e.g., tholeiites, and amphibolite) commonly 348 
generate low to moderately potassic or sodic magmas (Figure 5e; e.g., Rapp et al., 1991; Wolf 349 
and Wyllie, 1994; Rapp and Watson, 1995; Winther, 1996; Xiao & Clemens, 2007; Qian and 350 
Hermann, 2013), whereas partial melting of high K basaltic rocks (e.g.  alkali basalts, 351 
hornblende-biotite gabbro, and shoshonite) produce shoshonitic or syenitic magmas (Figure 5e; 352 
e.g., Rapp and Watson, 1995; Kaszuba & Wendlandt, 2000; Sisson et al., 2005; Xiao & 353 
Clemens, 2007). The two intrusions considered in this study display shoshonitic affinities 354 
(Figures 5e and 5f), which suggests a high K basaltic source. Therefore, it seems reasonable that 355 
the Bangda and Ruduo intrusions were derived from a high K basaltic source within the lower 356 
crust. Significantly, Sisson et al., (2005) showed experimentally that partial melting (17~22 wt.% 357 
melt) of a high potassium basalt (SiO2 = ~51 wt.%) at 0.7 GPa, high fO2 (MnO-Mn3O4), and 358 
850~900 oC will generate a magma compositionally very similar to the Bangda granite (Figure 359 
8). Furthermore, the low FeOT/(FeOT+MgO) (0.77~0.80, <0.88) ratio of the Bangda granite is 360 
indicative of an oxidized source (Dall'Agnol & de Oliveira, 2007). We therefore propose that the 361 
Bangda granite was derived from partial (hydration) melting of an oxidized high K basaltic lower 362 
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crust containing plagioclase, amphibole, biotite, apatite, and titanomagnetite (Sisson et al., 2005). 363 
This hypothesis satisfactorily explains the trace element profile of the Bangda granite, which 364 
displays moderately negative Eu, Sr, Ba, P, and Ti anomalies.  365 

Although partial melting of a high K basaltic lower crust satisfactorily explains the 366 
genesis of the Bangda magma, such a source could not have produced the Ruduo syenite, which 367 
is characterized by high Na2O and Al2O3 contents, and relatively low SiO2, CaO, Fe2O3

T and 368 
MgO contents (see above). Based on the partial melting experiments (0.7 GPa) of Sisson et al. 369 
(2005) that involved a basaltic source rock, a relatively high-degree of partial melting (~31 wt.% 370 
melt) would have been needed to generate melts with the silica and alumina content of the Ruduo 371 
syenite (SiO2: 61.9–63.3 wt.% and Al2O3:18.6–19.0 wt.%). A high-degree of partial melting, 372 
however, would greatly increase the FeO, MgO and CaO contents, and reduce the Na2O+K2O 373 
content of the magma, which are much higher and lower, respectively, than those observed 374 
(Figure 8; Sisson et al., 2005). Xiao and Clemens, (2007) suggested that high pressure (1.5~2.5 375 
GPa) partial melting of shoshonite could generate syenitic melts, but, as discussed above, this is 376 
inconsistent with the low Sr/Y and La/Yb ratios of the Ruduo intrusion. Partial melting of a more 377 
mafic source (SiO2 = ~45 wt.%) at slightly higher temperature (~1050 oC) and pressure (0.7~1.0 378 
GPa), corresponding to that at the base of the continental crust (20 – 30 km) would increase the 379 
Na2O, K2O and Al2O3 content of the magma (Figure 8; Kaszuba & Wendlandt, 2000; Condamine 380 
and Médard, 2014; Laporte et al., 2014). 381 

Interestingly, the results of experiments of Kaszuba and Wendlandt (2000) suggest that 382 
dehydration melting of alkali basalts altered by volatiles (H2O+CO2) at 1025 oC, 0.7 and 1.0 GPa 383 
could generate syenitic magmas of the type that formed the Ruduo syenite (Figure 8). In these 384 
experiments, trachyandesitic and trachytic melts were in equilibrium with olivine, clinopyroxene, 385 
amphibole, phlogopite, titaniferous magnetite, and plagioclase. If this was the case for the source 386 
region of the magma that generated the Ruduo syenite, it could explain the low Fe, Mg, and Ca 387 
contents and anomalously negative Ba, Ti, Sr, and Eu concentrations of the Ruduo syenite. 388 
Significantly, the Ruduo syenite contains about 1~5% carbonate, which indicates that the magma 389 
that crystallized the Ruduo syenite was enriched in CO2. In addition, we note that the Ruduo 390 
syenite displays a slightly depleted Hf isotopic composition, younger TDM2

Hf model ages, and 391 
lower δ18O values than the Bangda A-type granite (Figure S1; 7a; 7b). This probably indicates 392 
that there was a minor contribution to its source from mantle derived melts. 393 

Given their relatively depleted isotopic compositions and their Proterozoic TDM2
Hf 394 

model ages (1.71~1.25 Ga) and inherited zircon ages (1.78 – 1.39 Ga and ~85 Ma), two types of 395 
mafic lower crust are plausible source rocks for the magmas that generated the Bangda and 396 
Ruduo intrusions, namely a late Paleo- to Meso-Proterozoic basaltic lower crust, and a newly 397 
underplated basaltic lower crust originating from an EM-2-like mantle. On the basis of 398 
petrogenetic studies of the igneous rocks in the Western Qiangtang terrane and northwest India, 399 
it is possible that a late Paleo- and Meso-Proterozoic (~1.82 Ga to ~1.2 Ga) basaltic lower crust 400 
probably developed under the Changdu area during the assembly or breakup of the Columbia 401 
supercontinent (Zhu et al., 2011a). However, it is difficult to envisage such a lower crust melting, 402 
if the crust was of normal thickness (20~30 km) as the corresponding temperature would only 403 
have been 400–500 °C (Stern, 2002). Partial melting of a Proterozoic mafic lower crust needs 404 
sufficient heat or additional water. In contrast to a Proterozoic lower crust, a hot newly 405 
underplated basaltic lower crust could easily be melted (Huppert and Sparks, 1988). However, 406 
we do not preclude the possibility of a Proterozoic mafic lower crust. 407 

Wang, X.-S., Williams-Jones, A.E., Bi, X.-W., Hu, R.-Z., Xiao, J.-F., & Huang, M.-L. (2019). 
J. Geophys. Res., Solid Earth 124, 6409–6427.  

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth 

 

In short, the Bangda A-type granite and Ruduo syenite were both derived by partial 408 
melting of an alkali basaltic lower crust. The crust responsible for generating the Ruduo syenite 409 
magma, however, was more mafic and had been altered by the influx of CO2 and H2O and with a 410 
minor contribution of mantle derived melts. We, therefore, propose a genetic model for the 411 
Bangda A-type granite and Ruduo syenite in which, 1) a Late Cretaceous tectonic event triggered 412 
partial melting of enriched subcontinental lithospheric mantle and underplating of basaltic 413 
magmas and, 2) partial melting of heterogenous alkali lower crust at ca. 77.6~74.3 Ma generated 414 
the two intrusions. Given that the genesis of alkaline igneous rocks, including syenite and A-type 415 
granite, is facilitated by an extensional tectonic setting (Whalen et al., 1987; Maniar & Piccoli, 416 
1989; Eby, 1992; Bonin, 2007; Frost & Frost, 2011), we further propose that the ca. 77.6~74.3 417 
Ma emplacement of the Bangda and Ruduo intrusions was the result of Late Cretaceous intra-418 
plate extension. 419 

4.2 The assembly of the Lhasa and Qiangtang Terranes in the Eastern Tibetan Plateau 420 

Northward and divergent double subduction models have been proposed to explain the 421 
assembly of the Lhasa and Qiangtang Terranes, based on studies of the Central Tibetan Plateau 422 
(Kapp et al., 2005; Zhang et al., 2012; Zhu et al., 2016). Jurassic and Early Cretaceous igneous 423 
rocks, however, are rarely observed in the Changdu area (location of the Bangda and Ruduo 424 
intrusions) of the Qiangtang Terrane and Yidun Arc/Songpan-Ganzi Terrane. On the other hand, 425 
they are common in the Basu-Chayu area of the Lhasa Terrane. This differs considerably from 426 
the situation in the central Tibetan Plateau, where large volumes of Jurassic and Early 427 
Cretaceous subduction-related magmas are distributed on both sides of the Bangong-Nujiang 428 
Suture Zone (Zhang et al., 2012; Zhu et al., 2016 and references therein). In addition, the 429 
sedimentary rocks in the Changdu area evolved from shallow marine sediments in the Middle 430 
Jurassic to red beds and conglomerates in the Cretaceous (Table S1), indicating that the Changdu 431 
area evolved from a Jurassic littoral zone to a Cretaceous foreland basin. Flysch and volcano-432 
sedimentary successions of Middle Jurassic and Cretaceous age are conspicuous by their absence 433 
in the Changdu area of the Qiangtang Terrane. By contrast, in the Basu-Chayu area of the Lhasa 434 
Terrane, there was a change from shallow marine sediments in the Middle Jurassic to volcano-435 
sedimentary successions in the Late Cretaceous (Table S1). This indicates that, whereas the 436 
Changdu area was located along a passive continental margin, the Basu-Chayu area was located 437 
on an active continental margin, and the Bangong-Nujiang Meso-Tethyan Oceanic crust only 438 
underwent southward subduction beneath the Lhasa Terrane from the Middle Jurassic to Early 439 
Cretaceous. 440 

Paleomagnetic studies indicate that the Lhasa Terrane reached a similar paleolatitude to 441 
the Qiangtang Terrane at around 135 Ma (Song et al., 2017; Figure 2a), suggesting strongly that 442 
the initial collision of the two terranes probably occurred at ~135 Ma. Magmatism in the Basu-443 
Chayu and Tengchong-Lianghe areas, however, was most intense between ~135 and 110 Ma 444 
(Figure 1b; Chiu et al., 2009; Xu et al., 2012; Xie et al., 2016). This is similar to the case for the 445 
Lhasa and Qiangtang terranes along the BNSZ in central Tibet. The occurrence of magmatism 446 
along the BNSZ almost 25 Ma after the initial collision has been explained by soft collision, 447 
which was triggered by the slab roll-back and break-off of the southward subducting Bangong-448 
Nujiang Oceanic slab and associated shortening of the upper crust (Zhu et al., 2011b; Zhu et al., 449 
2016). 450 

4.3 Late Cretaceous transtension in the Eastern Tibetan Plateau 451 
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As mentioned in the description of the regional geology, large volumes of Late 452 
Cretaceous (105~75 Ma) granite were emplaced along the north-south strike (DXGF) of the 453 
Yidun Arc (Wang et al., 2014a; Wang et al., 2014b). In addition, a slow Cretaceous regional 454 
cooling and uplift (20–45 m/Myr) is recorded by the zircon (U-Th)/He (ZHe) and apatite fission 455 
track (AFT) ages of the pre-Cretaceous igneous and sedimentary rocks of the Eastern Tibetan 456 
Plateau (Figures 1b and 2b; e.g., Lai et al., 2007; Wilson & Fowler, 2011; Tian et al., 2014; Zhao 457 
et al., 2017; Leng et al., 2018). This regional uplift event is also reflected by a reduction in the 458 
proportion of red beds during the Cretaceous (Figure 1b and Table S1). Recently, Liu-Zeng et al. 459 
(2018) reported a moderate to high exhumation rate (70–300 m/Myr) for the mid- to late-460 
Cretaceous (120–80Ma) in the Deqin-Weixi area of the eastern part of the Qiangtang Terrene 461 
(Figure 1b). 462 

These regional events indicate that the Eastern Tibetan Plateau was controlled by the 463 
same geodynamic regime during the Late Cretaceous. However, the nature of the geodynamic 464 
regime is vigorously debated and still poorly constrained, despite its importance in marking a 465 
change from collision (Lhasa-Qiangtang) to assembly (Indo-Asian). Three models have been 466 
proposed to explain the Late Cretaceous tectonic events in the Eastern Tibetan Plateau: (1) post-467 
orogenic extension after the collision of the Yidun Arc with the Songpan-Ganzi Terrane (Hou et 468 
al., 2003); (2) northward subduction of the Neo-Tethyan Oceanic slab (Reid et al., 2007); (3) 469 
intra-plate extension in a post-collisional environment related to the Lhasa-Qiangtang collision 470 
(Wang et al., 2014a; Wang et al., 2014b; Yang et al., 2016). 471 

Several occurrences of intra-plate igneous rocks and evidence of regional uplift in the 472 
Yidun Arc and Songpan-Ganzi Terrane during the Early Jurassic suggest strongly that the post-473 
orogenic extension of the two terranes took place during the Jurassic (Wang et al., 2014b). The 474 
driver of Late Cretaceous extension is more poorly understood. Subduction of the Neo-Tethyan 475 
Oceanic slab cannot explain why igneous activity in the Eastern Tibetan Plateau was intense 476 
during the Late Cretaceous but occurred rarely during the Jurassic and Early Cretaceous. This is 477 
because numerous studies have shown that the Neo-Tethyan Oceanic slab subducted northward 478 
beneath the Lhasa Terrane from ~190 Ma until ~60 Ma (Chu et al., 2006; Chiu et al., 2009; 479 
Zhang et al., 2012). The occurrence of Late Cretaceous magmatism in the Eastern Tibetan 480 
Plateau indicates that the geodynamic setting of this region changed suddenly at the end of the 481 
Early Cretaceous. The model of intra-plate extension in a post-collisional environment related to 482 
the Lhasa-Qiangtang collision proposed by Wang et al. (2014a & 2014b) also fails to explain this 483 
rapid change in the regional geodynamic regime. In addition, none of the models referred to 484 
above discussed the petrogenesis of the Late Cretaceous intrusions in the eastern Qiangtang 485 
Terrane (Changdu area), even though this would have provided important insights into the Late 486 
Cretaceous tectonic evolution of the Eastern Tibetan Plateau. 487 

The fact that the Ruduo syenite and Bangda A-type granite intrusions were emplaced in 488 
the eastern Qiangtang terrane along the LSSZ at ~ 76 Ma provides clear evidence of an intra-489 
plate extensional tectonic setting at this time. Furthermore, ages of 87.8 ~83.8 Ma from inherited 490 
zircon crystals in the Ruduo syenite indicate that the onset of magmatism in the area was earlier 491 
and thus the change to an extensional environment also occurred earlier, probably at ~87.8 Ma. 492 
Contemporaneously, with the emplacement of the Ruduo syenite and the Bangda granite and 493 
other intrusions along the LSSZ, large volumes of intra-plate 105~75 Ma A-type and adakite-like 494 
intrusions were emplaced along the north-south strike (DXGF) of the Yidun Arc. As mentioned 495 
above, the Yidun Arc was associated with a wide Triassic back-arc basin and bimodal volcanism 496 
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(which was controlled by NS or NNW strike-slip faults). This indicates that the Yidun Arc 497 
experienced strong extension during the Triassic. These zones of weakness (e.g., Paleo-Tethyan 498 
Ocean Suture zones) are favorable for the development of late faults and could be established 499 
from the ages of syn-tectonic metamorphic or igneous rocks (Tian et al., 2014). The fact that two 500 
Late Cretaceous igneous belts developed along strike-slip faults is evidence of intense relative 501 
motion between two different pairs of terranes in the Eastern Tibetan Plateau and supports the 502 
idea that there was a transtension between the Lhasa and Qiangtang Terranes during the Late 503 
Cretaceous. 504 

Given that large volumes of igneous rocks were emplaced in the Basu-Chayu and West 505 
Yunnan Area between 130 Ma and 110 Ma, as a result of the Bangong-Nujiang Oceanic slab 506 
roll-back and break-off (Xie et al., 2016; Zhu et al., 2016), we infer that this event probably 507 
marked an important change in the regional geodynamic regime of the Eastern Tibetan Plateau. 508 
Before the slab break-off, there was a cushion between the Lhasa and Qiangtang Terranes, which 509 
was able to absorb the pressure from the northward-moving Lhasa Terrane through upper crustal 510 
shortening, allowing for a soft Early Cretaceous collision (Zhu et al., 2016). The subduction of 511 
the Neo-Tethys oceanic crust probably drove the Lhasa Terrane northward during Cretaceous, 512 
which is reflected by the northward motion of the Tibetan Himalayan and Indian plates (Lippert 513 
et al., 2014; Song et al., 2017; Figure 2a). After the Bangong-Nujiang Tethyan slab break-off, 514 
however, this cushion was lost. Thus, in order to absorb the pressure from the Lhasa Terrane, the 515 
other terranes in the Eastern Tibetan Plateau moved relative to each other. Just as the Indo-Asian 516 
collision triggered reactivation of the Paleo-Tethyan Suture zone, so intra-plate transtension 517 
dominated the Eastern Tibetan Plateau between 105~74 Ma and in the process reactivated the 518 
LSSZ and DXGF (Figure 9). 519 

5 Conclusions 520 

(1) The Bangda A-type granite and Ruduo syenite were emplaced along the Longmu-521 
Shuanghu Suture zone at ~78 Ma and ~74 Ma, respectively. 522 

(2) The Bangda magma originated through partial melting of a high-K basaltic layer in 523 
the lower crust. The Ruduo syenite magma formed by partial melting of the same layer but owes 524 
its composition to the fact that the layer was more mafic than below the Bangda intrusion and 525 
was altered by H2O and CO2. The composition of the magma was also affected by a minor 526 
contribution of mantle derived melt. 527 

(3) A postcollisional Late Cretaceous transtensional tectonic model is proposed for the 528 
Lhasa-Qiangtang collision in the Eastern Tibetan Plateau, based on the evidence of this study for 529 
alkaline magmatism along the LSSZ at between ~78 and 74 Ma and A-type and adakite-like 530 
intrusions along the axis of the Yidun Arc between 105~75 Ma. 531 
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Figure captions 802 

Figure 1. (a) A regional geological map showing terranes and Mesozoic granitoids of the Tibetan Plateau (Wang et 803 
al., 2014b), and simplified geological maps of (b) the Eastern Tibetan Plateau, including the eastern portion of the 804 
Lhasa and Qiangtang terranes, the Yidun Arc and the western portion of the Songpan-Ganzi Terrane,  (c) the Ruduo 805 
region and (d) the Bangda region (modified from a public geological map of the Tibetan Bureau of the Geological 806 
Survey). Abbreviations: JSSZ=Jinshajiang Suture Zone; GLSZ=Ganzi-Litang Suture Zone; BNSZ=Bangong-807 
Nujiang Suture Zone; YZSZ= Yarlung-Zangbo Suture Zone; DGXF=Dege-Xiangcheng-Geza Faults; YA=Yidun 808 
Arc (or Yidun Arc); SM=Simao Terrane; ZL=Zhalong intrusion; GG=Gaogong intrusion; QS=Queershan intrusion; 809 
LL=Lianlong intrusion; CML=Cuomolong intrusion; RLL=Ruoluolong intrusion; RYC=Rongyicuo intrusion; 810 
GN=Genie; HGL=Hagela (or Haizi); ZJD=Zhujiding intrusion; YGN=Yigongnuo intrusion; HS=Hongshan 811 
intrusion; TCG=Tongchanggou intrusion. The geochronological data are from Qu et al. (2002), Lai et al. (2007), 812 
Chiu et al. (2009), Wang et al. (2014b), and Liu-Zeng et al. (2018). 813 
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Figure 2. (a) A paleolatitude versus time plot showing paleomagnetic data for the northern Qiangtang, Lhasa, and 814 
Tethyan Himalaya blocks of the Tibetan Plateau. The Eurasian and Gondwanan-Indian paleolatitudes are from 815 
Torsvik et al. (2012) and were calculated to the reference location: 34.1° N, 92.4° E. The paleolatitude lines of the 816 
Northern Qiangtang, Lhasa, and Tibetan Himalaya Terranes are from Song et al. (2017) and the reference location is 817 
34.1° N and 92.4° E. The timing of the Meso- and Neo-Tethys subduction and the Lhasa-Qiangtang and Indo-Asian 818 
terrane collisions (the color bar on the top of the diagram) are based on the motions of the terranes and refer to the 819 
review of (Zhu et al., 2013). (b) Thermochronological data for intrusions and sedimentary rocks from the Central 820 
and Eastern Tibetan Plateau. Abbreviations: LQ collision = Lhasa-Qiangtang collision; I-A C = Indo-Asia collision; 821 
AFT ages = apatite fission-track ages; AHe ages = apatite (U-Th)/He ages; ZHe ages = zircon (U-Th)/He ages. The 822 
thermochronological data are from Lai et al. (2007), Wilson and Fowler (2011), Dai et al. (2013), Rohrmann et al. 823 
(2012), Tian et al. (2014), Zhao et al. (2017), and Liu-Zeng et al. (2018). 824 

Figure 3. Outcrop photographs and photomicrographs of the Ruduo and Bangda intrusions. (a) an outcrop of the 825 
Bangda granite; (b) and (c) cross-polarized light images of the Bangda granite; (d) and (e) outcrops of the Ruduo 826 
syenite; (f) and (h) cross-polarized light images of the Ruduo syenite; (g) backscattered electron images of the 827 
Ruduo syenite. Abbreviations of minerals: Kf – K-feldspar, Pl – plagioclase, Ab – plagioclase, Bi – biotite, Qtz – 828 
quartz, Ap – apatite, Moz – Monazite, Mus – Muscovite, Ca – Carbonate [Ca0.5(Mg,Fe,Mn)0.5CO3], and Zr – Zircon. 829 

Figure 4. Zircon U-Pb concordia diagrams for (a) and (b) sample RD15-01 from the Ruduo syenite, and (d) sample 830 
BD15-07 from the Bangda granite. The petrography and locations of the samples are presented in Table S5. (c) 831 
cathodoluminescence (CL) images of representative inherited and captured zircon crystals analyzed in situ for their 832 
O and U-Pb isotopes. The small ellipses indicate the spots for SIMS analysis of O isotopes, and the large circles the 833 
spots for LA-ICPMS analysis of U-Pb isotopes. The numbers in the circles refer to the analysis number. The U-Pb 834 
ages and O isotope ratios corresponding to the analysis numbers are reported below the CL images. 835 

Figure 5. (a) A total alkali versus SiO2 classification diagram showing the compositions of the Bangda and Ruduo 836 
intrusions (Middlemost, 1994); (b) A total alkali versus 10000 Ga/Al diagram confirming the classification of both 837 
intrusions as A-type (Whalen et al., 1987); (c) A FeOT/(FeOT+MgO) versus SiO2 diagram illustrating the magnesian 838 
nature of the Bangda and Ruduo intrusions (Frost & Frost, 2011); (d) A Al2O3/(Na2O + K2O) versus 839 
Al2O3/(CaO+Na2O+K2O) diagram illustrating the alkaline and metaluminous nature of the Ruduo intrusion and the 840 
peraluminous nature of the Bangda intrusion; (e) a plot of K2O versus SiO2 showing that the Ruduo intrusion is 841 
shoshonitic and the Bangda intrusion is transitional between high K calc-alkaline and shoshonitic (Rickwood, 1989); 842 
and (f) a plot of  K2O versus Na2O classifying both the Ruduo and Bangda intrusions as shoshonitic. The fields of 843 
metaluminous, peraluminous, and peralkaline in (d) were taken from Maniar and Piccoli (1989), and the dashed line 844 
separating calc-alkaline from alkaline rocks was taken from Whalen et al. (1987).  845 

Figure 6. (a) Chondrite-normalized rare earth element (REE); and (b) primitive mantle-normalized trace element 846 
diagrams for the Ruduo and Bangda intrusions. The chondrite and primitive mantle values are from Sun and 847 
McDonough (1989). 848 

Figure 7. (a) A δ18O versus εHf(t) diagram; (b) An age-εHf(t) diagram; (c) A εNd(t) and (87Sr/86Sr)i diagram; and (d) A 849 
(207Pb/204Pb)t versus (206Pb/204Pb)t diagram showing the composition of the Bangda and Ruduo intrusions. The 850 
mantle field is from Valley et al. (2005). The data for the Dongdashan S-type granites in the Southern Qiangtang 851 
Terrane, Eastern Tibetan Plateau are from Peng et al. (2015). The field of Bangong MORB is from Bao et al. (2007), 852 
that of subducting sediments globally is from Plank and Langmuir (1998), the data for the Amdo orthogneiss are 853 
from Harris et al. (1988) and the data for the Dongdashan S-type granites are from Peng et al. (2015).  The fields of 854 
PM (primitive mantle), EM-2, global pelagic sediments, Pacific MORB, and Tethyan basalts are from Fan et al. 855 
(2010). 856 

Figure 8. Chemical variation diagrams for the Ruduo and Bangda intrusions. The data for the partial melting 857 
experiment starting material and resulting glasses are from Kaszuba and Wendlandt (2000), Sisson et al. (2005), 858 
Thomsen and Schmidt (2008) and Laporte et al. (2014). 859 

Figure 9. A model for Late Cretaceous transtension in the Eastern Tibetan Plateau. Not to scale. For an explanation 860 
of this model see sections 4.2 and 4.3. Abbreviations: LS = Lhasa Terrane; WQT = Western Qiangtang Terrane; 861 
EST = Eastern Qiangtang Terrane; YA = Yidun Arc; SG = Songpan-Ganzi Terrane. 862 

Wang, X.-S., Williams-Jones, A.E., Bi, X.-W., Hu, R.-Z., Xiao, J.-F., & Huang, M.-L. (2019). 
J. Geophys. Res., Solid Earth 124, 6409–6427.  

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0



Wang, X.-S., Williams-Jones, A.E., Bi, X.-W., Hu, R.-Z., Xiao, J.-F., & Huang, M.-L. (2019). 
J. Geophys. Res., Solid Earth 124, 6409–6427.  

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0



Wang, X.-S., Williams-Jones, A.E., Bi, X.-W., Hu, R.-Z., Xiao, J.-F., & Huang, M.-L. (2019). 
J. Geophys. Res., Solid Earth 124, 6409–6427.  

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0



Wang, X.-S., Williams-Jones, A.E., Bi, X.-W., Hu, R.-Z., Xiao, J.-F., & Huang, M.-L. (2019). 
J. Geophys. Res., Solid Earth 124, 6409–6427.  

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0



Wang, X.-S., Williams-Jones, A.E., Bi, X.-W., Hu, R.-Z., Xiao, J.-F., & Huang, M.-L. (2019). 
J. Geophys. Res., Solid Earth 124, 6409–6427.  

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0



Wang, X.-S., Williams-Jones, A.E., Bi, X.-W., Hu, R.-Z., Xiao, J.-F., & Huang, M.-L. (2019). 
J. Geophys. Res., Solid Earth 124, 6409–6427.  

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0



Wang, X.-S., Williams-Jones, A.E., Bi, X.-W., Hu, R.-Z., Xiao, J.-F., & Huang, M.-L. (2019). 
J. Geophys. Res., Solid Earth 124, 6409–6427.  

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0



Wang, X.-S., Williams-Jones, A.E., Bi, X.-W., Hu, R.-Z., Xiao, J.-F., & Huang, M.-L. (2019). 
J. Geophys. Res., Solid Earth 124, 6409–6427.  

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0



Wang, X.-S., Williams-Jones, A.E., Bi, X.-W., Hu, R.-Z., Xiao, J.-F., & Huang, M.-L. (2019). 
J. Geophys. Res., Solid Earth 124, 6409–6427.  

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0



Wang, X.-S., Williams-Jones, A.E., Bi, X.-W., Hu, R.-Z., Xiao, J.-F., & Huang, M.-L. (2019). 
J. Geophys. Res., Solid Earth 124, 6409–6427.  

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0



Wang, X.-S., Williams-Jones, A.E., Bi, X.-W., Hu, R.-Z., Xiao, J.-F., & Huang, M.-L. (2019). 
J. Geophys. Res., Solid Earth 124, 6409–6427.  

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0



Wang, X.-S., Williams-Jones, A.E., Bi, X.-W., Hu, R.-Z., Xiao, J.-F., & Huang, M.-L. (2019). 
J. Geophys. Res., Solid Earth 124, 6409–6427.  

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0



Wang, X.-S., Williams-Jones, A.E., Bi, X.-W., Hu, R.-Z., Xiao, J.-F., & Huang, M.-L. (2019). 
J. Geophys. Res., Solid Earth 124, 6409–6427.  

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0



Wang, X.-S., Williams-Jones, A.E., Bi, X.-W., Hu, R.-Z., Xiao, J.-F., & Huang, M.-L. (2019). 
J. Geophys. Res., Solid Earth 124, 6409–6427.  

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0



Wang, X.-S., Williams-Jones, A.E., Bi, X.-W., Hu, R.-Z., Xiao, J.-F., & Huang, M.-L. (2019). 
J. Geophys. Res., Solid Earth 124, 6409–6427.  

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0



Wang, X.-S., Williams-Jones, A.E., Bi, X.-W., Hu, R.-Z., Xiao, J.-F., & Huang, M.-L. (2019). 
J. Geophys. Res., Solid Earth 124, 6409–6427.  

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0



Wang, X.-S., Williams-Jones, A.E., Bi, X.-W., Hu, R.-Z., Xiao, J.-F., & Huang, M.-L. (2019). 
J. Geophys. Res., Solid Earth 124, 6409–6427.  

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0



Wang, X.-S., Williams-Jones, A.E., Bi, X.-W., Hu, R.-Z., Xiao, J.-F., & Huang, M.-L. (2019). 
J. Geophys. Res., Solid Earth 124, 6409–6427.  

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0



Wang, X.-S., Williams-Jones, A.E., Bi, X.-W., Hu, R.-Z., Xiao, J.-F., & Huang, M.-L. (2019). 
J. Geophys. Res., Solid Earth 124, 6409–6427.  

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0




