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A B S T R A C T   

Subduction zones are the main sites of material exchange between the crust and mantle. Sediments subducted at 
these zones are widely considered to play a key role in generating arc magmas. Here we report whole-rock Nd–Hf 
isotopic compositions of late Mesozoic intermediate–felsic igneous rocks from the southern Qiangtang Block, 
central Tibet. The late Jurassic Rena Co (ca. 150 Ma) and Jiacuo (ca. 152 Ma) granodiorites, which were derived 
from ancient lower crust, show Nd–Hf isotopic coupling (ΔεHf(t) = 0.7–2.4). Conversely, the early Cretaceous 
Rena Co granodiorite porphyries (ca. 112 Ma), which were derived from juvenile lower crust, display marked 
Nd–Hf isotopic decoupling (ΔεHf(t) = 7.5). We suggest that the juvenile crust was compositionally andesitic and 
similar to the Duolong andesitic rocks (118–106 Ma) of the southern Qiangtang Block, which were derived by 
partial melting of the mélange (a physical mixture of mid-ocean ridge basalts, subducted sediments, and mantle- 
wedge peridotites). A simple mixing modeling indicates that the source of the early Cretaceous Duolong andesitic 
rocks includes 1–2% bulk subducted sediments. The Duolong andesitic rocks also show Nd–Hf isotopic decou
pling (ΔεHf(t) = 3.0–11.3). Furthermore, the early Cretaceous Duolong dioritic and granitic rocks, which were 
generated by mixing between andesitic melts and ancient-lower-crust-derived magmas, display Nd–Hf isotopic 
decoupling. Thus, we infer a significant contribution of mélange melting in the Nd–Hf isotopic decoupling of 
early Cretaceous igneous rocks of the southern Qiangtang Block.   

1. Introduction 

Subduction zones are the principal sites of material exchange be
tween crust and mantle (Zindler and Hart, 1986; Porter and White, 
2009; Yogodzinski et al., 2010). Crustal materials are extracted from the 
mantle, and the mantle wedge is fertilized by subducted materials, such 
as altered oceanic crust and sediments. Arc magmas are the main 
products of oceanic subduction, and their geochemical compositions are 
strongly influenced by subducted components (Barry et al., 2006; 
Chauvel et al., 2009). Sediments are considered to readily enter the sub- 
arc mantle wedge during subduction (Plank and Langmuir, 1993, 1998; 
Hawkesworth et al., 1997; Plank, 2005), but the amount of sediment and 
the transport mechanisms are variable and remain uncertain. For 
example, some studies have argued that the mantle wedge is 

metasomatized by fluids or melts released from the subducted slab (e.g., 
McCulloch and Gamble, 1991; Elliott et al., 1997). However, other 
studies have suggested that arc magmas can be generated by mélange 
melting (e.g., Castro et al., 2010, 2013; Marschall and Schumacher, 
2012; Hao et al., 2016b; Nielsen and Marschall, 2017). In the former 
model, the subducted slab releases melts or fluids with fractionated 
trace-element signatures, which can metasomatize the mantle wedge to 
produce arc magmas. The latter model suggests that the slab–mantle 
interface is not a sharp plane. In this case, the strong geochemical 
gradient between crust and mantle rocks, together with shearing in 
combination with intense metasomatism, can generally trigger the for
mation of a transitional layer of mélange. The mélange is formed by the 
physical mixing of basaltic oceanic crust, subducted sediments, and 
mantle wedge peridotite along the slab–mantle interface. The mélange 
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can rise from the slab surface to the hot sub-arc mantle wedge, and 
partial melting of the mélange will form arc magmas with fractionated 
trace-element signatures (e.g., Marschall and Schumacher, 2012). The 
critical difference between the two models is the reversed order of 
mixing and trace-element fractionation, which will produce distinct 
isotopic signatures (Nielsen and Marschall, 2017). 

The chemical and isotopic compositions of subducted sediments are 
different from those of the mantle (Plank and Langmuir, 1998; Chauvel 
et al., 2008; Yogodzinski et al., 2010). Mixing of components with 
different geochemical features may cause Nd–Hf isotopic decoupling. 
For instance, Nd–Hf isotopic decoupling in Cenozoic intra-oceanic arc 
volcanic rocks has been attributed to the subducted sediment compo
nents in their source (Marini et al., 2005; Chauvel et al., 2008, 2009; 
Yogodzinski et al., 2010; Nebel et al., 2011). Thus, it should be possible 
to use Nd–Hf isotopic decoupling to constrain the amount and transport 
mechanism of sediments introduced into the mantle wedge. 

The southern margin of the southern Qiangtang Block (SQB) in 

central Tibet is considered to have been an Andean-type arc during the 
late Mesozoic (Zhang and Tang, 2009; Zhang et al., 2012, 2017; Li et al., 
2014a; Hao et al., 2016a, b, 2019; Yang et al., 2019a, 2021; Liu et al., 
2020). The SQB late Jurassic–early Cretaceous igneous rocks are 
thought to have formed during northward subduction of the Ban
gong–Nujiang oceanic lithosphere (Zhang and Tang, 2009; Zhang et al., 
2012, 2017; Li et al., 2014a, b; Hao et al., 2016a, b; Yang et al., 2019a, 
2021). In this paper, we report new whole-rock Nd–Hf isotope data for 
the SQB late Mesozoic igneous rocks. The results show that the Nd and 
Hf isotopic compositions are coupled and decoupled in the late Jurassic 
and early Cretaceous rocks, respectively. Combining the new results 
with previous data, we infer a substantial contribution of mélange 
melting to Nd–Hf isotopic decoupling of the SQB early Cretaceous 
igneous rocks. This study provides valuable insights into the causes of 
Nd–Hf isotopic decoupling and has important implications for tracing 
the amounts and mechanisms of sediment incorporation into the mantle 
wedge. 

Fig. 1. (a) Tectonic framework of the Tibetan Plateau, modified after Yin and Harrison (2000), Chung et al. (2005), Zhang and Tang (2009), and Zhang et al. (2018). 
Main suture zones: Anyemaqen–Kunlun–Muztagh suture (AKMS); Jinsha suture (JS); Bangong–Nujiang suture (BNS); Indus–Yalu suture (IYS). (b) Map of the central 
Tibetan Plateau showing the distribution of Mesozoic igneous rocks of the SQB and Lhasa Block. (c) Simplified geological map showing the late Jurassic–early 
Cretaceous plutons and volcanic rocks of the SQB, central Tibet. Age data from the literature are from Li et al. (2013, 2014a, 2016b), Hao et al. (2016a, b), and Wu 
et al. (2016). 
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2. Geological setting and rock samples 

The Tibetan Plateau comprises the Qaidam, Songpan–Ganzi–Hohxil, 
northern Qiangtang, southern Qiangtang, and Lhasa blocks. These 
blocks are separated from north to south by the Any
emaqen–Kunlun–Muztagh, Jinsha, Longmu Co–Shuanghu, and Ban
gong–Nujiang Suture Zones (Fig. 1a) (Chung et al., 2005; Zhang and 
Tang, 2009; Zhang et al., 2012). The Bangong–Nujiang Suture Zone 
(BNSZ) in the central Tibetan Plateau is a relic of the Bangong–Nujiang 
Tethyan Ocean (BNTO), which was located between the Lhasa Block and 
the SQB during the Mesozoic. The BSNZ extends for >2000 km from the 
Bangong Co area in the west to the Sanjiang area in the east (Fig. 1b) and 
comprises Jurassic–Cretaceous flysch, mélange, and ophiolitic frag
ments (Kapp et al., 2003; Zhang, 2004; Zhang et al., 2014). Strata of the 
SQB include Ordovician–Devonian metasedimentary rocks and sand- 
rich limestones, Carboniferous–Permian siliciclastic sedimentary and 

volcano-sedimentary rocks, Triassic limestones, and Jurassic sandstones 
and limestones (XZBGM, 1993). 

The initiation of northward subduction of the BNTO slab beneath the 
SQB is thought to have occurred during the early Jurassic (ca. 195 Ma; Li 
et al., 2019 and references therein). However, the timing of closure of 
the BNTO remains debated. Previous studies have proposed several 
models involving oceanic subduction and collision settings to explain 
the petrogenesis of the SQB late Mesozoic igneous rocks: these rocks are 
variously thought to have formed during northward subduction of the 
BNTO slab (Zhang and Tang, 2009; Zhang et al., 2012, 2017; Li et al., 
2014a, b; Hao et al., 2016a, b; Yang et al., 2019a, 2021) or during 
collision between the SQB and northern Lhasa block (Zhu et al., 2016; 
Wei et al., 2017). However, recent studies have suggested that the BNTO 
survived until the late early Cretaceous (ca. 100 Ma; Hao et al., 2019, 
Yang et al., 2019b, Cao et al., 2020). 

The Jurassic igneous rocks of the SQB are widely distributed in the 

Table 1 
Geochronological data of the Late Mesozoic magmatic rocks in the southern Qiangtang Block.  

Magmatic event Region Latitude Longitude Rock type Age Reference 

Middle-Late Jurassic Rutog   Biotite granite 168.1±0.9 Ma Liu et al., 2014 
Middle-Late Jurassic Rutog   Biotite granite 168.4±0.9 Ma Liu et al., 2014 
Middle-Late Jurassic Rutog   Quartz diorite 160.2±1.4 Ma Li et al., 2014b 
Middle-Late Jurassic Rutog   Granodiorite 159.8±1.3 Ma Li et al., 2014b 
Middle-Late Jurassic Rutog   Granodiorite 162.5±1.8 Ma Li et al., 2014b 
Middle-Late Jurassic Rutog   Syenogranite 160.3±0.9 Ma Li et al., 2014b 
Middle-Late Jurassic Jiacuo 33.566◦N 83.933◦E Granodiorite 153.3±1.1 Ma Sun et al., 2020 
Middle-Late Jurassic Jiacuo 33.583◦N 83.400◦E Granodiorite 151.6±1.1 Ma Sun et al., 2020 
Middle-Late Jurassic Duolong-RenaCo 32.910◦N 83.850◦E Granodiorite 160.2±1.5 Ma Wu et al., 2016 
Middle-Late Jurassic Duolong-RenaCo 32.904◦N 83.850◦E Granite 159.5±1.2 Ma Wu et al., 2016 
Middle-Late Jurassic Duolong-RenaCo 32.834◦N 83.883◦E Diorite 156.1±1.2 Ma Wu et al., 2016 
Middle-Late Jurassic Duolong-RenaCo 32.835◦N 83.883◦E Granodiorite 164.6±2.9 Ma Wu et al., 2016 
Middle-Late Jurassic Duolong-RenaCo 32.784◦N 83.554◦E Granodiorite 168.9±1.7 Ma Wu et al., 2016 
Middle-Late Jurassic Duolong-RenaCo 32.790◦N 84.204◦E Diorite 153.0±1.9 Ma Hao et al., 2016a 
Middle-Late Jurassic Duolong-RenaCo 32.777◦N 84.199◦E Diorite 152.7±1.4 Ma Hao et al., 2016a 
Middle-Late Jurassic Duolong-RenaCo 32.708◦N 84.234◦E Diorite 148.4±2.5 Ma Hao et al., 2016a 
Middle-Late Jurassic Duolong-RenaCo 32.889◦N 84.084◦E Granodiorite 151.7±1.3 Ma Hao et al., 2016a 
Middle-Late Jurassic Duolong-RenaCo 32.730◦N 84.336◦E Dacite 154.3±0.6 Ma Li et al., 2016c 
Middle-Late Jurassic Kangqiong 32.176◦N 88.131◦E Granodiorite 149.9±2.1 Ma Li et al., 2016d 
Middle-Late Jurassic Kangqiong 32.176◦N 88.131◦E Granodiorite 147.6±2.4 Ma Li et al., 2016d 
Early Cretaceous Qingcaoshan 33.227◦N 83.191◦E Granodiorite 120.0±1.0 Ma Li et al., 2014a 
Early Cretaceous Qingcaoshan 33.228◦N 83.192◦E Diorite porphyry 119.0±1.0 Ma Li et al., 2014a 
Early Cretaceous Qingcaoshan   Granodiorite 115.8±1.1 Ma Li et al., 2017a 
Early Cretaceous Qingcaoshan   Granodiorite 118.9±0.9 Ma Li et al., 2017a 
Early Cretaceous Qingcaoshan   Quartz diorite porphyry 116.4±1.0 Ma Li et al., 2017a 
Early Cretaceous Qingcaoshan   Granite porphyry 112.7±0.5 Ma Li et al., 2017a 
Early Cretaceous Qingcaoshan   Granodiorite 118.6±0.7 Ma Li et al., 2017a 
Early Cretaceous Qingcaoshan   Porphyraceous granodiorite 118.8±0.7 Ma Li et al., 2017a 
Early Cretaceous Qingcaoshan   Basalt 122.4±0.9 Ma Fan et al., 2015 
Early Cretaceous Qingcaoshan   Dacite 120.4±0.5 Ma Fan et al., 2015 
Early Cretaceous Duolong-RenaCo   Quartz diorite 126.4±0.6 Ma Li et al., 2017b 
Early Cretaceous Duolong-RenaCo   Quartz diorite 122.1±0.7 Ma Li et al., 2017b 
Early Cretaceous Duolong-RenaCo   Quartz diorite 124.6±0.6 Ma Li et al., 2017b 
Early Cretaceous Duolong-RenaCo   Granodiorite 121.7±0.8 Ma Li et al., 2017b 
Early Cretaceous Duolong-RenaCo   Diorite 120.5±1.2 Ma Li et al., 2017b 
Early Cretaceous Duolong-RenaCo   Granodiorite porphyry 117.4±1.0 Ma Li et al., 2013 
Early Cretaceous Duolong-RenaCo   Granodiorite porphyry 117.5±1.0 Ma Li et al., 2013 
Early Cretaceous Duolong-RenaCo   Granodiorite porphyry 118.5±1.0 Ma Li et al., 2013 
Early Cretaceous Duolong-RenaCo   Quartz diorite 118.4±1.1 Ma Li et al., 2013 
Early Cretaceous Duolong-RenaCo   Quartz diorite 118.6±1.0 Ma Li et al., 2013 
Early Cretaceous Duolong-RenaCo   Quartz diorite porphyry 113.0±1.9 Ma Li et al., 2016b 
Early Cretaceous Duolong-RenaCo   Granodiorite porphyry 119.0±1.3 Ma Li et al., 2016b 
Early Cretaceous Duolong-RenaCo   Granodiorite porphyry 116.6±1.3 Ma Li et al., 2016b 
Early Cretaceous Duolong-RenaCo   Basaltic andesite 105.2±1.3 Ma Li et al., 2016b 
Early Cretaceous Duolong-RenaCo   Basaltic andesite 110.2±0.7 Ma Wei et al., 2017 
Early Cretaceous Duolong-RenaCo   Andesite 108.2±2.6 Ma Wei et al., 2017 
Early Cretaceous Duolong-RenaCo   Andesite 110.5±1.2 Ma Wei et al., 2017 
Early Cretaceous Duolong-RenaCo   Andesite 113.0±2.1 Ma Wei et al., 2017 
Early Cretaceous Duolong-RenaCo   Rhyolite 109.3±2.2 Ma Wei et al., 2017 
Early Cretaceous Duolong-RenaCo 32.877◦N 83.506◦E Andesite 110.1±0.7 Ma Wang et al.,2015 
Early Cretaceous Duolong-RenaCo 32.723◦N 84.173◦E Granodiorite 111.7±0.9 Ma Hao et al., 2016a 
Early Cretaceous Gerze–Bizha   Diorite 122.2±1.8 Ma Hao et al., 2016b 
Early Cretaceous Gerze–Bizha   Basalts 107.7±1.9 Ma Hao et al., 2019 
Early Cretaceous Gerze–Bizha   Dacite 105.6±1.2 Ma Hao et al., 2019  
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Rutog, Qingcaoshan–Jiacuo, Duolong–Rena Co, and Kangqiong areas 
and are composed of 169–148 Ma intermediate–felsic intrusive rocks 
and minor extrusive rocks (Li et al., 2014b, c, d; Liu et al., 2014; Hao 
et al., 2016b; Wu et al., 2016; Sun et al., 2020). The early Cretaceous 
igneous rocks of the SQB are distributed locally in the Qingcaoshan, 
Duolong–Rena Co, and Gerze–Bizha areas and are composed mainly of 
126–105 Ma intermediate–felsic intrusive rocks and andesitic volcanic 
rocks with minor basalt, dacite, and rhyolite (Li et al., 2013, 2014a, 
2016b, 2017a, b; Fan et al., 2015; Wang et al., 2015; Hao et al., 2016a, b, 
2019; Wei et al., 2017). Geochronological data for the SQB late Mesozoic 
magmatic rocks are listed in Table 1. 

Our two study areas are located near Jiacuo and Rena Co (Fig. 1b, c). 
Granodiorite plutons and dikes (153–152 Ma) in the Jiacuo area are 
intruded into upper Carboniferous slate and lower Permian sandstone. 
The granodiorites are composed mainly of plagioclase (30–50 vol%), K- 
feldspar (~10 vol%), quartz (20–25 vol%), and minor biotite and 
amphibole (for specific mineral proportions, refer to Sun et al., 2020). 
Adakitic granodiorites (152–148 Ma) and granodiorite porphyries (112 
Ma) in the Rena Co area are intruded into lower Carboniferous slate. The 
adakitic granodiorites are composed predominantly of plagioclase 
(60–65 vol%), quartz (10–15 vol%), and biotite (10–15 vol%). Grano
diorite porphyries are typically porphyritic and composed of 40–50 vol 
% phenocrysts of plagioclase, biotite, and quartz, together with a 
groundmass of K-feldspar and quartz (for specific mineral proportions, 
refer to Hao et al., 2016a). 

3. Analytical methods 

Whole-rock Hf isotope analyses were performed at the State Key 
Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochem
istry, Chinese Academy of Sciences (SKLaBIG, GIGCAS), Guangzhou, 
China. The least altered samples were selected for Hf isotopic analysis. 
Surfaces of the samples were removed with a rock slicer, and the samples 
were crushed manually into small chips of 0.5–1.0 cm in size, powdered 
to ~200 mesh in an agate mortar, rinsed with distilled water, and 
cleaned three times in an ultrasonic bath. About 100 mg of sample 
powder was mixed with 200 mg of Li2B4O7, placed in a platinum cru
cible, and melted in a Rigaku high-frequency fusion apparatus at 
1200 ◦C. The melt was cooled rapidly to form glasses that were dissolved 
in 2 M HCl. Hf was separated from the matrix and interfering elements 
by HCl-single-column Ln-Spec extraction chromatography. The Hf iso
topic compositions of the selected samples were determined using a 
Micromass Isoprobe multicollector–inductively coupled plasma–mass 
spectrometry (MC–ICP–MS) system. The detailed analytical procedures 
are described in Li et al. (2006). The measured 176Hf/177Hf ratios were 
normalized to 176Hf/177Hf = 0.7325, and the measured 176Hf/177Hf 
ratio of the BHVO-2 standard, determined during analysis of the 

unknowns, was 0.283079 ± 0.000004 (2σ; n = 2). Whole-rock Hf iso
topic data, along with whole-rock major- and trace-elemental and Sr–Nd 
isotopic and zircon Hf isotopic data, for the late Jurassic–early Creta
ceous igneous rocks in the Qingcaoshan–Jiacuo and Duolong–Rena Co 
areas of the SQB are given in Supplementary Table 1. 

4. Results 

4.1. Late Jurassic igneous rocks 

The Jiacuo granodiorites (153–152 Ma; Sun et al., 2020) have 
moderate SiO2 (64.8–68.4 wt%; Fig. 2a) and low MgO (1.6–2.3 wt%) 
and Mg# (47–49) [Mg# = Mg/(Mg + Fe)]. They have high K2O contents 
(4.2–5.2 wt%) and belong to the high-K calc-alkaline series (Fig. 2b). 
Almost all of the samples exhibit enrichment in light rare earth elements 
(LREEs), depletion in high-field-strength elements (HFSEs; e.g., Nb, Ta, 
and Ti; Fig. 3a, b), and slight negative Eu anomalies (Eu/Eu* =
EuN/

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
SmN × GdN

√
= 0.77–0.80). They show uniform initial 87Sr/86Sr 

ratios of 0.7101–0.7102 and εNd(t) values of − 7.7 to − 7.6 (Fig. 5b), 
similar to those of ancient-lower-crust-derived magmatic rocks in the 
SQB (Hao et al., 2016a). The Jiacuo granodiorites show whole-rock 
εHf(t) values of − 9.8 to − 9.5 and lie on the terrestrial array in a 
εNd(t)–εHf(t) diagram (Fig. 5a). 

Compared with the Jiacuo granodiorites, the Rena Co adakitic 
granodiorites (152–148 Ma) have similar SiO2 (63.3–66.2 wt%; Fig. 2a), 
MgO (1.0–1.6 wt%), and Mg# (33–42) but higher Sr (610–654 ppm) and 
lower heavy REEs (HREEs; Fig. 3a, b), such as Yb of 0.3–0.6 ppm and Y 
of 6.9–8.8 ppm. They exhibit high (La/Yb)N (23–96) and Sr/Y (51–137) 
ratios and are therefore classified as adakites (Defant and Drummond, 
1990). The Rena Co adakitic granodiorites show negligible Eu anomalies 
(Eu/Eu* = 0.92–1.03) and are characterized by arc-like geochemical 
signatures, such as enrichment in large-ion lithophile elements (LILEs) 
and negative Nb and Ta anomalies. The whole-rock Sr–Nd isotopic 
compositions of the Rena Co adakitic granodiorites (87Sr/86Sr(i) =
0.7069–0.7086, εNd(t) = − 7.6 to − 3.7) are similar to those of the Jiacuo 
granodiorites (Fig. 5b). In addition, the Rena Co samples display whole- 
rock εHf(t) values of − 2.6 (Fig. 5a). Their Nd–Hf isotopic compositions 
are close to the terrestrial array (Fig. 5a). 

4.2. Early Cretaceous igneous rocks 

The Duolong andesitic rocks (118–106 Ma; Li et al., 2016b; Wang 
et al., 2015; Wei et al., 2017; Zhang et al., 2017) consist mainly of an
desites and basaltic andesites with minor basalts. They show variable 
SiO2 (49.4–61.8 wt%; Fig. 2a), MgO (0.5–6.6 wt%), and Mg# (16–59), 
which may indicate their complex sources and/or evolution processes. 

Fig. 2. (a) Total-alkali–silica classification diagram (Middlemost, 1994). (b) K2O–SiO2 diagram (Peccerillo and Taylor, 1976). Data for the Jurassic Jiacuo grano
diorites and Rena Co adakitic granodiorites are from Sun et al. (2020) and Hao et al. (2016a), respectively; for the Cretaceous Duolong andesitic rocks are from Li 
et al. (2016b), Wang et al. (2015), and Wei et al. (2017); for the Cretaceous Duolong dioritic and granitic rocks are from Li et al. (2013, 2016b) and Zhu et al. (2015a, 
b); and for the Cretaceous Rena Co adakitic granodiorite porphyries are from Hao et al. (2016a). 

P. Sun et al.                                                                                                                                                                                                                                      



Journal of Asian Earth Sciences 221 (2021) 104931

5

These rocks have K2O contents of 1.4–3.1 wt% and plot in the high-K 
calc-alkaline series, with a few samples belonging to the calc-alkaline 
series (Fig. 2b). They display parallel REE and trace-element distribu
tion patterns (Fig. 4a, b), with slight negative Eu anomalies (Eu/Eu* =
0.80–0.94), and have total REE contents of 122–205 ppm. The Duolong 
andesitic rocks show more depleted whole-rock Sr–Nd and zircon Hf 
isotopic compositions (87Sr/86Sr(i) = 0.7045–0.7071, εNd(t) = − 1.8 to 
+3.6, εHf(t) = +1.3 to +12.9) relative to the Jurassic magmatic rocks of 
the SQB (Fig. 5a, b). Notably, their Nd–Hf isotopic compositions lie away 
from the terrestrial array (Fig. 5a), with ΔεHf(t) = 3.0–11.3 (Vervoot 
et al., 2011; ΔεHf(t) = εHf(t) − 1.55 × εNd(t) − 1.21). 

The Duolong diorites and granites (122–113 Ma; Li et al., 2011, 
2013, 2014a, 2016a, 2017a, b) have variable SiO2 (57.0–72.6 wt%; 
Fig. 2a), K2O (1.9–10.1 wt%), MgO (0.4–3.9 wt%), and Mg# (27–59) 
and plot within the high-K calc-alkaline field (Fig. 2b). They are 
enriched in LILEs and depleted in HFSEs and have slight negative to 
positive Eu anomalies (Eu/Eu* = 0.73–1.50; Fig. 4a, b). In addition, they 
exhibit lower total REE contents (50–139 ppm) compared with the 
Duolong andesitic rocks. Their whole-rock Sr–Nd isotopic compositions 
vary over a wide range, with 87Sr/86Sr(i) = 0.7051–0.7078 and εNd(t) =
− 6.2 to +3.3, and plot between those of the Duolong andesitic rocks and 
Jiacuo/Rena Co granodiorites (Fig. 5b). The Duolong diorites and 
granites show relatively homogeneous and depleted zircon Hf isotopic 
compositions (εHf(t) =+4.5 to +6.8; Fig. 5a) compared with the variable 
Nd isotopic compositions. Thus, they plot above the terrestrial array, 
with ΔεHf(t) = 6.3–12.3 (Fig. 5a). 

The Rena Co adakitic granodiorite porphyries (112 Ma; Hao et al., 
2016a) show slightly higher SiO2 (67.2–69.7 wt%; Fig. 2a) and lower 
MgO (0.4–1.6 wt%) and Mg# (15–42) compared with the Duolong 
andesitic rocks and diorites–granites. They exhibit arc-like trace- 
element patterns with enrichment in LILEs and depletion in HFSEs. They 
are characterized by low Y (8.2–8.6 ppm) and Yb (0.9–1.0 ppm) and 
high Sr (438–502 ppm), (La/Yb)N (16–20), and Sr/Y (51–61), belonging 

to adakites (Defant and Drummond, 1990). The Rena Co adakitic 
granodiorite porphyries are characterized by depleted whole-rock 
Sr–Nd–Hf isotopic compositions (87Sr/86Sr(i) = 0.7054–0.7065, εNd(t) 
= –0.6 to +0.3, εHf(t) =+7.39), similar to those of the Duolong andesitic 
rocks but markedly different from those of the Jurassic Rena Co adakitic 
granodiorites (Fig. 5a, b). Also, they plot above the terrestrial array, 
with ΔεHf(t) = 7.5 (Fig. 5b), resembling the Cretaceous Duolong igneous 
rocks. 

5. Discussion 

5.1. Coupling between Nd and Hf isotopes in late Jurassic igneous rocks 
derived from ancient crust 

In Section 4.1, we presented new whole-rock Hf isotope data for the 
late Jurassic Jiacuo granodiorites and Rena Co adakitic granodiorites. 
These new data, combined with previous whole-rock Nd isotopes 
(Supplementary Table 2; Hao et al., 2016a; Sun et al., 2020), reveal 
Nd–Hf isotopic coupling (ΔεHf(t) = 0.9 to 2.4) of these Jurassic grano
diorites (Fig. 5a). 

The Jiacuo granodiorites, which are metaluminous, calc-alkaline, 
and I-type, have moderate SiO2 (64.8–68.4 wt%), high K2O (4.2–5.2 
wt%), and low MgO (1.6–2.3 wt%) and Mg# (47–49). These geochem
ical features are similar to those of lower-crust-derived felsic melts (Li 
et al., 2014b; Hao et al., 2016a; Wu et al., 2016). Given their enriched 
isotopic compositions (87Sr/86Sr(i) = 0.7079 to 0.7080, εNd(t) = − 7.9 to 
− 7.6), Sun et al. (2020) proposed that the Jiacuo granodiorites were 
generated by partial melting of SQB ancient mafic lower crust. The Rena 
Co adakitic granodiorites show high SiO2 (63.3–66.2 wt%) and K2O 
(2.7–3.5 wt%) and low MgO (1.0–1.6 wt%) and Mg# (33–42). The high 
(La/Yb)n (23–96) and Sr/Y (51–137) ratios indicate their adakitic af
finities. On the basis of the low MgO contents and enriched isotopic 
compositions, which are similar to those of ancient-lower-crust-derived 

Fig. 3. (a) Chondrite-normalized REE pattern diagram and (b) primitive-mantle-normalized trace-element variation diagram for the SQB late Jurassic igneous rocks. 
Data sources are the same as Fig. 2. Chondrite and primitive-mantle normalization values are from Sun and McDonough (1989). 

Fig. 4. (a) Chondrite-normalized REE pattern diagram and (b) primitive mantle-normalized trace-element diagram for the SQB early Cretaceous igneous rocks. Data 
sources are the same as Fig. 2. Chondrite- and primitive-mantle normalization values are from Sun and McDonough (1989). 
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magmatic rocks in the SQB, Hao et al. (2016a) suggested that the Rena 
Co adakitic granodiorites were generated by partial melting of thickened 
ancient lower crust. In summary, both the Jiacuo granodiorites and Rena 
Co adakitic granodiorites were likely derived from SQB ancient lower 
crust and exhibit Nd–Hf isotopic coupling. 

5.2. Decoupling of Nd and Hf isotopes in early Cretaceous granitic rocks 
derived from juvenile crust 

Our new data include whole-rock Hf isotopic data of the Rena Co 
adakitic granodiorite porphyries (ca. 112 Ma). These data, combined 
with existing Nd isotopic data (Hao et al., 2016a), reveal clear Nd–Hf 
isotopic decoupling (ΔεHf(t) = 7.5; Fig. 5a). 

Adakitic rocks are commonly generated by crustal assimilation and 
high- or low-pressure fractional crystallization (AFC; Castillo et al., 
1999; Macpherson et al., 2006), or by partial melting of metabasic rocks 
(e.g., subducted oceanic crust or subducted, delaminated, or thickened 
continental lower crust) at eclogite- to amphibolite-facies conditions 

(Defant and Drummond, 1990; Atherton and Petford, 1993; Rapp et al., 
1999; Chung et al., 2003; Wang et al., 2005). The Rena Co adakitic 
granodiorite porphyries were not formed by AFC processes from basaltic 
magmas. La/Y ratios increase in response to high-pressure garnet crys
tallization, and Mg# values and Cr and Ni contents decrease during low- 
pressure crystallization of olivine and pyroxene. However, there are no 
such correlations between SiO2 and La/Y or Mg# in these adakitic rocks. 
Besides, their Sr–Nd isotopic compositions (87Sr/86Sr(i) =

0.7054–0.7065; εNd(t) = − 0.6 to 0.3) are quite different from those of 
oceanic-slab-derived adakites of the SQB (87Sr/86Sr(i) = 0.7043–0.7046; 
εNd(t) = 1.0–3.4; Li et al., 2016c), precluding their derivation by partial 
melting of subducted oceanic crust. In addition, their low MgO (0.4–1.6 
wt%) and Mg# (15–42) are inconsistent with derivation from subducted 
or delaminated continental lower crust, which typically produces ada
kites with high MgO and Mg# (Xu et al., 2002; Wang et al., 2006). 
Furthermore, the slightly depleted Sr–Nd isotopes are inconsistent with 
their origination from ancient lower crust. Therefore, we argue that the 
early Cretaceous Rena Co adakitic rocks were derived from juvenile 
lower crust (Hao et al., 2016a). 

In summary, our data show that the early Cretaceous Rena Co 
granitic rocks of the SQB were derived from juvenile lower crust and 
exhibit Nd–Hf isotopic decoupling. However, the formation and com
positions (andesitic or basaltic) of the juvenile lower crust and its role in 
Nd–Hf isotopic decoupling remain unclear. 

5.3. Contribution of mélange melting to the Nd–Hf isotopic decoupling of 
juvenile crust 

Juvenile crust generally has andesitic or basaltic compositions. As 
only rare basaltic rocks were formed in the SQB during the early 
Cretaceous, we infer that the early Cretaceous juvenile crust of the SQB 
was compositionally andesitic. Hao et al. (2016b) suggested that the 
Cretaceous Duolong andesitic rocks could be a proxy for the juvenile 
crust of the SQB. Moreover, andesitic juvenile crust is a plausible source 
of the early Cretaceous felsic rocks (e.g., Rena Co adakitic granodiorite 
porphyries), for the following reasons: (1) The Sr–Nd isotopic compo
sitions of the juvenile crust are similar to those of the Rena Co adakitic 
granodiorite porphyries (Fig. 5b); (2) although the Rb/Sr ratios of the 
Rena Co porphyries are substantially higher than those of juvenile crust, 
the Rb/Sr ratios of their source rocks, calculated using the methods of 
Dhuime et al. (2015), are almost identical to those of juvenile crust (Hao 
et al., 2016b); and (3) the juvenile crust (i.e., the early Cretaceous 
Duolong andesitic rocks) exhibits strong Nd–Hf isotopic decoupling 
(ΔεHf(t) = 3.0–10.3; Fig. 5a; Supplementary Table 1), consistent with 
that of the early Cretaceous Rena Co adakitic rocks. Thus, we infer that 
the early Cretaceous juvenile crust of the SQB was andesitic and was 
characterized by Nd–Hf isotopic decoupling. 

However, the mechanisms that produced the andesitic crust and 
Nd–Hf isotopic decoupling remain unclear, meaning that it is necessary 
to investigate the genesis of the Duolong andesitic rocks. Andesitic rocks 
can be generated by mixing between felsic and mafic magmas, or by AFC 
from basaltic magmas (e.g., Chen et al., 2014). However, here we sug
gest that the Duolong andesitic rocks were not formed by these pro
cesses, on the basis of the following reasons: (1) In the La–(La/Yb) 
diagram (Fig. 7c), the samples plot on a partial melting path rather than 
a fractional crystallization path; and (2) there are no correlations be
tween SiO2 contents and εNd(t) or 87Sr/86Sr(i) values for these rocks 
(Fig. 7a, b). Rather, the Duolong andesitic rocks are inferred to have 
been generated by partial melting of a particular source. The source is 
unlikely to have been the mafic lower crust, as experimental studies 
have shown that partial melts of basaltic rocks generally have low Mg# 
(<41), regardless of the degree of melting (e.g., Rapp and Watson, 
1995). In contrast, most samples of the Duolong andesitic rocks have 
high MgO (>3 wt%) and Mg# (>45; Fig. 7d). In fact, the most mafic 
sample of the Duolong rocks exhibits a low SiO2 content of 49.4 wt%, 
which is unlikely to have been derived from mafic lower crust of the 

Fig. 5. (a) εNd(t)–εHf(t) diagram for the SQB early Cretaceous igneous rocks. 
The terrestrial array is after Vervoot et al. (2011) (εHf(t) = 1.55 × εNd(t) +
1.21). The Nd and Hf contents of depleted MORB mantle (DMM), global sub
ducted sediment (GLOSS), and lower crust are from Workman and Hart (2005), 
Plank (2014), and Rudnick and Gao (2014), respectively. The Nd and Hf iso
topic compositions of DMM, GLOSS (εNd = − 8.9, εHf = +2 ± 3), and lower 
crust are from Li et al. (2016c), Chauvel et al. (2008), and Hao et al. (2016a), 
respectively. The residual assemblages in equilibrium with lower-crust-derived 
melts are assumed to comprise Cpx (40%) + Opx (20%) + Pl (20%) + Amph 
(19%) + Zircon (1%). The residual mineral assemblage for lower-crust melting 
is from Qian and Hermann (2013), and the weight fractions of minerals are 
from Ma et al. (2015). The bulk distribution coefficient (KD) values are from 
Bédard (2006). (b) εNd(t)–87Sr/86Sr(i) diagram for the SQB late Jurassic and 
early Cretaceous igneous rocks. 
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SQB. Thus, we infer that the Duolong andesitic rocks could have been 
derived from mafic–ultramafic mantle lithologies. The Duolong andes
itic rocks have lower Mg, Cr, and Ni contents and more enriched 
Sr–Nd–Hf isotopic compositions relative to mid-ocean ridge basalts from 
typical asthenospheric mantle, indicating a metasomatized mantle 
source. Subducted sediments probably made a significant contribution 
to the formation of the Duolong andesitic rocks, according to the 
following reasons: (1) The early Cretaceous Duolong andesitic rocks 

have high (La/Sm)N ratios and low Ba/Th values (Fig. 8), which is 
thought to reflect the involvement of subducted sediments (Chen et al., 
2014; Hao et al., 2016b); and (2) they show variable (depleted to slightly 
enriched) Nd–Hf isotopic compositions and plot on the mixing line be
tween depleted mantle and oceanic sediments (Fig. 5a). 

Both models discussed above in Section 1 could incorporate sub
ducted sediments into the source of arc magmas. The critical difference 
between the two models is the order of mixing and trace-element 

Fig. 6. (a) Nd isotopic compositions versus Hf/Nd ratios for the Cretaceous Duolong andesitic rocks. Mixing lines between the mantle and bulk sediments (bold lines) 
are presented. (b–c) Trends expected for sediment melting followed by mixing with mantle wedge and for mélange formation followed by melting, respectively, 
modified from Nielsen and Marschall (2017). 

Fig. 7. (a–b) Sr and Nd isotopic compositions versus SiO2 for the SQB early Cretaceous igneous rocks. (c) (La/Yb)–La diagram for the Cretaceous Duolong andesitic 
rocks. (d) SiO2–Mg# diagram for the SQB early Cretaceous igneous rocks. Metabasaltic experimental melt data are from Rapp and Watson (1995). 
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fractionation, which could lead to different isotopic mixing relationships 
(Nielsen and Marschall, 2017). Thus, the (144Nd/143Nd)–(Hf/Nd) dia
gram (Fig. 6a) should allow these two models to be distinguished 
(Nielsen and Marschall, 2017). In the conventional model (McCulloch 
and Gamble, 1991; Elliott et al., 1997), sediment-derived melts mix with 
the mantle, which should produce a sloping trend (Fig. 6b). In the 
mélange melting model (Castro et al., 2010, 2013; Marschall and 
Schumacher, 2012; Nielsen and Marschall, 2017), physical mixing be
tween sediments and the mantle should produce a mélange with rela
tively homogeneous isotopic compositions, and subsequent partial 
melting of the mélange should produce an approximately horizontal 
trend (Fig. 6c). The Duolong andesitic rocks are distributed along a 
horizontal line (Fig. 6a), indicating that subducted sediments recycled 
into mantle wedge acted as bulk sediment rather than melts or fluids. 
Previous studies have concluded that partial melting of the mélange 
would produce arc magmas dominated by andesitic compositions (e.g., 
SiO2 = 51–61 wt%; MgO = 1.1–5.7 wt%; Codillo et al., 2018; Cruz-Uribe 
et al., 2018). The Duolong andesitic rocks have contents of SiO2 (49–62 
wt%) and MgO (0.5–6.6 wt%) that are similar to those of mélange- 
derived melts. Therefore, we suggest that the Duolong andesitic rocks 
and early Cretaceous andesitic juvenile crust were formed by partial 
melting of the mélange. The mixing model indicates that the mélange 
contains 1–2% bulk subducted sediment (Fig. 5a). 

This mélange melting model differs from previous interpretations of 
the petrogenesis of the Duolong andesitic rocks. Li et al. (2016b) sug
gested that these rocks were derived from a metasomatized mantle 
wedge with MASH (melting, assimilation, storage and homogenization) 
processes taking place at the base of the lower crust. However, we 
propose that the Duolong andesitic rocks were not formed by mixing 
between felsic and mafic magmas or AFC processes, as discussed above. 
Wei et al. (2017) suggested that these andesitic rocks may have been 
derived from a mantle enriched by slab-released fluids. Experimental 
studies have shown that partial melting of hydrous mantle peridotites 
usually produces basaltic rocks or high-Mg andesites under particular 
pressures and temperatures (Blatter and Carmichael, 2001). However, 
this is not the case for the Duolong andesitic rocks. In the mélange 
model, andesitic magmas with moderate MgO contents can be directly 
produced by mélange melting without magma mixing or AFC process, as 
indicated by experimental studies (Codillo et al., 2018; Cruz-Uribe et al., 
2018). 

Previous studies have proposed several key mechanisms that can 
lead to Nd–Hf isotopic decoupling of magmatic rocks: (1) Lower crust 
that has undergone an ancient anatexis event with residual phases of 
garnet and zircon may be an optional reservoir for Nd–Hf isotopic 
decoupling. For example, Schmitz et al. (2004) suggested that residual 
phases of garnet and zircon changed the Lu/Hf ratios of crustal 

protoliths during anatexis. Such ancient anatexis events followed by 
isotopic evolution are inferred to have caused Nd–Hf isotopic decou
pling of the granulitic lower crust beneath southern Africa. (2) Deeply 
subducted oceanic basalt may serve as the reservoir of Nd–Hf isotopic 
decoupling. Nowell et al. (2004) argued that Lu/Hf and Sm/Nd behave 
discordantly in an oceanic crust produced by melting in the garnet sta
bility field. After isotopic evolution for >1 Gyr, this oceanic crust is 
capable of generating Nd–Hf isotopic decoupling. (3) A magma source 
involving sediments may show Nd–Hf isotopic decoupling. Partial 
melting of the mantle wedge metasomatized by slab-released melts (Guo 
et al., 2014) or mixed with bulk subducted sediment (Marini et al., 
2005), could generate magmas with Nd–Hf isotopic decoupling because 
subducted sediments, as well as their melts, have chemical and isotopic 
compositions that are distinct from those of mantle ultramafic rocks 
(Plank and Langmuir, 1998; Chauvel et al., 2008; Yogodzinski et al., 
2010). 

As demonstrated above, the early Cretaceous granitic rocks (i.e., the 
Rena Co adakitic granodiorite porphyries) are characterized by Nd–Hf 
isotopic decoupling. These rocks were derived by partial melting of 
newly formed lower crust (Hao et al., 2016a). Thus, their Nd–Hf isotopic 
decoupling could not have been induced by partial melting of ancient 
lower crust or deeply subducted oceanic crust. Instead, the Nd–Hf iso
topic decoupling of the Cretaceous Rena Co adakitic rocks was likely to 
have been inherited from their juvenile crust source. The juvenile 
andesitic crust, compositionally represented by the Duolong andesitic 
rocks, was formed by partial melting of the mélange (a physical mixture 
of mantle wedge peridotite, altered oceanic basaltic crust, and sub
ducted sediments). Previous work has shown that subducted sediments 
could have caused Nd–Hf isotopic decoupling in some Cenozoic intra- 
oceanic arc volcanic rocks (Marini et al., 2005; Chauvel et al., 2008, 
2009; Yogodzinski et al., 2010; Nebel et al., 2011). Zircons have high Hf 
contents relative to Lu and other REEs, so the removal or addition of 
zircons by sedimentary processes is likely to cause fractionation between 
Nd and Hf in sediments. The incorporation of zircon-free oceanic sedi
ments should change the Nd–Hf isotopic compositions of a mantle 
source and make the arc magmatic rocks plot above the terrestrial array 
(Chauvel et al., 2008; Marini et al., 2005). Therefore, we suggest that the 
Nd–Hf isotopic decoupling of the early Cretaceous granitic and andesitic 
rocks in the SQB reflects the mélange contribution to arc magmas. 

5.4. A test of our model 

Our model posits that the SQB early Cretaceous andesitic juvenile 
crust was characterized by Nd–Hf isotopic decoupling. Thus, the early 
Cretaceous intermediate–felsic rocks in the SQB that are genetically 
linked to andesitic rocks should also show Nd–Hf isotopic decoupling. 
For this reason, the early Cretaceous Duolong dioritic and granitic rocks 
provide a test for our model. 

The variable Sr–Nd isotopic compositions of the Duolong dioritic and 
granitic rocks overlap those of the Duolong andesitic rocks. In addition, 
these two types of rocks (dioritic–granitic and andesitic) show close 
temporal–spatial correlations. Thus, we infer that the Duolong dioritic 
and granitic rocks are genetically linked to the Duolong andesitic rocks. 
The former show lower REE contents than the latter, indicating that the 
former cannot have been formed by FC processes of the mélange-derived 
Duolong andesitic magmas. We instead interpret that the Duolong dio
ritic and granitic rocks were likely formed by mixing of such andesitic 
melts and ancient-lower-crust-derived magmas, on the basis of the 
following reasons: (1) The εNd(t) and 87Sr/86Sr(i) values of these rocks 
are correlated with SiO2 content, consistent with magma mixing 
(Fig. 7a, b); and (2) these rocks plot on a mixing trend between an end- 
member isotopically similar to the Duolong andesitic rocks and an end- 
member similar to ancient lower crust of the SQB (Fig. 5b). The mixing 
modeling (Fig. 7a, b) indicates that mixing of 0–70% ancient-lower- 
crust-derived melts and mélange-derived andesitic melts can produce 
the Duolong intermediate–felsic intrusive rocks. 

Fig. 8. (Ba/Th)–(La/Sm)N diagram for the Cretaceous Duolong andesitic rocks. 
AOB = altered oceanic basalt; SS = seafloor sediments. 
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The early Cretaceous Duolong dioritic and granitic rocks show strong 
Nd–Hf isotopic decoupling (ΔεHf(t) = 6.3–10.0; Fig. 5a; Supplementary 
Table 1), similar to that of the Duolong andesitic rocks. Combining this 
information with that for the early Cretaceous Rena Co adakitic rocks, 
we suggest that the mélange melting contributed to the generation of the 
SQB early Cretaceous andesitic juvenile crust, which was characterized 
by Nd–Hf isotopic decoupling (i.e., the Duolong andesitic rocks), and 
that the andesitic material contributed to the formation of the early 
Cretaceous intermediate–felsic rocks in the SQB, which also show Nd–Hf 
isotopic decoupling (e.g., the Duolong dioritic and granitic rocks and 
Rena Co adakitic rocks). 

5.5. Geodynamics of the southern Qiangtang Block during the late 
Mesozoic 

The tectonic setting of the SQB during the late Mesozoic is still 
disputed. However, there is increasing evidence to indicate that the 
BNTO survived until the late early Cretaceous (ca. 100 Ma). Magmatic 
rocks diagnostic of oceanic subduction have been identified in the SQB 

(e.g., 110–104 Ma adakites and Nb-enriched basalts; Hao et al., 2019). 
In addition, numerous early Cretaceous oceanic basalts within the BNSZ 
reflect survival of the BNTO until at least the late early Cretaceous (ca. 
100 Ma; Bao et al., 2007; Zhang et al., 2012, 2014; Wang et al., 2016). 
Therefore, we infer that the SQB was in a continental margin arc setting 
during the late Mesozoic and that the BNTO did not close until the late 
early Cretaceous (ca. 100 Ma; Zhang et al., 2012). In this case, the 
magmatic gap from ca. 148 to 122 Ma in the SQB can be explained by 
flat subduction of the BNTO slab owing to oceanic plateau subduction 
(Hao et al., 2019). 

In summary, the late Mesozoic tectono-magmatic evolution of the 
SQB can be described as follows (Fig. 9): (1) During the late Jurassic 
(169–148 Ma), normal northward subduction of the BNTO slab induced 
partial melting of ancient lower crust, which generated the SQB Jurassic 
felsic magmatism with Nd–Hf isotopic coupling (e.g., in the Jiacuo and 
Rena Co areas). (2) Continental arc magmatism ceased as a result of flat 
subduction of the BNTO slab during the early Cretaceous (148–122 Ma). 
Notably, substantial volumes of mélange rocks were able to form in the 
subduction channel during this period (Hao et al., 2016b, 2019). (3) 

Fig. 9. A conceptual model illustrating the tectono-magmatic evolution of central Tibet during the late Mesozoic (not to scale). See the text in Section 5.5 for details.  

P. Sun et al.                                                                                                                                                                                                                                      



Journal of Asian Earth Sciences 221 (2021) 104931

10

Rollback of the BNTO slab from 122 Ma induced upwelling of the 
asthenospheric mantle and partial melting of the mélange. Primary 
andesitic melts derived from the mélange were erupted to form the 
Duolong andesitic rocks (118–106 Ma). Mixing between the andesitic 
melts and ancient-lower-crust-derived magmas formed the Duolong 
dioritic and granitic rocks (122–113 Ma). In addition, the primary 
andesitic melts underplated the SQB lower crust to form relatively ju
venile andesitic crust. Partial melting of this thickened juvenile andesitic 
lower crust formed the Rena Co adakitic granodiorites (112 Ma). The 
early Cretaceous andesitic–felsic rocks show Nd–Hf isotopic decoupling, 
which is ascribed to the incorporation of partial melts of the mélange. 

6. Conclusions  

(1) The late Jurassic igneous rocks of the SQB were generated by 
partial melting of ancient lower crust and show Nd–Hf isotopic 
coupling. Conversely, the early Cretaceous igneous rocks of the 
SQB were produced by partial melting of juvenile crust and show 
marked Nd–Hf isotopic decoupling.  

(2) The early Cretaceous juvenile crust of the SQB was andesitic and 
exhibited Nd–Hf isotopic decoupling, and was generated by 
partial melting of the subduction mélange.  

(3) Flat subduction and subsequent rollback of the BNTO slab caused 
the formation and partial melting of the mélange, respectively. 
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