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Early Eocene A-type (ferroan) rhyolites in southwestern Tibet: A far-field tectonic 
effect of the India–Eurasia collision
Chenwei Li a, Zhijun Lia, Min Zengb and Robert J. Sternc

aCollege of Earth Sciences, Chengdu University of Technology, Chengdu, 610059, China; bSchool of Earth Sciences, Yunnan University, 
Kunming, 650500, China; cGeosciences Department, University of Texas at Dallas, Richardson, TX 75080, USA

ABSTRACT
Eocene igneous rocks along the Gangdese belt in southern Tibetan Plateau are important for 
understanding the India–Eurasia collision and Tibetan Plateau uplift. These magmatic rocks are 
widely considered to be related to roll-back or break-off of the Neotethyan slab during northward 
subduction. However, Eocene rhyolites in the northwestern Gangdese belt (SW Qiangtang margin) 
do not fit either the rollback or breakoff models. This paper investigates these Early Eocene lavas 
and compares them with contemporaneous igneous rocks along the Gangdese belt via detailed 
field observations, petrology, zircon geochronology, zircon Lu–Hf isotopes and whole-rock geo-
chemistry. These felsic lavas form large outcrops in western Tibet and have two zircon U–Pb ages of 
54.71 ± 0.14 Ma and 54.74 ± 0.27 Ma. They have high SiO2 and alkali contents, FeO*/MgO, and Ga/ 
Al ratios as well as strongly negative Eu anomalies and slightly positive zircon εHf(t) values (+2.5 to 
+4.4). Both Ti-in-zircon and Zr saturation thermometers confirm high magmatic temperatures 
(~900°C). They are ferroan, A-type rhyolites. Furthermore, the distinctive low εHf(t) values imply 
that these rhyolites are likely partial melting products of the southwestern Qiangtang Terrane. The 
lithosphere in this region undergone long-term shortening and thickening since 80–95 Ma. Pre- 
thickened lithosphere may be a prerequisite for the Early Eocene delamination, and the simulta-
neous inducement is a far-field tectonic effect from the India–Eurasia collision. We suggest that: (1) 
India collided with Eurasia before 55 Ma and triggered delamination to form the Shiquanhe A-type 
rhyolites on the southwestern Qiangtang margin thereafter; and (2) tectonic stresses related to 
India–Eurasia collision during the Eocene were transmitted efficiently over large distances.
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1. Introduction

Widespread Eocene igneous rocks across the Tibetan 
Plateau exhibit systematic variations in space and time 
that are probably related to both northward Neotethys 
subduction and India–Eurasia collision (Figure 1B; Table 
S1; Ji et al. 2012; Lee et al. 2009; Wang et al. 2010; Wang 
et al. 2015). Studies increasingly suggest that these mag-
matic contributions are also important for Tibetan 

Plateau crustal thickening and uplift (Mo et al. 2007; 
Lee et al. 2009; Wang et al. 2010, 2014a, 2015; Dokuz  
2011; Ji et al. 2012). Eocene magmatism is important for 
deciphering the tectonic history of the Tibetan Plateau, 
which produced a series of magmatic rocks consisting of 
the Linzizong volcanic succession (LZVs) along the 
Gangdese belt and Eocene adakitic rocks (EARs) of the 
Qiangtang Terrane (Figure 1B; Chapman et al. 2018; Ji 
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et al. 2009; Wang et al. 2015, Wang et al. 2015a; Zeng 
et al. 2020). The LZVs distributed throughout the 
Gangdese belt contain several magmatic units dating 
to 64.5–40.8 Ma, which are widely accepted as products 
of Neotethyan oceanic slab rollback, early stages of slab 
break-off, and India–Eurasia collision, respectively 
(Haschke et al. 2002; Chung et al. 2005; Lee et al. 2009; 
Dokuz 2011; Zhang et al. 2012; Wang et al. 2015a). In 
addition, EARs represent the extensive Eocene volcanic 
rocks with minor intrusive equivalents that formed 
abruptly after a magmatic lull since the Early 
Cretaceous in the Qiangtang Terrane, and provide 

prime access to the deep processes responsible for the 
formation of the protoplateau (Zeng et al. 2020).

Here, we document Late Cretaceous to Late 
Eocene igneous rocks along the southern Qiangtang 
margin and the Gangdese magmatic belt (Figure 1). 
The results confirm the southward migration of arc 
magmatic rocks from the Late Cretaceous to the 
Paleocene and magmatic ‘flare-ups’ related to Early 
Eocene slab break-off (Ji et al. 2009; Lee et al. 2009; 
Wang et al. 2015; Huang et al. 2017; Chung et al.  
2005, Figure 1B and Figure 2). This voluminous 
Eocene magmatism is characterized by extensive 

Figure 1. (A and B) Simplified geological and tectonic maps of the Tibetan Plateau (after Pan et al. 2004; Zhu et al. 2013). KSZ, Kunlun 
Suture Zone; JSSZ, Jinsha Suture Zone; BNSZ, Bangong-Nujiang Suture Zone; YTSZ, Yarlung Tsangpo Suture Zone. (C) Geological map 
of the Shiquanhe area. The red star marks the location of the Shiquanhe rhyolites.
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I-type calc-alkaline to high-K calc-alkaline magmatic 
rocks. Most of these rocks have been studied in the 
eastern Gangdese belt (east of ~89°E); however, less 
work has been done to the west (Wang et al. 2015). 
Therefore, we performed whole-rock geochemistry 
and zircon dating on new samples from the western 
Tibetan Plateau, the Shiquanhe area, to determine 
their origin. However, Eocene rhyolites around the 
Shiquanhe area differ from both the LZVs and the 
EARs. The results show that Shiquanhe rhyolites 
have distinctive A-type geochemistry (Whalen et al.  
1987; Eby 1992; Zhang et al. 2007), indicating that 
there was a source of dehydrated, reasonably salic 
crust, and a source of high heat sufficient to partially 
melt this crust (Whalen et al. 1987; Bonin 2007). 
Based on the zircon Hf isotopes, we think that lower 
crustal delamination and asthenospheric mantle 
upwelling partially melted the SW Qiangtang litho-
sphere. Early Eocene delamination was likely limited 
to the SW Qiangtang margin. We suggest that this 
local delamination was due to the pre-thickened 
lithosphere formed since the initial Lhasa–Qiangtang 
terrane collision during the Early Cretaceous (Kapp 
and DeCelles 2019; Lai et al. 2019). Next, the initiation 
of India–Eurasia collision may have triggered litho-
spheric delamination beneath the Shiquanhe area as 
a far-field tectonic effect. We prefer this model to 
explain Eocene Shiquanhe A-type rhyolites. More 
importantly, we provide a new example of far-field 
tectonic effects that are transmitted efficiently over 
large distance on the India–Eurasia collision area, 
which is similar to the Arabia-Eurasia collision area 
(Albino et al., 2014; Cavazza et al. 2017; Gusmeo et al.  
2021).

2. Geological setting and sample description

The Himalayan–Tibetan orogen consists of several conti-
nental blocks with Gondwana affinity (e.g. Himalayan 
sequences, Lhasa Terrane and Qiangtang Terrane, and 
Songpan–Ganze Complex, from south to north; Zhu 
et al. 2013; Metcalfe 2013, Figure 1A). These blocks pro-
gressively accreted to form three sutures: the Yarlung 
Tsangpo Suture Zone (YTSZ), the Bangong–Nujiang 
Suture Zone (BNSZ), and the Jinsha River Suture Zone 
(JSSZ) from south to north (Zhu et al. 2013; Figure 1A). 
The JSSZ was produced by closing the Paleo-Tethys 
Ocean and is represented by the Jinshajiang ophiolitic 
belt (Wang et al. 2000). The BNSZ in central Tibet is 
a remnant of the Bangong–Nujiang Tethys Ocean (BNO; 
also known as the Meso-Tethys) and separates the Lhasa 
Terrane and Qiangtang Terrane along two nearly parallel 
discontinuous ophiolite belts extending more than 
2000 km (Xu et al. 2014; Li et al. 2020, 2020a, 2021). The 
YTSZ marks the closure of the Neotethyan Ocean and lies 
south of an east-west-trending Andean arc-type calc- 
alkaline magmatic zone (known as the Gangdese 
Magmatic Belt) in the Lhasa Terrane (Figure 1A and 1B; 
Lee et al. 2012; Zhu et al. 2011; Hu and Stern 2020).

The Lhasa Terrane has been subdivided into three 
subterranes from south to north (Zhu et al. 2011; 
Metcalfe 2013). Both the Central Lhasa and South 
Lhasa Subterranes consist of Precambrian crystalline 
basement covered by Paleozoic and Mesozoic metase-
dimentary and metavolcanic rocks (Pan et al. 2004; Zhu 
et al. 2009; Lin et al. 2013). The Nyainqêntanglha Group 
of the Central Lhasa Subterrane has been interpreted as 
Neoproterozoic basement, which consists mainly of 
amphibolite facies metamorphic rocks with ages of 
690–787 Ma (Pan et al. 2004; Zhu et al. 2013). 

Figure 2. (A) Histogram of zircon U-Pb ages for igneous rocks along the Gangdese belt. (B) Plot of ages vs. distance from the YTSZ.
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Orthogneisses of the Nyingchi Group indicate 550– 
496 Ma as the age of the South Lhasa Subterrane base-
ment (Dong et al. 2010), although the oldest magmatic 
cores of zircons in the eastern segment of the South 
Lhasa Subterrane yield protolith ages of 1784 ± 25 Ma 
and 1782 ± 31 Ma (Lin et al. 2013). However, it should be 
noted that Proterozoic zircons in southern Lhasa Terrane 
are only found in the easternmost part of southern Lhasa 
Terrane (Lin et al. 2013). On the other hand, the North 
Lhasa Subterrane is dominated by juvenile crust formed 
by accretion accompanying subduction along the BNO 
(Zhu et al. 2011, 2013). BNO subduction formed a series 
of Cretaceous volcanic rocks (andesite to rhyolite vari-
eties) and granitoids that show positive zircon εHf(t) 
(Zhu et al. 2011). The oldest intrusive rocks in the North 
Lhasa Subterrane are the Early Jurassic (185–181 Ma) 
Shiquanhe granodiorites (Li et al. 2021aa). In addition, 
based on zircon Hf isotope mapping, Hou et al. (2015) 
suggested that the Central Lhasa Subterrane is a long- 
standing Precambrian microcontinent with local rework-
ing crust, and that the two surrounding juvenile 
Phanerozoic crustal blocks, the North Lhasa and South 
Lhasa Subterranes, have significant mantle contributions 
to constituent magmatic rocks.

Although increasing numbers of studies have been 
carried out on the Lhasa Terrane, the times of initial 
continental rifting and final subduction-to-collision are 
controversial (Yin and Harrison 2000; Wang et al. 2019,  
2020; Chen et al. 2020). Most previous studies proposed 
that the Lhasa Terrane rifted from Gondwana during the 
late Carboniferous–early Permian during Neotethyan 
Ocean or Sumdo Tethys opening (Zhu et al. 2013; Zeng 
et al. 2019) and then accreted to the Qiangtang Terrane 
during the Cretaceous (Yin and Harrison 2000; Hu et al.  
2016; Zeng et al. 2019; Chen et al. 2020). Considering the 
widespread arc-related magmatism in the Qiangtang 
Terrane and the absence of coeval arc igneous rocks in 
the Lhasa Terrane, northward subduction of the BNO is 
accepted to have resulted in collision between the Lhasa 
Terrane and Qiangtang Terrane (Kapp and DeCelles  
2019; Li et al. 2020a). Lithospheric delamination that 
developed as the Lhasa–Qiangtang collision progressed 
is proposed to have caused Late Cretaceous adakitic 
magmatism (80–95 Ma) within the Lhasa–Qiangtang 
collision zone (Yi et al. 2018; Sun et al. 2020). In the 
south, the Neotethys also subducted northward under 
the Lhasa block, forming the well-known Gangdese 
magmatic belt, which spans the length of the 
Himalayas with a width of 100–200 km (Mo et al. 2008; 
Lee et al. 2012; Ding et al. 2014). The Gangdese mag-
matic belt is considered the product of both northward 
subduction of the Neotethyan Ocean and the India– 
Eurasia collision (Mo et al. 2008; Zhu et al. 2019). Its 

evolution can be divided into three stages: Mesozoic 
(Late Triassic–Cretaceous), Paleocene–Eocene, and 
Oligocene–Miocene (Ji et al. 2009). During the first 
stage, Andean-type subduction of the Neotethyan 
Ocean produced typical arc-related calc-alkaline mag-
mas. Next, India–Eurasia collision led to the negative 
buoyancy of the India continental mass in the collision 
zone. This process may have led to lithospheric necking, 
as a result, roll-back and break-off of the Neotethyan 
oceanic slab formed calc-alkaline to shoshonitic 
magma suites known as the LZVs (Chung et al. 2005; Ji 
et al. 2009; Lee et al. 2012) and other intrusive rocks, such 
as gabbro and appinites (e.g. Huang et al. 2017, 2019). In 
the last stage, India–Eurasia collision created adakitic 
rocks and ultrapotassic-potassic rocks, which were 
caused by the convective removal of lithospheric roots 
(Chung et al. 2005; Guo et al. 2007).

Samples for this study were obtained mainly from 
newly discovered volcanic rocks along the southern 
BNSZ margin around Shiquanhe County, western 
Tibetan Plateau (Figures 1C and 3). Based on the division 
of Zhu et al. (2013), the Shiquanhe area lies in the North 
Lhasa Subterrane and belongs to the northwestern seg-
ment of the Gangdese belt. However, the following 
considerations indicate that Shiquanhe rhyolites and 
contemporaneous magmatic rocks in this area differ 
from the LZVs: (1) Shiquanhe rhyolites are located on 
the north side of the southern boundary of the BNSZ, 
while typical LZVs are distributed more than 100 km to 
the south of this boundary (Li et al. 2020), Figure 1B. (2) 
Shiquanhe rhyolites are located on the southern margin 
of the Shiquanhe accretionary complex (Figure 3; 
Figure 4F, G). (3) The geochemical characteristics of 
Shiquanhe rhyolites are distinct from those of typical 
LZVs, as presented below.

We measured a 20 km structural/stratigraphic section 
along a north–south traverse across the Shiquanhe 
ophiolitic mélange belt north of Shiquanhe County 
(Figures 1C and 3). In this section, a series of northward- 
dipping thrust faults surrounding mélanges were identi-
fied. Most of these mélanges exhibit chaotic block-in- 
matrix fabric (Figure 3), similar to a subduction 
channel mélange (Draut and Clift 2013). In the northern 
part of the section, broken formation is characterized by 
a block-in-matrix fabric in which part of the same coher-
ent stratigraphic unit can be recognized without ‘exotic’ 
blocks, which present a kind of typical mélange related 
to subduction (Festa et al. 2010, 2019). These mélanges 
were formed by northward subduction of the Bangong 
Meso-Tethys, which terminated after the Lhasa– 
Qiangtang collision in the Late Cretaceous (Chen et al.  
2018; Li et al. 2020). The Shiquanhe rhyolites are located 
along the southern margin of the above mélange zone 
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(Figure 3). The outcrops of rhyolites are generally dis-
continuous with thicknesses of ~20 m to ~40 m, are 
purple–gray to gray, and contain well-preserved fluxion 
structures with elongated muscle tracks (Figures 4F-I). 
Rhyolites are covered by Cretaceous limestones beneath 
a north-dipping thrust fault (Figure 3 and Figure 4G). 
These field occurrences and the structural aspects of the 
Shiquanhe rhyolites indicate that the extrusive’s location 
is along the southern boundary of the BNSZ (Figures 1C,  
3 and 4F-I). To ensure reliable and representative data, 
we sampled this unit in the field as extensively as possi-
ble, covering an area with a radius of approximately 10 
kilometers. The sample locations are shown in Figure 3.

In thin section, Shiquanhe rhyolites are porphyritic 
with quartz and feldspar phenocrysts and have ground-
masses of feldspar, biotite, quartz, apatite, and zircon. 
Quartz phenocrysts are uniaxial positive (+ve) crystals 
and have euhedral hexagonal shapes; thus, they are 
high-temperature β-type quartz. Feldspar phenocrysts 
are euhedral and biaxial negative (-ve) crystals with 

simple twins, indicating that they are alkali feldspars 
(Figure 4A-E).

3. Analytical methods

3.1. Zircon geochronology (U–Pb isotopes, Lu–Hf 
isotopes, and trace elements)

Zircons were separated from crushed host rocks using 
heavy liquid and magnetic techniques and then hand-
picked under a binocular microscope. Zircon grains were 
randomly mounted in epoxy resin and polished to 
approximately half of their thickness. Subsequent ana-
lyses were acquired on the outermost rim of each zircon 
with the aid of cathodoluminescence (CL) images and 
transmitted and reflected light images (Figure 5). All 
zircon analyses were performed at the Wuhan Sample 
Solution Analytical Technology Co., Ltd., China, follow-
ing procedures in Li et al. (2010) and Zong et al. (2017). 
Laser ablation inductively coupled plasma–mass spec-
trometry (LA-ICP–MS) was used to analyze U–Pb 

Figure 3. (A) Cross-section of the accretionary prism in the Shiquanhe area. (B) Large-scale geological map around the Shiquanhe area 
and detailed sampling locations.
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isotopes and trace elements. Analyses were performed 
using a GeoLasPro laser ablation system that consisted 
of a COMPexPro 102 ArF excimer laser (wavelength of 
193 nm and maximum energy of 200 mJ) and a MicroLas 
optical system. Helium was the carrier gas. Argon was 
used as the makeup gas and mixed with the carrier gas 
via a T-connector before entering the ICP. Dating was 
conducted with an Agilent 7500e ICP–MS equipped with 
a 32 μm laser spot diameter. U, Th, and Pb concentra-
tions were calibrated using Zircon 91,500 as the external 
standard. The trace element concentrations of zircons 
were calibrated using NIST 610 glass as the external 
standard. Each analysis incorporated a background 
acquisition of approximately 20–30 s followed by 50s 
of sample data acquisition. The results were calculated 
with ICPMSDataCal v.11 (Liu et al. 2008), and concordia 
diagrams and weighted mean calculations were com-
pleted with Isoplot 4.0 (Ludwig 2003). Analyses with > 
10% discordance were excluded to ensure the accuracy 
of every single zircon, and 206Pb/238U ages are reported.

In situ zircon Lu–Hf isotopes were analyzed using 
a Neptune Plus multicollector MC-ICP-MS in combina-
tion with a GeoLas HD excimer ArF laser ablation system. 
Helium was used to carry gas into the ablation cell, and 
argon was used as the makeup gas after the ablation 
cell. Laser spots were 44 μm in diameter and located on 
top of LA-ICP-MS spots. The laser ablation energy den-
sity was ~7.0 J/cm2. Each measurement consisted of 20s 
of background signal acquisition and 50s of ablation 
signal acquisition. Additional details on the operating 
conditions and analytical methods are given in Hu 
et al. (2012). Off-line selection, integration of analyte 
signals, and mass bias calibrations were performed 
with ICPMSDataCal v.11 (Liu et al. 2010).

3.2. Major and trace element geochemistry

The nine least altered granite samples were analyzed in 
the Mineral Laboratory of ALS Co., Ltd. (Guangzhou, 
China). Samples were rinsed with water, dried, jaw- 

Figure 4. (A-E) Representative photomicrographs. Shiquanhe rhyolites are porphyritic with quartz and feldspar phenocrysts with 
groundmasses of feldspar, biotite, quartz, apatite, and zircon. Quartz phenocrysts are euhedral hexagonal β-type quartz. Feldspar 
phenocrysts are euhedral with simple twins. (F-I) Photographs of Shiquanhe rhyolites in the field.
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Figure 5. (A) Cathodoluminescence (CL) images of zircons from the Shiquanhe rhyolites. (B) Chondrite-normalized diagrams for 
zircons from the Shiquanhe rhyolites. (C) Concordia plots of U-Pb zircon data for zircons from the Shiquanhe rhyolites. (D) U-Pb zircon 
weighted age diagrams of Shiquanhe rhyolites.
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crushed, and then pulverized into 200 mesh powders 
using an agate mortar. Loss on ignition (LOI) was calcu-
lated by heating sample powders to 1000°C for three 
hours. Major elements were determined by X-ray fluor-
escence (XRF) spectrometry (PW2424, Malvern 
Panalytical, Almelo, Holland). Analytical uncertainties 
were generally within 5%. Trace elements were analyzed 
by ICP–MS (Agilent 7900) after acid digestion in a Teflon 
bomb. The analytical uncertainty was better than 10%.

4. Results

4.1. Zircon U–Pb geochronology, trace elements 
and Lu–Hf isotopes

The analytical results for 62 test spots on two samples are 
listed in Table S2 and shown in Figure 5. These zircons are 
euhedral and stubby with clear oscillatory zones in CL 
images, and most are 140–200 μm long with axial ratios 
of 2:1–3:1 (Figure 5A). Moreover, zircons exhibit elevated 
U/Th ratios (1.48 ± 0.23), U/Yb ratios (1.09 ± 0.30), heavy 
rare earth element (HREE) enrichment, strong positive Ce 
anomalies (Ce/Ce* = 47.3 ± 38.3), and negative Eu 

anomalies (Eu/Eu* = 0.10 ± 0.06) (Figure 5B). These char-
acteristics are consistent with their magmatic origin 
(Hoskin and Schaltegger 2003; Grimes et al. 2007). Two 
samples yield concordia ages of 54.71 ± 0.14 Ma (mean 
square weighted deviation, MSWD = 1.3) and 
54.74 ± 0.27 Ma (MSWD = 1.7) (Figure 5C). These ages 
agree with 206Pb/238U weighted average ages of 
54.72 ± 0.37 Ma (MSWD = 1.8) and 54.81 ± 0.36 Ma 
(MSWD = 0.17) (Figure 5D). The uncertainties for these 
ages are given as 1σ errors at the 95% confidence level.

Thirteen test spots on zircons yield Lu–Hf isotope com-
positions shown in Table S3 and Figure 6. The initial 
176Hf/177Hf and εHf(t) values and TDM

C ages were calcu-
lated using the mean weighted zircon 206Pb/238U ages. 
These zircons have low 176Lu/177Hf ratios (0.00173– 
0.00224), indicating that negligible radiogenic 176Hf accu-
mulated after crystallization. The results exhibit relatively 
homogeneous Hf isotope compositions, with 176Hf/177Hf 
ratios from 0.282811 to 0.282864 and εHf(t) values from 
+2.5 to +4.4, corresponding to TDM

C ages from 747 to 
853 Ma. The εHf(t) vs. The zircon U–Pb age diagram 
shows Hf isotope variations (Figure 6).

Figure 6. Binary plot of εHf(t) values vs. ages of the Gangdese batholith. Literature data are from Wang et al. (2015), Wen et al. (2008), 
Dong (2008), Ji et al. (2009), (2012), Ji (2010), Huang et al. (2010), Zhu et al. (2011), Guan et al. (2012), Cong et al. (2012), Jia (2014), Chu 
et al. (2006), Zhang et al. (2007), Schaltegger et al. (2002), Heuberger et al. (2007).
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4.2. Major and trace element geochemistry

The nine least altered samples were selected from dif-
ferent locations around Shiquanhe County for whole- 
rock major and trace element analyses, and the results 
are listed in Table S4. The loss on ignition of all samples is 
less than 1.9 wt.%, suggesting modest alteration. The 
samples have high SiO2 (70.1–73.1 wt.%) and K2O (5.1– 
6.6 wt.%) contents, moderate contents of Al2O3 (11.1– 
13.1 wt.%) and Na2O (3.2–4.4 wt.%), and low contents of 
MgO (0.2–0.8 wt.%) and CaO (0.6–1.1 wt.%) with A/ 
CNK = 0.84–0.95. In addition, these volcanic rocks have 
low contents of Cr (<7.4 ppm) and Ni (<9.0 ppm) 

(Figure 7A; Table S4). All samples are enriched in light 
rare earth elements (LREE) [(La/Yb) N = 8.57–14.12], show 
almost no fractionation between middle and heavy rare 
earth elements (HREE) [(Dy/Yb) N = 0.76–1.08], and dis-
play strongly negative Eu anomalies (Eu/Eu* = 0.23–0.37) 
(Figure 7B). On the primitive mantle-normalized trace 
element diagram, they are enriched in Pb, Th, Hf, Zr, 
and U and depleted in Ba, Nb, Sr, Ti, and Ta (Figure 7A). 
All Shiquanhe rhyolites on the total alkali-silica (TAS) 
diagram (Figure 8A) are further classified as part of the 
shoshonite series in the SiO2 vs. K2O diagram (Stern  
2002; Figure 8B).

Figure 7. (A) Primitive mantle-normalized (Samples/PM) trace element patterns. (B) Chondrite-normalized rare earth element patterns 
(from Sun and Mcdonough 1989).

Figure 8. (A) Total alkali-silica diagram and (B) SiO2 vs. K2O diagram for samples from this study compared with data from the 
literature.
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5. Discussion

Below we use our new data to explore 5 aspects of 
Shiquanhe rhyolites: (1) the P-T environment in which 
these magmas formed; (2) their petrogenesis; (3) how 
Shiquanhe rhyolites differ from the LZVs; (4) what is the 
best geodynamic model to create Shiquanhe rhyolite 
melts; and (5) what implications do our new data and 
results have regarding the timing of the India–Eurasia colli-
sion and the far-field tectonic effect from this collision?

5.1. Melting models and P-T conditions

Euhedral zircons in the Shiquanhe rhyolites indicate that 
the magmas were saturated with zirconium (Figure 5A). 
The saturation behavior of zircon in crustal anatectic 
melts is a function of both temperature and composition 
(Watson and Harrison 1983; Boehnke et al. 2013). After 
the experimental calibration of zircon solubility in crustal 
melts, the function is given by: lnDZr 

zircon/melt = - 
(1.48 ± 0.09)-(1.16 ± 0.15)×(M-1)]+ (10,108 ± 32)/ 
(T-273.15), where DZr 

zircon/melt is the ratio of Zr concen-
tration in zircons to that in the melt, M is the cation ratio 
(Na + K + 2Ca)/(Al·Si), and T is the Celsius temperature 
(Watson and Harrison 1983; Boehnke et al. 2013). The 
highest temperature calculated by the zircon saturation 
thermometer for our samples is 830°C (Table S2). In 
addition, titanium concentrations in zircons can also 
reveal magmatic temperatures. Based on the Ti-in- 
zircon thermometer model (Schiller and Finger, 2019; 
Watson et al. 2006), zircon Ti contents in two 
Shiquanhe rhyolite samples (Ti = 20.5–44.3 ppm and 
19.7–48.6 ppm) yield 908°C and 917°C as the highest 
crystallization temperatures. The results from the above 
thermometers agree; therefore, the temperature 
required to form these rhyolite magmas was ~900°C.

Partial melting or crystal fractionation to produce the 
Shiquanhe rhyolites can be inferred from residual or 
cumulate minerals (Menuge et al. 2002; Johnson and 
Plank 2000; Skora et al. 2015), and the nature of these 
phases can be revealed from specific trace elements 
(Menuge et al. 2002; Johnson and Plank 2000). 
Depletions in Sr and Eu are controlled by feldspar crys-
tallization, and P 00depletion is controlled by apatite 
fractionation.

The Sr/Y ratio is especially useful for constraining the 
pressure of melting via the presence of minerals that 
fractionate Sr (plagioclase) vs. Y (amphibole and/or gar-
net) (Chiaradia 2015; Hu et al. 2020). Low Sr/Y ratios 
(average = 6.7) in the Shiquanhe rhyolites suggest low- 
pressure fractionation of amphibole and/or feldspar 
rather than high-pressure fractionation of garnet and/ 
or amphibole (Figure 9A), which is consistent with the 
high HREE contents and low (La/Yb) N ratios (aver-
age = 10.14; Figure 9B). Therefore, considering the 
P-T conditions, the best melting model is a two-step 
process as follows: (1) shallow-middle feldspar-rich 
crust partially melted at >900°C to form felsic magma, 
and (2) fractional crystallization of feldspar then formed 
the Shiquanhe rhyolite magma.

5.2. Petrogenesis

Shiquanhe rhyolites have high contents of SiO2 and alkalis 
(K2O and Na2O), high FeO/MgO ratios, and low CaO, MgO, 
Al2O3, TiO2, and P2O5 contents (Table S4). In the primitive 
mantle-normalized trace element diagram, the rhyolites 
are depleted in Ba, Nb, Sr, P, Eu, and Ti and enriched in Rb, 
Y, and high field strength elements (Figure 7A). In the 
chondrite-normalized REE pattern diagram, samples 
show distinct negative Eu anomalies and enriched LREEs 

Figure 9. Plots of (A) Sr/Y and (B) La/Yb ratios vs. zircon U-Pb ages for samples along the Gangdese belt. The estimated melting depths 
are from .Lieu and Stern (2019)
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(Figures 7B). These above geochemical signatures are 
similar to some other subduction-related magmatic pro-
ducts. However, according to the high Fe/Mg and Ga/Al 
ratios and high temperatures, Shiquanhe rhyolites are 
A-type rhyolites (Whalen et al. 1987; Eby 1992; Zhang 
et al. 2007). It is also important to note that Shiquanhe 
rhyolites have high SiO2 contents, which are similar to 
those of highly fractionated rhyolites. Highly fractionated 
rhyolites generally contain >70 wt.% SiO2 and are typically 
enriched in REEs and lithophile elements relative to crus-
tal abundances (e.g. Rudnick and Gao, 2003). Previous 
studies have demonstrated that highly fractionated gran-
ites may have compositions overlapping those of typical 
A-type granites (Whalen et al. 1987; Chappell and White  
1992; King et al. 1997). The magmatic system would gra-
dually decrease its temperature during differentiation; 
therefore, the Zr concentration of the magma would be 
decreased in the highly fractionated magma since it is 
closely related to the temperature (Boehnke et al. 2013; 

Watson and Harrison 1983; Watson et al. 2006; 
Figure 10C). In contrast, A-type rhyolites are characterized 
by their high magma temperatures and have another 
evolved trend, as shown in Figure 10C. On the other 
hand, zircon, as an important accessory mineral in highly 
fractionated granitic rocks, crystallizes earlier in weakly 
fractionated granite than in highly fractionated granite 
(Breiter et al. 2014). Under this situation, both whole- 
rock and zircons of highly fractionated granitic rocks 
show much lower Zr/Hf ratios than commonly observed 
(Bau 1996; Deering et al. 2016). Therefore, the high Zr/Hf 
ratios of the Shiquanhe rhyolites (Zr/Hf = 28.1–33.3) are 
not consistent with those of highly evolved rhyolites (Zr/ 
Hf ratios<25; Breiter et al. 2014). Through the above com-
parison and exclusion, the Shiquanhe rhyolites are A-type 
felsic magmas (Whalen et al. 1987; Frost and Frost 2013), 
as supported by Nb vs. Zr, FeO*/MgO vs. Na2O+K2O and Zr 
vs. Ga/Al diagrams (Figure 10A, B and C). The term ‘A-type’ 
is synonymous with the term ‘ferroan’; the latter has been 

Figure 10. A-type granite discrimination diagram. A, B and C are after Whalen et al. (1987); D is after Eby (1992). A1 - anorogenic A-type 
granitic rocks, A2 - post-collisional A-type granitic rocks, the dotted lines distinguished the A-type granitic rocks and highly 
fractionated granitic rocks are from Wu et al. (2017).
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suggested to replace the use of ‘A-type’ (Frost et al. 2001; 
Frost and Frost 2011). Based on the geochemical classifi-
cation from Frost and Frost (2011), Shiquanhe A-type 
rhyolites are peraluminous ferroan granitoids formed 
from partial melting of quartz-feldspathic crust. In this 
study, we still use the ‘A-type’ term, which gives more 
detailed insight into petrogenesis as follows.

A-type granites/rhyolites were first defined by Loiselle 
and Wones (1979) and have since received extensive 
attention and discussion (Collins et al. 1982; Whalen 
et al. 1987; Eby 1992; Bonin 2007; Zhang et al. 2007). 
A-type melts occurred worldwide throughout geological 
time in a variety of tectonic settings and generally but 
not necessarily indicate an anorogenic or rifting environ-
ment (Whalen et al. 1987; Bonin 2007). However, A-type 
melts are generally considered to have a source of dehy-
drated, reasonably salic crust, and a source of high heat 
sufficient to partially melt this crust (Whalen et al. 1987; 
Bonin 2007). The heat supply could be from the upwel-
ling asthenosphere after lithosphere thinning (delamina-
tion or rifting) or hot materials coming from below as 
mantle plumes (Black and Liégeois, 1993; Bonin 2007). 
The above two heat sources correspond to two mag-
matic processes and form two subtypes of A-type rocks 
(Eby 1992). These two subtypes can be effectively sub-
divided on the Rb/Nb vs. Y/Nb diagram (Figure 10D). A1 

granitic rocks formed by mantle melting with continen-
tal contamination in an extensional tectonic setting, 
similar to that of intraplate or rift-zone magmas (Eby  
1992). A2-type magmas are thought to originate from 
partial melting of continental crust or underplated crust 
following continent-continent collision (Eby 1992; 
Figure 10D). The higher Y/Nb and Yb/Ta ratios in the A2 

group indicate a source from partial melting of pre- 
existing crust. Shiquanhe rhyolites are typical of the A2 

group (Figure 10D).
Zircon Lu–Hf isotope compositions can help reveal 

crustal evolution (Kinny and Maas 2003). Granitic rocks 
in the east and southwest Gangdese belt are character-
ized by highly positive zircon εHf(t) values, indicating 
that the magma was derived from juvenile crust 
(Figure 6). However, an increasing number of studies 
show that Eocene granitic rocks in northwest 
Gangdese have negative zircon εHf(t) values, indicating 
that ancient crust was involved (e.g. Wang et al. 2015b; 
Huang et al. 2019). Shiquanhe rhyolites exhibit slightly 
positive zircon εHf(t) values (+2.5 to +4.4) and 750 to 
850 Ma model ages, consistent with partial melting of 
ancient lithosphere. In addition, the zircon εHf(t) values 
from the Gangdese belt decrease with age, reaching 
a minimum during the Eocene (~55 Ma) (Figure 6). This 
trend requires increasing involvement of old crust with 
time (Ji et al. 2009). The North Lhasa Terrane and South 

Qiangtang Terrane near the Shiquanhe area could be the 
source of the old crust. However, igneous rocks of the 
North Lhasa Subterrane have a peak age at 130 ± 5 Ma 
with low TDM

C (<0.8 Ga) and high zircon εHf(t) values (> 
+12), indicating a juvenile source (Zhu et al. 2011; Hou 
et al. 2015). In addition, the oldest intrusive rocks found 
in the North Lhasa Subterrane are Early Jurassic grano-
diorites (185–181 Ma) (Li et al. 2021aa). Therefore, the 
Shiquanhe rhyolites should have been sourced from 
partial melting of South Qiangtang crust, which can 
provide more ancient sources (Hu et al. 2015; Dan et al.  
2020).

The heat source for partial melting is also key for 
understanding Shiquanhe rhyolite petrogenesis. High- 
silica A-type rhyolite petrogenesis requires sustained 
high heat flow (Zhang et al. 2007; Frost and Frost 2011). 
Considering the HT-LP melting conditions, five mechan-
isms could have provided this heat: (1) a mantle plume 
(Zheng et al. 2019); (2) lithospheric extension during con-
tinental rifting or back-arc magmatism; (3) crustal exten-
sion along a major detachment fault (Viruete 1999; Dokuz  
2011); (4) pervasive flow of melt (Miyazaki 2004); and (5) 
mantle asthenosphere upwelling after oceanic slab break- 
off or lithospheric delamination (Chapman et al. 2018). 
Mantle plumes and LIPs can generate voluminous high- 
temperature magmas with A-type geochemical character-
istics. However, the lack of synchronous massive oceanic 
island basalts (OIBs) and continental flood basalts (CFBs) 
in the region does not support this model (Wignall 2001; 
Niu et al. 2011). Lithospheric extension is inconsistent with 
a compressional tectonic setting along the BNSZ during 
the early Eocene (Kapp and DeCelles 2019). Sufficient 
basaltic melt is thought to be capable of raising crustal 
temperature to 800°C at 15 km depth (Miyazaki 2004), 
which almost meets the Shiquanhe rhyolite melting con-
ditions. However, the lack of injected mafic magmas is 
evidence against such a process (Miyazaki 2004; Dokuz  
2011). Because Shiquanhe rhyolites are located on the SW 
Qiangtang margin, we connect the heat source with man-
tle upwelling after oceanic slab break-off or lower con-
tinental crust delamination. Recent studies in the eastern 
Gangdese belt suggest that the Neotethyan oceanic slab 
break-off started at ~57 Ma with slab tearing (Huang et al.  
2017, 2020; Tian et al. 2021). However, the magmatic 
‘flare-up’ and crustal growth caused by the Neotethyan 
oceanic slab break-off started at ~48–40 Ma (Xu et al.  
2008; Lee et al. 2009; Ma et al. 2016), significantly younger 
than the Shiquanhe rhyolites. After considering all possi-
ble heat sources, we think that the upwelling astheno-
sphere following lithospheric delamination was the most 
likely heat source for generating Shiquanhe rhyolites.

Notably, Shiquanhe rhyolite La/Yb and Sr/Y ratios 
increase with time (Figure 9). These ratios reflect the 
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pressure at which melting and fractionation occurred 
and can proxy for crustal thickness (Lieu and Stern  
2019; Hu et al. 2020). It is difficult to pinpoint on 
Figure 9 when Tibetan crust began to thicken, but this 
seems to be ~50 Ma. Therefore, partial melting of 
ancient SW Qiangtang crust accompanied crustal thick-
ening after the Early Eocene (~55 Ma) and may have 
been responsible for Shiquanhe rhyolite petrogenesis 
(Figure 9).

5.3. Comparison of Shiquanhe rhyolites with 
typical Linzizong volcanic rocks (LZVs)

Abundant Eocene magmatic rocks are found along the 
Gangdese magmatic belt (Figures 1 and 2; Table S1). We 
divide these rocks into the East, Northwest, and Southwest 
Groups to discuss their characteristics and evolution. The 
Northwest Group includes Eocene volcanic rocks around 
the Shiquanhe area. Both the East and Southwest Groups 
represent typical LZVs. Obviously, the Northwest Group 
does not share the same petrogenetic model with the 
LZVs (the East and Southwest Groups). This is reflected in 
the following observations: (1) Southward migration of 
LZVs (the East Group and the Southwest Group) caused 
by Neotethyan oceanic slab rollback is inconsistent with 
the far northern position of the Northwest Group (Lee et al.  
2012; Wang et al. 2015b; Ji et al. 2009; Figures 1B and 2B). 
(2) The part of the LZVs caused by Neotethyan Oceanic slab 
break-off cannot match the sharp decrease in zircon Hf 
isotopes of the Northwest Group at ~55 Ma (Wang et al.  
2015b; Ji et al. 2009, 2012; Figure 6). In other words, the 
Northwest Group has lower zircon εHf(t) values than the 
other two groups. (3) The Northwest Group is richer in trace 
elements with crustal affinity (such as Pb, Zr, Hf, and Th) 
and has distinctly negative Eu anomalies (Figure 7). (4) The 
Northwest Group is richer in large ion lithophile elements 
(LILEs) and is assigned to the shoshonite series, while most 
LZVs from the other two groups are calc-alkaline (Figure 8). 
(5) Northwest Group rhyolites exhibit distinct A2-type char-
acteristics, suggesting a high magmatic temperature and 
a non-subduction setting; however, typical LZVs display an 
affinity with subduction (Figure 10). In summary, it is diffi-
cult to explain these three groups of rocks with a single 
model. Roll-back and break-off of the Neotethyan Oceanic 
slab might explain the formation of East and Southwest 
Group (typical LZVs), but the Northwest Group was pro-
duced by lithospheric delamination with sources from 
melting crust and upwelling asthenosphere.

5.4. Geodynamic model

The Gangdese magmatic belt records magmatic activity 
related to the northward subduction of the Neotethyan 

Ocean and the India–Eurasia collision. These igneous 
rocks with ages from 65 Ma to 45 Ma are considered 
products of Neotethyan Oceanic slab roll-back and 
break-off during the late stage of northward subduction 
(Haschke et al. 2002; Lee et al. 2009; Zhang et al. 2012; 
Wang et al. 2015a). This time interval also marks a key 
transition from ocean-continent subduction to contin-
ued continental subduction (Replumaz et al. 2016). 
However, A-type (ferroan) rhyolites around the 
Shiquanhe area cannot fit the above model, and there 
should be an independent tectonic-magmatic process to 
explain them. Based on field geological surveys, whole- 
rock geochemistry and zircon geochronology, we sug-
gest local lithospheric delamination beneath the SW 
Qiangtang margin. The evolution of this process and 
interpretations compatible with previous models are 
described as follows (Figure 11):

Step 1. Qiangtang–Lhasa collision and South 
Qiangtang Terrane (SQT) delamination (Cretaceous)
Lower Cretaceous strata in the Baingoin basin record the 
initial collision between the Lhasa Terrane and 
Qiangtang Terrane (Lai et al. 2019). The Nima area under-
went major deformation and was uplifted above sea 
level between ca. 125 Ma and ca. 118 Ma, which also 
suggests Early Cretaceous crustal thickening caused by 
the Lhasa–Qiangtang collision (Kapp et al. 2007). In addi-
tion, many Late Cretaceous (85–95 Ma) Mg-rich and 
adakitic rocks are recognized along the BNSZ, which 
are interpreted as consequences of lithospheric founder-
ing along the Lhasa–Qiangtang collision zone (Lustrino  
2005; Wang et al. 2014a; Yi et al. 2018; Liu et al. 2019). 
These lines of evidence demonstrate that the Qiangtang 
Terrane and Lhasa Terrane collided during the 
Cretaceous, and that crustal thickening has occurred 
along the BNSZ in the western and central Tibet since 
the Late Cretaceous (Figure 11). However, recent 
research proposed a diachronous collision of the Lhasa 
Terrane with the Southern Qiangtang Terrane during 
145 Ma to 120 Ma, which led to eastward propagating 
slab tearing and asthenospheric upwelling over time 
(Gao and Dilek 2022).

Step 2. Neotethyan Oceanic slab roll-back and LZV 
southward migration (Late Cretaceous–Paleocene)
Near the end of the Late Cretaceous (~69 Ma), the India– 
Eurasia convergence rate increased from ~12 to ~17 cm/ 
year and then decreased to ~10 cm/year in the 
Paleocene (~58 Ma) (Lee and Lawver 1995; Wang et al.  
2015a). Next the plate motion of India slowed dramati-
cally in the Eocene (between 50 Ma and 35 Ma), with 
a rate of 4 cm/year (Copley et al. 2010). These changes 
are coincident with the slab roll-back related to the 
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northward subduction of the Neotethyan Ocean and 
produced a southward migration of magmatism. 
Neotethyan Oceanic slab roll-back is widely accepted 
as a ‘last gasp’ before India–Eurasia collision (Dilek and 
Flower, 2003). From the Qiangtang–Lhasa collision until 
the Eocene, the Tibetan Plateau was continually 
squeezed from north to south. There is almost no mag-
matic record around the Shiquanhe area, after the latest 
delamination caused by Lhasa–Qiangtang collision. 
Therefore, the lithosphere in the western BNSZ around 
the Shiquanhe area continued to thicken over the next 
~30 Myr (Figure 11).

Step 3. India–Eurasia collision and the far-field 
tectonic effect (Paleocene–Eocene, ~55 Ma)
Although when the India-Eurasia collision began and 
how it evolved remain controversial, most studies put 
the timing closer to 55 Ma, or slightly earlier (Ji et al.  
2012; Hu et al. 2016; Motuza and Šliaupa 2017; Zhu et al.  

2019). At the same time, the Shiquanhe delamination 
occurred around the Early Eocene (~55 Ma). Such syn-
chronicity has been interpreted to result from stress 
transfer from the YTSZ to the foreland during India– 
Eurasia continental collision. Long-term subduction, arc 
magmatism, and crustal thickening along the southern 
margin of Eurasia weakened Lhasa Terrane lithosphere 
(Yin and Harrison 2000). Studies confirm that hot and 
weak continental lithosphere can transmit stress across 
thousands of kilometers (Kearey et al. 2009; Najman et al.  
2017). Therefore, Shiquanhe delamination was most 
likely initiated by a far-field tectonic effect caused by 
India–Eurasia collision with a pre-thickened South 
Qiangtang lithosphere. This kind of far-field effect 
could allow the strong compressive stress to penetrate 
northward into the plateau’s interior and trigger delami-
nation. The far-field tectonic effect has been widely 
verified in Egypt Syrian arc area and Arabia–Eurasia colli-
sion area by thermochronological data and tectonic 

Figure 11. Geodynamic model of the tectonic and magmatic evolution related to the India–Eurasia collision is shown for the western 
and eastern sections.
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observation (Albino et al., 2014; Bosworth et al. 1999; 
Cavazza et al. 2017; Gusmeo et al. 2021), while this is the 
first time that the far-field tectonic effect has been 
applied to the India–Eurasia collision zone.

This above model reveals a small-scale (around the 
Shiquanhe area) lithospheric delamination in the SW 
Qiangtang terrane (Figure 11). We propose two possible 
factors to explain the limited distribution of the A-type 
rhyolites: (1) the Shiquanhe area, the western Tibetan 
Plateau, experienced stronger compression and more 
significant shortening, which can provide sufficient far- 
field extrusion stress for the delamination (Kapp et al.  
2003; Kapp and DeCelles 2019); (2) It is a widely held 
notion that since collision between Lhasa Terrane and 
Qiangtang Terrane, the tectonic stress regime along the 
BNSZ changed from shortening (thrusting and reverse 
faulting) to strike-slip faulting with vertical thickening. 
Such a tectonic change is supported by palaeomagnetic 
data (Torsvik et al. 2012; Song et al. 2017). Based on 
a progressive eastward younging of Albian– 
Cenomanian granitoids, a diachronous Lhasa– 
Qiangtang collision with eastward propagated slab tear-
ing has been proposed (Gao and Dilek 2022 and refer-
ences therein). Therefore, western South Qiangtang 
experienced longer compression than the eastern part, 
resulting in more pronounced lithospheric thickening. 
Lastly, our results for A-type rhyolites around the 
Shiquanhe area suggest that India–Eurasia collision in 
central-western Tibet (~80°E) began before ~55 Ma.

Step 4. Neotethyan Oceanic slab break-off and 
formation of Eocene adakitic rocks (Early Eocene, 55– 
40 Ma)
During the Early Eocene (ca. 51–46 Ma), an episode of 
intense magmatism flared up along the Gangdese belt, 
driven by Neotethyan oceanic slab break-off (e.g. Chung 
et al. 2005; Ji et al. 2009). Tensile stresses caused by the 
different buoyancies of the Lhasa continental litho-
sphere and previously subducted Neotethyan oceanic 
lithosphere led to a slab tear that formed a slab window 
after collision began (van Hunen and Allen 2011). The 
asthenosphere welled up through the slab window to 
produce various magmas from tholeiitic basalts to 
Eocene adakitic rocks in the Qiangtang Terrane (e.g. 
Chung et al. 2005; Mo et al. 2007; Lee et al. 2009; Zeng 
et al. 2020). The narrow time span and the linear distri-
bution of the Eocene LZVs along the Gangdese belt 
seem to agree with the focused heat source, which can 
be better explained by mantle upwelling in association 
with slab break-off (Davies and von Blanckenburg 1995; 
Dokuz 2011; Altunkaynak et al. 2012). We prefer that the 
India-Asia collision led to the negative buoyancy of sub-
ducted continental lithosphere in the collision zone. This 

process can then lead into lithospheric necking and 
breakoff, generating an asthenospheric window and 
influx of heat and hot mantle material upwards, which 
is similar to the slab break-off case studies in Anatolia, 
Azerbaijan and NW Iran (Dilek and Altunkaynak 2007,  
2009; Dilek et al. 2010; Altunkaynak et al. 2012).

6. Conclusions

Eocene rhyolites around the Shiquanhe area (south-
western Qiangtang margin) are A-type (ferroan) gran-
itoids with post-collisional affinities. There are two 
series of igneous rocks with different petrogeneses 
that developed at ~55 Ma and ~48 Ma in the western 
Gangdese belt, the Shiquanhe rhyolites and the 
Linzizong volcanics. Crustal delamination produced 
the former series, and the latter series was the pro-
duct of Neotethyan Oceanic slab break-off. We inter-
pret the Eocene delamination beneath the Shiquanhe 
area as the result of stress transfer from the India– 
Eurasia collision zone towards the Eurasia foreland, 
which is a far-field tectonic effect. Based on this 
model, the time of the India–Eurasia collision in the 
western Tibetan Plateau is constrained to 
~55 Ma ago.

Highlights

● A-type rhyolites with an age of ~55 Ma in southwest Tibet 
have a post-collision affinity.

● Delamination could relate to a far-field tectonic induced by 
continental collision.

● In the Shiquanhe area, southwest Tibet, the India-Eurasia 
collided before ~55 Ma.

● The lithosphere delamination is anisotropic with various 
locations and intensities.
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