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Crustal reworking in the collisional zones is commonly considered as an important process to result in continen-
tal crust differentiation andmaturation. However, the reworking mechanism remains unclear. Here, a combined
study of zircon SIMS U–Pb age, whole-rock major and trace element, Sr–Nd–Hf and zircon Hf–O isotopic geo-
chemistry was carried out for the Duoma–Namuqie (DM–NMQ) granite porphyry intrusions, including DM,
NMQ I, II and III intrusions, in southern Qiangtang, central Tibet. Zircon SIMS U–Pb dating yielded ages of
79–76 Ma, suggesting that they were formed in the later stage of Late Cretaceous. The DM granite porphyries
are metaluminous to peraluminous with slightly low SiO2 (69.2–71.4 wt%) and high MgO (0.67–0.79 wt%) con-
tents. They are depleted in high-field-strength elements (HFSEs) and enriched in light rare earth elements
(LREEs), large ion lithophile elements (LILEs), and showweakly negative Eu anomalies. The NMQ III granite por-
phyries show similar elemental features to the DM granite porphyries, but have relatively high SiO2

(69.8–72.2 wt%) and low MgO (0.25–0.28 wt%) contents. Both of them belong to I-type granites. The NMQ I
and II granite porphyries are relatively differentiated with high SiO2 (76.4–77.9 wt%), low MgO (0.11–0.16 wt
%) contents, and significantly negative Eu anomalies. Extremely low LREE contents and notable REE tetrad effect
can be observed in the NMQ II granite porphyries. The NMQ I and II intrusions are fractionated I-type granites.
The whole-rock Sr–Nd–Hf and zircon Hf–O isotope data exhibit an enriched trend from the DM granite
porphyries ((87Sr/86Sr)i = 0.7049–0.7050, εNd(t) = 1.2–1.6, εHf(t)whole-rock = 9.9–12.0, εHf(t)zircon = 7.4–11.5,
δ18O = 6.2–7.1‰) to the NMQ III granite porphyry ((87Sr/86Sr)i = 0.7058–0.7067, εNd(t) = −0.9 to −1.1,
εHf(t)whole-rock = 7.0–7.4, εHf(t)zircon = 2.7–9.5, δ18O = 7.2–7.6‰) to the NMQ I and II granite porphyries
(εNd(t) = −3.0 to −4.3, εHf(t)whole-rock = 5.3–6.6, εHf(t)zircon = 1.5–7.4, δ18O = 6.6–9.2‰). We suggest that
the DM–NMQ granite porphyries were mainly derived by partial melting of the juvenile mafic lower crust
with variable volumes of ancient crustal components involved in their magma sources. The way in which
these granite porphyries were formed provides evidence for the crustal differentiation and maturation in a
post-collisional extensional setting triggered by the far-field rollback of the subducted Neo-Tethys oceanic slab

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

The growth of continental crust is an important scientific research
topic that continues to stimulate intense debate. It is widely accepted
that continental crustal growth occurs primarily in subduction zones, ei-
ther by vertical addition of underplated basaltic magmas at the crust–
mantle interface, or by lateral accretion of island or intra-oceanic arc
complexes and oceanic plateaus, as revealed by the arc-like element
ope Geochemistry, Guangzhou
uangzhou 510640, China.
signature of the bulk continental crust (Chen and Arakawa, 2005; Niu
et al., 2013; Rudnick and Gao, 2003). However, numerous studies have
proposed that continental collision zones are ideal sites for crustal
growth, and this hypothesis has been verified in several orogenic
belts, including the east Kunlun, Gangdese, and western Qinling belts
(e.g., Niu et al., 2013). The key to this apparent contradiction involves
distinguishing growth from reworking of juvenile crust at convergent
plate boundaries. Given that juvenile continental crust formed at arc
settings is too mafic for their composition, an additional process is
thus required to transform the juvenile basaltic crust into mature conti-
nental crust (Tang et al., 2019a). Twomainmechanisms have been pro-
posed for this transformation. One is partial melting of the underplated
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basaltic rocks, either in a subduction zone or a collision zone (Hao et al.,
2016; Tang et al., 2019b). The second is weathering of juvenile crust,
followed by burial and melting of juvenile crust sediments in a collision
zone (Tang et al., 2019a; Wu et al., 2006).

Granitoids and their volcanic equivalents are the most abundant
constituent of continental crust, and knowledge of their origin is essen-
tial for understanding the evolution and differentiation of the continen-
tal crust. The Bangong–Nujiang suture zone (BNSZ) on the Tibetan
Plateau records the evolution of Meso-Tethys oceans from the Early–
Middle Jurassic to the Early Cretaceous (Wang et al., 2016; Zhu et al.,
2016). Widespread granitoid batholiths from three episodes of
magmatism, namely, the Jurassic (170–150 Ma), Early Cretaceous to
the early stage of Late Cretaceous (126–95 Ma), and the later stage of
Late Cretaceous (80–68 Ma), have been found along the BNSZ. Batho-
liths of the first two episodes were formed as a result of subduction
and closure of the Bangong–Nujiang Tethys Ocean (BNTO;
i.e., volcanic-arc and syn-collisional settings), whereas batholiths of
the third episode were formed in a post-collisional or intra-
continental setting (Chen et al., 2017; He et al., 2019; Hu et al., 2019;
Li et al., 2013; Zhao et al., 2008; Zhu et al., 2016).

Here we focus on the Late Cretaceous magmatic episode. Wide-
spread Late Cretaceous magmatic rocks (100–70 Ma) with positive εNd
(t) and εHf(t) values have been recognized in the Lhasa terrane
(Fig. 1a). They were formed in an arc setting related to the subduction
Fig. 1. (a) Tectonic units of the Tibet showing the major subdivisions and distributions of La
intermediate-felsic igneous rocks are listed in Table S6. (b) Simplified regional geological map
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of Yarlung–Zangbo oceanic lithosphere (Ma et al., 2013a, 2013b; Tang
et al., 2019b). The early-stage magmatism (100–85 Ma) is dominated
by mantle-derived mafic intrusions, indicating substantial crustal
growth (Ma et al., 2013a, 2013b). Most of the late-stage magmatism
(85–70 Ma) are felsic, and are considered products of juvenile crust
reworking by partial melting of pre-existing underplated basaltic
lower crust (Tang et al., 2019b). However, the Qiangtang terrane in
the Late Cretaceouswas in a post-collisional or intra-continental setting,
and whether crustal growth or reworking occurred remains unclear.

In this study, we present a combined study of zircon U–Pb dating
and Hf–O isotopes, and whole-rock elements and Sr–Nd–Hf isotopes
for the Late Cretaceous Duoma–Namuqie (DM–NMQ) granite porphy-
ries in the southern Qiangtang subterrane (SQT), adjacent to the BNSZ.
The goals of this study are to systematically investigate their petrogen-
esis and establish themode of juvenile crust reworking and its contribu-
tion to continental maturation in a post-collisional setting.

2. Geological setting and samples

The Tibetan Plateau consists of four terranes or blocks, namely, the
Songpan–Ganzi, Qiangtang, Lhasa, and Himalaya terranes/blocks, from
north to south. They are separated by the Jinsha, Bangong–Nujiang,
and Indus–Yarlung–Zangbo suture zones (Fig. 1a), respectively, which
represent Paleo-, Meso-, and Neo-Tethyan oceanic relicts, respectively.
te Mesozoic intrusive rocks (Zhang et al., 2012). Literature data for the Late Cretaceous
of the Duoma–Namuqie area, Southern Qiangtang Terrane.
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The Qiangtang terrane is divided into northern and southern Qiangtang
subterranes by the Shuanghu–Longmucuo suture zone (Li et al., 2006),
which is characterized byMesozoic HP–UHPmetamorphic rocks, Paleo-
zoic ophiolites, and subduction- or collision-relatedmagmatism (Zhang
et al., 2012). The SQT is covered by Triassic–Late Jurassic terrestrial de-
posits, including Carboniferous and Permian interbedded sandstone
and shale, Late Triassic limestone, and Middle–Late Jurassic clastic
rocks and carbonates. The Late Triassic–Late Jurassic marine deposits
are unconformably overlain by weakly deformed Late Cretaceous conti-
nental sediments (i.e., the Abushan Formation) that were the products
of collision between the Qiangtang and Lhasa terranes (Kapp et al.,
2007; Li et al., 2013; Zhang et al., 2012). Numerous late Mesozoic
intermediate–felsic magmatic rocks (183–73 Ma; Chen et al., 2017;
Hao et al., 2019; He et al., 2019; Li et al., 2013; Liu et al., 2014a; Zhang
et al., 2012) are widely distributed in the SQT from the Rotug to
Changdu areas (Fig. 1a).

The BNSZ, extending over 2000 km in central Tibet, represents rem-
nants of the BNTO and ismainly composed of Jurassic–Cretaceous flysch,
mélange, and scattered ophiolitic fragments (Fig. 1a; Leier et al., 2007;
Schneider et al., 2003). Two major magmatic belts, i.e., the Jurassic
(185–150 Ma) and Early Cretaceous (126–100 Ma) magmatic belts,
have been identified in the SQT along the BNSZ (Fig. 1a), which may re-
cord the processes related to slab subduction and closure of the BNTO, re-
spectively (He et al., 2018; Zhang et al., 2012; Zhu et al., 2016). In
addition, their spatiotemporal distributions may indicate diachronous
closure of the BNTO (Hu et al., 2019), i.e., closure of the eastern part dur-
ing the later stage of Early Cretaceous (Kapp et al., 2007; Zhu et al., 2016),
and closure of the western and western-central parts in the Late Creta-
ceous (Hao et al., 2019; Zhang et al., 2012, 2014).
Fig. 2.Representative photomicrographs (cross-polarized light) of theDuoma–Namuqie granite
I and NMQ II granite porphyries. Mineral abbreviations: Bt–biotite; Hbl–hornblende; Pl–plagio
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The Lhasa terrane is divided into northern, central, and southern
subterranes by the Shiquanhe–Nam Tso Mélange Zone (SNMZ) and
Luobadui–Milashan Fault (LMF), respectively (Fig. 1a) (Zhu et al.,
2013). The central Lhasa subterrane has an Archean–Proterozoic crys-
talline basement, whereas the southern and northern Lhasa subterranes
are characterized by the occurrence of juvenile crust. The northern
Lhasa subterrane (NLS) is dominated by Middle Triassic to Cretaceous
sedimentary rocks, inwhich the Late Cretaceous Jingzhushan Formation
molasse unconformably overlies the older strata (Zhu et al., 2013).
Abundant Cretaceous magmatic rocks are widely exposed in the NLS
(Fig. 1a).

The DM–NMQ area is on the southern margin of the SQT adjacent to
the BNSZ (Fig. 1b). The main lithostratigraphic units in this area include
the Early Cretaceous Qushenla Formation volcanic rocks (e.g., andesite,
tuff sandstone, and crystal tuff), and Early–Middle Jurassic Mugagangri
Group accretionary complex (e.g., metasandstone, siliceous rocks, and
minor ophiolitic mélange), which record the accretion process of the
northward subduction of Meso-Tethys oceanic lithosphere. The later
stage of Early Cretaceous OIB-type basalts in this area have geochemical
characteristics similar to those of the Hawaiian basalts (Zhu et al., 2006,
2016), and are considered to be part of the oceanic plateau of the BNTO
(Zhang et al., 2014).

Granite porphyries were selected from four small plutons (DM and
NMQ I, II, and III). The samples are porphyritic, with phenocrysts of pla-
gioclase (0.5–1 mm), biotite (0.5–1 mm), and quartz (0.1–0.3 mm;
Fig. 2a–d). In addition, some euhedral amphibole crystals (0.5–1 mm)
can be observed in theDMgranite porphyries (Fig. 2a). The groundmass
of these granite porphyries consists primarily of microlitic quartz and
plagioclase.
porphyries: (a)Duoma hornblende-bearing granite porphyries and (b)–(d)NMQ III, NMQ
clase; Qtz–quartz.
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3. Analytical methods

Samples for geochemical analyses first had their surfaces removed
with a diamond saw, with the remaining fresh sample broken into
small chips and cleaned using 2% HCl and distilled water. Samples
were then dried and powdered to ~200 mesh using an agate mortar.
All analyses were conducted at the State Key Laboratory of Isotope Geo-
chemistry, Guangzhou Institute of Geochemistry, Chinese Academy of
Sciences, Guangzhou, China. Analytical methods, including whole-rock
geochemical analyses, and zircon U–Pb dating and Hf–O isotope
analyses for the DM–NMQ granite porphyry samples are given in
Supplementary File S1.

4. Results

4.1. Zircon U–Pb geochronology

Zircon U–Pb age data are presented in Supplementary Table S1. Zir-
con crystals from the DM sample (16DM17‐1) are narrow with aspect
ratios of 1.5–5, which indicates a rapid crystallization process typical
of porphyritic, sub-volcanic intrusions, and high-level granites. Most of
the zircons have well-developed oscillatory zoning that is characteristic
of magmatic zircon (Fig. 3a). They have Th/U ratios of 0.43–0.94.
Fig. 3. Cathodoluminescence (CL) and BSE images of zircons (a) and SIMS zircon U–\\Pb ages fo
are revealed and spot locations of zircon isotopic analyses aremarked. The blue number represe
(orange-red circle). The white numbers near the analysis spots in CL images are the U–\\Pb da
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Eighteen analyses of these zircon grains yielded a concordant
206Pb/238U age of 76.0 ± 0.6 Ma (MSWD = 0.23, 2σ; Fig. 3b).

Zircon grains separated from theNMQ III granite porphyry (NMQ04‐
9) are mostly translucent and euhedral and showwell-developed oscil-
latoryzoning(Fig. 3a). Thezircongrainsvary insize from50μm×150μm
to 100 μm× 300 μm and have aspect ratios of 1.5–3. They have Th/U ra-
tios of 0.33–1.43. Sixteen analyses of these zircon grains yielded a con-
cordant 206Pb/238U age of 78.2 ± 0.6 Ma (MSWD = 0.04, 2σ; Fig. 3c).

Zircon grains separated from the NMQ I granite porphyry (NMQ01‐
5) are mostly euhedral with aspect ratios of 1.5–3. Most of the grains
have oscillatory zoning typical of magmatic zircon in granitic rocks.
Twenty-two spot analyses were conducted on 21 zircon grains, with
eight grains with Th/U ratios of 0.67–2.87 yielding a concordant
206Pb/238U age of 78.9 ± 0.9 Ma (MSWD = 0.01, 2σ; Fig. 3d). Age data
for the other 13 grains were disregarded on account of the dark color
and high U and Th contents of these grains.

Zircon grains from the NMQ II granite porphyry (NMQ03‐7) are
mostly dark, possess cracks, and show no oscillatory zoning. We
disregarded age data for these zircon grains owing to their extremely
high U and Th contents. Considering that i) the zircons from NMQ II
granite porphyry exhibit similar crystal shapes to the dark zircons in
sample NMQ I porphyry (Fig. 3), and ii) NMQ I and II granite porphyry
plutons occur in the same area (Fig. 1), and their porphyries have
r Duoma–Namuqie granite porphyries (c–d). Zircon internal textures and surface features
nts the Hf isotope value (red circle) and the orange number represents the O isotope value
tes (Ma). The yellow scale bars in CL images are 100 μm long.
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similar field (Fig. S1) and petrographical (Fig. 2c, d) observations and
some element (e.g., HREEs, Ba, Nb, Ta, Ti, Zr and Sm) characteristics,
we speculate that theNMQ II porphyrymay have an identical formation
age to that of the NMQ I intrusion.

4.2. Alteration effects

Whole-rockmajor- and trace-element data are listed in Supplemen-
tary Table S2. Samples from the DM and NMQ intrusions have variable
loss-on-ignition (LOI) values with lower values of 0.90–2.12 for the
NMQ I and II granite porphyries, and slightly higher values of
2.12–3.54 for the NMQ III and DM granite porphyries. Thus, the effects
of alteration must be carefully evaluated. Generally, HFSEs, REEs, Th,
and transition elements (e.g., Fe, Mn, and Ti) are essentially immobile
during hydrothermal alteration (Hawkesworth et al., 1997), whereas
LILEs, (e.g., Ca, Na, K, Sr, Ba, andRb) are generallymobile. The lack of cor-
relations between LOI and K2O, Na2O, Al2O3, MgO, Fe2O3

T, and P2O5

(Fig. S2a–b, d–g) indicates negligible alteration effects on these ele-
ments. However, in the LOI vs. CaO diagram, for the NMQ II samples
with LOI contents <1.6 wt% and the NMQ III samples with LOI contents
<2.6 wt%, CaO contents are relatively constant, but for samples
(NMQ03‐–2, NMQ03‐5, NMQ04‐5, and NMQ04‐9) with LOI contents
higher than these two respective values, CaO contents markedly in-
crease (Fig. S2c), indicating the effect of hydrothermal alteration. In ad-
dition, Rb contents and (87Sr/86Sr)i ratios of the NMQ I and II samples
show positive correlationswith LOI (Fig. S2h–i), also suggesting a possi-
ble influence of alteration (Wang et al., 2006a). Thus, CaO contents of
the four samples NMQ03‐2, NMQ03‐5, NMQ04‐5, and NMQ04‐9 from
the NMQ II and III intrusions and the Rb–Sr systematics of the NMQ I
and II granite porphyries are not discussed below.

4.3. Major- and trace-element geochemistry

The DM granite porphyries have relatively homogeneous and high
SiO2 (69.2–71.4 wt%), MgO (0.67–0.79 wt%), Fe2O3

T (1.70–2.17 wt%),
Fig. 4. Na2O + K2O vs. SiO2 (a) and A/NK vs. A/CNK (b) for the DM-NMQ granite porphyries. T
2018; Yu et al., 2011), and the later stage of Late Cretaceous granites in the SQT (He et al., 2019)
for comparison.
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K2O (2.86–3.14 wt%), Na2O (3.33–3.92 wt%), and CaO (1.86–2.88 wt%)
contents and Mg# (39–47) values, and moderate Al2O3

(14.4–14.7 wt%) values. In the (K2O + Na2O) vs. SiO2 diagram,
most of the samples fall within the granite field, except one sample
(16DM17–2) that plots within the granodiorite field (Fig. 4a). In
the (Na2O + K2O – CaO) vs. SiO2 binary diagram, these samples
drop in the calc-alkaline and calcic area (Fig. 5a). Values of the
A/CNK ratio (molecular ratio of Al2O3/(CaO + Na2O + K2O))
(1.04–1.14) and FeOt/(FeOt + MgO) (0.53–0.61) indicate that the
DM samples are metaluminous to peraluminous and magnesian
(Figs. 4b and 5b). Granite porphyries from the NMQ III pluton have
similar SiO2 (69.8–72.2 wt%), Fe2O3

T (1.96–2.30 wt%), K2O
(2.66–3.47 wt%), and Na2O (3.31–3.98 wt%) contents but lower
MgO (0.25–0.28 wt%) and CaO (0.78–2.08 wt%) and higher Al2O3

(15.0–15.3 wt%) contents compared with the DM granite porphyries
(Table S2). Most of the NMQ III granite porphyries fall within the
field of granite and the peraluminous rock series (Fig. 4a–b).
Chondrite-normalized REE patterns show that samples from both
the DM and NMQ plutons are enriched in LREEs with (La/Yb)N ratios
of 22–24 and 37–47, and have negative Eu anomalies (Eu/Eu*) of
0.70–0.79 and 0.80–0.84, respectively (Fig. 6a). The primitive
mantle-normalized trace-element profiles of these samples are
remarkably similar, and both exhibit negative Ba, Sr, P, Nb, Ta, and
Ti anomalies and positive Rb, Th, U, and K anomalies (Fig. 6b).

The NMQ I and II granite porphyries, relative to the DM and NMQ III
granite porphyries, have higher SiO2 (76.4–77.9 wt%) and lower MgO
(0.11–0.16 wt%), Fe2O3

T (0.44–0.73 wt%), Al2O3 (13.4–13.8 wt%), P2O5

(0.01–0.02 wt%), and TiO2 (0.05–0.06 wt%) contents. Both of them are
belong to high-SiO2, peraluminous granites (Fig. 4a–b). TheNMQ I gran-
ite porphyries show similar Na2O (3.63–3.86 wt%) but higher K2O
(3.88–4.30 wt%) contents relative to the NMQ II granite porphyries
(3.86–4.80 wt% and 1.47–1.98 wt%, respectively; Table S2). Chondrite-
normalized REE patterns show slight LREE enrichment for the NMQ I
pluton and a pronounced tetrad effect for the NMQ II pluton (Fig. 6a).
Samples of both plutons have low Eu/Eu* ratios of 0.25–0.30 and show
he early stage of Late Cretaceous intermediate-felsic rocks in NLS (Lei et al., 2015; Yi et al.,
, NLS (Ding et al., 2012; Zhao et al., 2008) andGangdese (Tang et al., 2019b) are also plotted



Fig. 5. Na2O+ K2O – CaO vs. SiO2 (a), FeOt/(FeOt +MgO) vs. SiO2 (b), K2O vs. Y (c) and Th (d). The approximate ranges for alkalic, alkalic-calcic, calcic-alkalic and calcic rock series and I-
and A-type granites are from the compilations of Frost et al. (2001). The literature data are the same to Fig. 4.

Fig. 6. Chondrite-normalized REE patterns (a) and primitivemantle normalizedmulti-element diagrams (b) for Duoma–Namuqie granite porphyries. The average upper continental crust
and bulk continental crust compositions are from Rudnick and Gao (2003). Normalization values are from Sun and McDonough (1989). The literature data are the same to Fig. 4.
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consistent patterns in the primitive-mantle-normalized trace-element
spider diagram (Fig. 6b). The NMQ II granite porphyries, however,
have lower Ba, La, Ce, Pr, Sr, P, and Ti contents than the NMQ I samples
(Fig. 6b).
6

4.4. Whole-rock Sr–Nd–Hf isotope geochemistry

Results of Sr–Nd–Hf isotope analyses are given in Supplementary
Tables S3 and S4. Initial isotope ratios of the DM, NMQ I, and III granite
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porphyries were recalculated using the zircon U–Pb ages obtained in
this study. Initial isotope ratios of the NMQ II intrusion were corrected
to 79 Ma. The DM intrusion exhibits homogeneous and low (87Sr/86Sr)
i (0.7049–0.7050) ratios, high εNd(t) (1.2–1.6) and εHf(t) (9.9–12.0)
values, with young Nd and Hf model ages (TDM2) of 0.78–0.74 Ga and
0.51–0.38 Ga, respectively. Samples from the NMQ III intrusion have
slightly higher (87Sr/86Sr)i ratios (0.7058–0.7067), lower εNd(t) (−1.1
to −0.9) and εHf(t) (7.0–7.4) values, and older Nd and Hf model ages
of 0.97–0.95 Ga and 0.70–0.67 Ga, respectively, than those of the DM
samples. Samples from the NMQ I and II intrusions show low and con-
sistent εNd(t) (−4.4 to −2.8) and εHf(t) (5.3–6.6) values and Nd and
Hf model ages of 1.3–1.1 Ga and 0.81–0.73 Ga, respectively. The
(87Sr/86Sr)i values of the NMQ I intrusive rocks are variable (0.7079
and 0.7165), whereas those of the NMQ II intrusive rocks are low with
a narrow range of 0.7025–0.7051.

4.5. In situ zircon Hf–O isotopes

Zircon Hf–O isotope data are presented in Supplementary Table S5.
The DM intrusive rocks have high zircon εHf(t) values of 7.4 to 11.5,
identical to their whole-rock Hf isotope values (Table S4). The range
of δ18O values is narrow, from 6.27‰ to 7.11‰. Zircon εHf(t) values for
the NMQ III intrusive rocks are variable, ranging from 2.39 to 8.44,
whereas their δ18O values are homogeneous (7.27–7.68‰). Zircons
from the NMQ I and II intrusive rocks have large variations in both εHf
(t) (2.98–6.73) and δ18O (6.63–9.17‰) values.

5. Discussion

5.1. Petrogenesis

5.1.1. Rock genetic types
The DM–NMQ granite porphyries lack iron-rich mafic silicate min-

erals, for instance, hedenbergite, ferrohastingsite, and annite, as well
as sodic pyroxene (e.g., aegirine) and sodic amphiboles
(e.g., arfvedsonite and riebeckite). These porphyries have lower
(Zr + Nb + Ce + Y) (<250 ppm) and (Na2O + K2O − CaO) contents
(Fig. 5a), FeOt/(FeOt+MgO) ratios (Fig. 5b), and zircon saturation tem-
peratures (644–772 °C, Boehnke et al., 2013) than those of typical A-
type granites (Chappell and White, 1992), suggesting that they are not
A-type granites.

The DMgranite porphyries contain amphibole, have SiO2 contents of
<72 wt%, and are weakly peraluminous with A/CNK ratios of 1.04–1.14,
which are identical to those of typical I-type granitoids in the Lachlan
Fold Belt (Chappell and White, 1992). Thus the DM granite porphyries
are I-type granites. The NMQ granite porphyries are strongly
peraluminous with A/CNK ratios of 1.25–1.50 (Table S2). They are all
enriched in Na2O with Na2O/K2O ratios of 0.85–3.26, which differs
from the typical K-rich S-type granites (Gao et al., 2016). The lack of
inherited zircons in the NMQ granite porphyries also suggests that
they may not belong to S-type granites, as S-type granites originate
from metasedimentary precursors that commonly contain abundant
inherited zircons (Jeon et al., 2012). In SiO2 vs. (Na2O + K2O − CaO)
and SiO2 vs. FeOt /(FeOt+MgO) diagrams (Fig. 5a–b), all of the samples
show I-type granite affinity (Frost et al., 2001). Both Th and Y have been
proposed to distinguish fractionated I- from S-type granites (Chappell
andWhite, 1992). They are commonly enriched inmonazite that gener-
ally fractionates from peraluminous melts during the early stage of
magmatic evolution, but Th and Y are incompatible in metaluminous
melts. Thus, Th and Y abundances are relatively high in I-type granites
and low in S-type granites. The NMQ I and II granite porphyries display
obviously fractionated geochemical features. They have higher Th
(23–41 ppm) and Y (13–16 ppm) contents than those of typical highly
fractionated S-type granites in the Himalayan area (Liu et al., 2014b),
and similar Th and Y contents to those of highly fractionated I-type
7

granites in the NLS (He et al., 2019; Fig. 5c–d), indicating a close affinity
with I-type granites.

In addition, zircon O isotopic compositions can provide a robust
means for distinguishing I- and/or S-type granites (Gao et al., 2016;
Wu et al., 2006; Zheng et al., 2007). The majority of clastic
metasedimentary rocks, excluding volcanogenic metasedimentary
rocks, have high δ18O values of 10–15‰ at amphibolite to granulite fa-
cies conditions. For instance, the mean whole-rock δ18O value of
metapelites is 11‰ (Gao et al., 2016), whereas δ18O values of
metaigneous rocks without low-temperature hydrothermal alteration
are generally lower than 8‰ (Simon and Lécuyer, 2005). Thus, S-type
granites generally have higher δ18O values relative to I-type granites
on account of inheriting the characteristics of the source. Zircons from
the DM and NMQ III granite porphyries have relatively low δ18O values
of 6.27–7.68‰ (Fig. S3a, c), whereas zircons from theNMQ I granite por-
phyries display slightly high δ18O values of 6.63–9.17‰ (Fig. S3e). All
these data fall within the δ18O field of metaigneous rocks, which indi-
cates that the DM–NMQ granite porphyries belong to I-type granite.

5.1.2. Assimilation and fractional crystallization
The DM–NMQ granite porphyry plutons are unlikely to be affected

by crustal contamination for the following evidences: i) each pluton
showing a narrow spectrum of whole-rock major and trace elemental
and Sr–Nd isotopic compositions (Tables S2 and S3), ii) a lack of detrital
zircons, iii) a lack of correlation between εNd(t) values and SiO2 contents
(Fig. 7a), iv) the absence of wall-rock or crustal xenoliths in the field ob-
servations. However, samples from the different intrusions show vari-
able REE patterns and a relatively wide range of Sr–Nd–Hf–O isotopic
compositions (Fig. 6a; Tables S3–S5), which may indicate different
sources and/or different magmatic processes.

The DM–NMQ intrusions are contemporaneous. In contrast to the
NMQ granite porphyries, the DM granite porphyries contain amphi-
bole phenocrysts and have the lowest SiO2 and highest MgO contents
(Fig. 8c), and themost depleted Sr–Nd–Hf isotopic compositions. The
DM-NMQ intrusions are unlikely to have originated from a common
parental magma, although the DM and NMQ III intrusions have sim-
ilar REE and multi-element patterns (Fig. 6a–b) and exhibit linear
trends between SiO2 and TiO2, Al2O3, and CaO contents (Fig. 8a, d,
h). The relatively high TiO2, Al2O3, and P2O5 contents and Nb/Ta ra-
tios (Figs. 7c, 8a, b, h) of the NMQ III intrusive rocks and consistent
Zr/Hf ratios (Fig. 7d) of the NMQ III and DM granite porphyries do
not support the model of fractional crystallization. In addition, both
the DM and NMQ III intrusive rocks have weak Eu anomalies
(Fig. 6a) and high Zr/Hf ratios that are close to chondrite values
(Fig. 7d; Sun and McDonough, 1989), which indicates that they
underwent limited magmatic differentiation. The NMQ I and II gran-
ite porphyries have higher SiO2 and lower MgO, Fe2O3

T, TiO2, Al2O3,
P2O5, and CaO contents, lower Zr/Hf ratios, and more enriched
Nd–Hf isotopic compositions than the DM and NMQ III granite por-
phyries (Figs. S3, 7d, 8a–d, g–h, 10, 11a–b), implying that they do
not have a common source. However, the NMQ I and II intrusions,
showing similar Nd–Hf–O isotopic compositions (Figs. 6b, 10, 11a–
b), may have a common parental magma. Their relatively low
MgO, Fe2O3

T, TiO2, Al2O3, P2O5, CaO, La contents and Nb/Ta, Zr/Hf,
(La/Yb)N ratios and Eu/Eu* values (Figs. 7b, 8a–d, g–h, 9a, and
Table S2) may suggest fractional crystallization of feldspar, Fe–Ti-
bearing phases (e.g., biotite, ilmenite, and titanite), apatite, zircon,
and/or allanite (Gelman et al., 2014; Wu et al., 2003). Moreover,
the NMQ II intrusion might have undergone a higher degree of crys-
tal fractionation and late-stagemelt–fluid interaction comparedwith
the NMQ I intrusion, based on the following evidences: i) lower K2O
contents and Eu/Eu* values (Figs. 6a, 8e), indicating a greater degree
of fractionation of K-feldspar; ii) lower LREE contents and notable
REE tetrad effects, with TE1,3 values of 1.07–1.17 (Figs. 6a, S4;
Wu et al., 2017); and iii) supra-chondritic Y/Ho ratios (Fig. S4a;
Bau and Dulski, 1995).
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5.1.3. Source of the DM–NMQ granite porphyries
Geochemical characteristics suggest that the DM–NMQ granite por-

phyries have affinity to I-type granites. Several models have been pro-
posed to explain the generation of I-type granites, including i) mafic
mineral fractionation at an early stage of evolution of mantle-derived
mafic magmas (Chen and Arakawa, 2005), ii) mixing between crust-
derived felsic and mantle-derived mafic magmas (Clemens et al.,
2009; Wu et al., 2003), and iii) partial melting of the mafic lower conti-
nental crust (LCC) (Sisson et al., 2005).

5.1.3.1. DM and NMQ III intrusive rocks. As discussed above, the DM and
NMQ III granite porphyries have lower SiO2 contents and are less differ-
entiated than the NMQ I and II granite porphyries. They have relatively
uniform major- and trace-element signatures, and thus cannot have
been generated by fractional crystallization of mafic magmas. Magma
mixing can generate melts with a wide range of trace-element and iso-
topic signatures, and may result in the coexistence of different types of
zirconwith distinct morphologies. The DM and NMQ III granite porphy-
ries have narrow ranges of Sr–Nd–Hf–O isotope compositions and iden-
tical zircon type andmorphology (Fig. 3a), which suggests that they are
unlikely to have been generated by the mixing or mingling of felsic and
mafic magmas. This interpretation is supported by the absence of mafic
microgranular enclaves in these rocks. Considering their high SiO2

(69.0–70.0 wt%) contents, they cannot have been produced directly by
partial melting of mantle peridotite, which usually yields basaltic
melts (Wyllie, 1977). Thus, a possible model for the formation of the
8

DM and NMQ III granite porphyries is partial melting of the LCC,
which is favored by the following lines of evidences: i) some major-
and trace-element geochemical characteristics are similar to those of
the later stage of Late Cretaceous intrusive rocks in the NLS, such as
the Rutog adakitic granites (Figs. 6 and 8), which are considered to be
formed through partial melting of the thickened LCC (Zhao et al.,
2008); ii) the ranges of the Nb/U (2–5), Ce/Pb (2–7), and Th/U (4–7) ra-
tios are similar to those of the LCC (Fig. 9a–b; Foley et al., 2002); iii) as
shown in Fig. 9c–d, the DM and NMQ III granite porphyries fall within
the field of melts derived by dehydration melting of “amphibolite”
that are geochemically equivalent to “metabasites” (Patino Douce,
1999). In addition, Sisson et al. (2005) also proposed that dehydration
melting of basaltic to andesitic compositions at pressures of
0.5–1.0 GPa and temperatures of 850–950 °C can generate felsic
magmas with SiO2 contents of >65 wt% and ASI ≥1.0. The high SiO2

and lowHREE contents (Fig. 6a) suggest that the DM granite porphyries
could be formed by low degrees of partial melting of basaltic crust
(Sisson et al., 2005).

The DM granite porphyries have relatively depleted initial Sr–Nd–Hf
isotopic compositions, with low 87Sr/86Sr ratios of 0.7049–0.7050,
and δ18O values of 6.3–7.1‰, positive εNd(t) values of 1.2–1.7, and
εHf(t) values of 9.9–12.0 for whole rocks and 7.4–11.5 for zircon
(Tables S3–S5). These isotopic characteristics are different from those
of the Late Jurassic to Early Cretaceous MORB and OIB (Wang et al.,
2016), but can be comparable with those of the Late Cretaceous Rutog
granites (Zhao et al., 2008) in the NLS, and Langxian granites in the
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Gangdese orogen (Tang et al., 2019b; Fig. 11). This indicates that theDM
granite porphyries were generated by partialmelting of a juvenilemafic
lower crust. Given the young Hf model ages and arc-like geochemical
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10
features, namely, enrichment in LILEs and LREEs but depletion in
HFSEs and HREEs (Fig. 6a–b), both the subducting Meso-Tethyan oce-
anic crust and the newly underplated mafic arc crust during the Late
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Jurassic to Early Cretaceous (Hao et al., 2016; Zhu et al., 2016) are likely
candidates for the source rocks of the DM granite porphyries. Partial
melting of subducting oceanic crust would produce adakitic magmas,
which may not apply to the formation of the DM granite porphyries
on account of their low Sr/Y (12–19) ratios. Therefore, the juvenile com-
ponents in the source could be underplated mafic arc crust. However,
the slightly enriched Sr–Nd–Hf isotopes and high δ18O values of the
DM granite porphyries relative to representative depleted-mantle
values (Valley et al., 2005; Wang et al., 2016), may indicate a contribu-
tion (10%–20%) from ancient crustal materials (Fig. 11a–b). The NMQ III
granite porphyries have slightly enriched Sr–Nd–Hf isotopic composi-
tions with neutral 87Sr/86Sr ratios of 0.7058–0.7067, εNd(t) values of
−1.1 to −0.8, and positive εHf(t) values of 7.0–7.4 for whole rocks and
2.7–9.5 for zircon (Tables S3–S5). These NMQ III rocks may share the
same source components as the DM granite porphyries, but involving
a greater proportion (20%–40%) of mature crust (Fig. 11a–b). This inter-
pretation is also indicated by their higher zircon δ18O values (7.3–7.7‰)
relative to the depleted-mantle value of 5.3‰ (Valley et al., 2005), as
previous studies have suggested that zircons with δ18O values of
>6.5‰ are indicative of significant involvement of supracrustal mate-
rials (Hawkesworth et al., 2010; Valley et al., 2005).

5.1.3.2. NMQ I and II intrusions. As discussed above, the NMQ I and II
granite porphyries underwent moderate to high degrees of fractional
crystallization. However, they cannot have been generated directly by
fractional crystallization ofmantle-derivedmaficmagmas ormixing be-
tween mafic and felsic magmas, based on the following reasons: i) the
extremely high SiO2 contents (up to >76 wt%), which could not be
caused by fractional crystallization of hydrous mafic magmas (Sisson
et al., 2005); ii) the lack of corresponding coeval mafic magmas in the
surrounding area, and coexisting different types of zircons with distinct
morphologies; iii) the relatively uniform Nd–Hf isotope compositions
(Fig. 11c). Owing to the influence of hydrothermal alteration, initial Sr
isotopes of the NMQ I and II granite porphyries cannot be used as an ef-
fective indicator of the source. However, Nd isotopes are not affected
by hydrothermal alteration. In addition, magmatic differentiation
would have only a limited effect on Sm/Nd ratios, because of the similar
geochemical behaviors of Sm and Nd in granitic magmas, which in
turn implies a negligible influence of magmatic differentiation on the
εNd(t) values of evolvedmelts. Therefore, Nd isotopes can be used to ef-
fectively trace the magma source. Furthermore, zircon Hf–O isotopes
have also been widely used to determine the magma source of highly
fractionated granites (Li et al., 2009; Valley et al., 2005). Thiswasmainly
based on the high closure temperature for Hf and the extremely lowdif-
fusivity of O (Bindeman et al., 2013), and the resilience of the systemat-
ics of bothHf andO isotopes of zircon to later alteration (Wu et al., 2006;
Zheng et al., 2007).

Compared with the NMQ III granite porphyries, the NMQ I and II
granite porphyries have more enriched Nd–Hf isotopic compositions
(with low whole-rock εNd(t) values of −4.3 to −2.4 and εHf(t) values
of 5.3–6.6, and zircon εHf(t) values of 2.98–6.73), higher δ18O values
(7.24–9.17‰), and older whole-rock Hf model ages (810–725 Ma ver-
sus 697–673 Ma; Tables S3–S5). The Nd isotopic compositions of the
NMQ I and II granite porphyries are more depleted than those of the
Amdo orthogenesis and granulite xenoliths in the Qiangtang terrane
(Harris et al., 1988; Lai et al., 2011), but are similar to those of the
Chuburi granites (ca. 73 Ma; He et al., 2019), Amdo andesites (ca.
80 Ma; Chen et al., 2017), Abushan volcanic rocks (80–76 Ma; Li et al.,
2013) in the SQT, and the Zhongcang adakitic rocks (ca. 90 Ma; Yu
et al., 2011) that were derived by partial melting of thickened lower
crust in the NLS, indicating that the source of these granite porphyries
was a mixture of mantle-derived components (~40%) and ancient
lower-crustal materials (~60%; Fig. 11b). This interpretation is sup-
ported by their positive εHf(t) values and high δ18O values (Fig. 11a).

In conclusion, themagma sources of the studied granite porphyry in-
trusions are distinct, with variable degrees of mixing between mantle-
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derived components (40–80%) and mature crustal materials (60–20%).
Their different sources might be ascribed to the uneven geometry of
the LCC beneath the BNSZ, which could have been caused by collision
between the Qiangtang and Lhasa terranes during the late Early Creta-
ceous (Hao et al., 2019; Li et al., 2017; Zhu et al., 2016).
5.1.4. Nd––Hf isotope decoupling: A juvenile arc lower-crust source?
All of the DM–NMQ granite porphyries showmarked Nd–Hf isotope

decoupling, with their whole-rock or zircon εHf(t) values positively de-
viated from whole-rock εNd(t) values relative to the normal terrestrial
arrays of mantle and crust (Vervoort and Blichert-Toft, 1999; Fig. 11c).
This isotope pattern may result from disequilibriummelting processes,
or inheritance from the magma source (Sun et al., 2021; Tang et al.,
2014). Various degrees of zircon dissolution in the source (the “zircon
effect”) can lead to different Hf isotopic compositions in different
batches of melts (Tang et al., 2014). Residual zircons with low Lu/Hf ra-
tios can retain significant 177Hf from the magma source, elevate the
176Hf/177Hf ratios of themelts, and result in decoupling of Nd–Hf isotope
ratios (Tang et al., 2014). Given that no zircon xenocrysts or significant
Zr depletion were observed in the DM–NMQ granite porphyries
(Fig. 6b), the Nd–Hf isotope decoupling cannot be explained by disequi-
librium melting of the source, but instead by inheritance from the
magma source.
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Abnormal enrichment of radiogenic Hf isotopes in terrestrial rocks is
typically related to anomalously high Lu/Hf ratios in their source. As
discussed above, themagma source of the DM–NMQ granite porphyries
was composed predominantly of mantle-derived components
(40–80%) and lesser proportions (60–20%) of ancient crustal materials.
A previous study has proposed that a garnet-rich source may provide
very high radiogenic 176Hf/177Hf ratios over time, owing to the very
high Lu/Hf ratios in garnet. Although the DM and NMQ III granite por-
phyries are depleted in HREEs relative to contemporary granites in the
NLS and SQT (Fig. 6a), the relatively flat HREE pattern is inconsistent
with the presence of residual garnet in their source (Fig. 6a). The
above points together suggest that the depleted components in the
source of the DM–NMQ granite porphyries could be juvenile arc lower
crust that was formed by partial melting of the metasomatized mantle
wedge. These granite porphyries might have inherited the Nd–Hf isoto-
pic decoupling feature of the mantle as a result of metasomatization by
subducted-sedimentmelts (Sun et al., 2021). During hydrousmelting of
the subducted sediments, monazite would have preferentially broken
down and released Nd, whereas zircon, with significant Hf, was
able to remain in the residue under high temperature (~1000 °C)
(Hermann and Rubatto, 2009), which would have resulted in high
Nd/Hf ratios in themelt, andfinally leading toNd–Hf isotopedecoupling
within the mantle (Todd et al., 2010). Alternatively, the involvement of
ancient crustal basement with high Lu/Hf ratios can also explain Nd–Hf
Junvenile crust
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Upper crust
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Qiangtang

st
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isotope decoupling (Chauvel et al., 2009; Vervoort and Blichert-Toft,
1999). However, granulite xenoliths in the Qiangtang block (Lai et al.,
2011), a possible source of ancient crust, have low Lu/Hf ratios that
rangemostly from 0.056 to 0.079, similar to the average crustal compo-
sition (Rudnick and Fountain, 1995). Furthermore, the intrusions that
were derived by partial melting of the ancient lower crust in the SQT
show coupled Nd–Hf isotopic compositions (Sun et al., 2021; Fig.11c).
Both of these points rule out the effects of involving ancient lower
crust on theNd–Hf isotope decoupling in the DM–NMQgranite porphy-
ries. Therefore, the decoupled Nd–Hf isotope systematics point to a
likely source of juvenile arc lower crust for the DM–NMQ granite
porphyries.

In conclusion, the Nd–Hf–O isotope data obtained in this study indi-
cate that the DM–NMQ granite porphyries were mainly produced by
rapid partial melting of pre-existing juvenile arc crust. Such a process
possibly played an important role in intra-crustal differentiation. In ad-
dition, the involvement of small to moderate amounts of ancient conti-
nental materials in their magma source accelerated the maturation of
the continental crust.

5.2. Geodynamic processes

5.2.1. Late Cretaceous magmatism in the Lhasa and Qiangtang terranes
Numerous Late Cretaceous and Early Paleocene (100–64 Ma)

intermediate–felsic rocks are distributed in the Lhasa terrane (Fig. 1a).
Magmatic activity in the central and northern Lhasa subterranes oc-
curredmostly during the early stage of Late Cretaceous (94–85Ma), in-
cluding the generation of the Baingoin adakitic dikes (ca. 94Ma; Yi et al.,
2018), ZhuogapuMg-rich andesites and dacites (ca. 91Ma;Wang et al.,
2014), Zhongcang high-Mg adakitic granitoids (ca. 91–88 Ma; Chen
et al., 2015; Yu et al., 2011), high-Mg adakitic rhyodacites/dacites in
Azhang (ca. 90–87Ma; Sun et al., 2015), and high-Mgadakitic quartz di-
orites in Gaerqiong (ca. 90–88Ma; Li et al., 2017; Lei et al., 2015). These
magmatic rocks with adakitic and high-Mg signatures are recognized as
the products of lithospheric foundering after collision between the
Lhasa and Qiangtang terranes.Magmatic rocks thatwere formed during
the later stage of Late Cretaceous are sporadic and include the Rutog
high-Mg adakitic granitoids (ca. 80 Ma; Zhao et al., 2008) and ore-
related granites (80–76 Ma; Ding et al., 2012) in the Baingoin area.
Late Cretaceous magmatism in southern Lhasa are concentrated in the
central–eastern part of that subterrane (Zhu et al., 2018; Fig. 1a). The
early-stage magmatism (100–85 Ma) is dominated by mafic and
adakitic rocks, charnockites, and a few highly fractionated leucogranites
associated with Neo-Tethyan ridge subduction (Zhu et al., 2018) or
subducting-slab roll-back (Ma et al., 2013a, 2013b), whereas the late-
stage magmatism (85–70 Ma) is represented by felsic rocks, chiefly
the Langxian granites (Tang et al., 2019b), which were generated by
reworking of pre-existing juvenile crust during flat subduction of the
Neo-Tethyan oceanic slab (Tang et al., 2019b; Zhu et al., 2018).

Small volumes of Late Cretaceous magmatic rocks have been found
in the Qiangtang terrane and are mainly distributed in the south of the
terrane along the BNSZ from Rotug to Changdu (Fig. 1a). Most of the
magmatic rocks were formed during the later stage of Late Cretaceous
(80–68 Ma), including potassium-rich andesites–trachyandesites
(80–76Ma) in the DMandAmdo areas,whichwere produced by partial
melting of mafic lower crust or metasomatized lithospheric mantle
(Chen et al., 2017; Li et al., 2013), Chuburi highly fractionated I-type
granites (ca. 73 Ma) in the Amdo area, which are regarded as products
of melting of the lower crust (He et al., 2019), and the Munai K-rich
charnockite–granite suit (ca. 68 Ma) in the Yanshiping area formed by
partial melting of a thickened lower crust (Lu et al., 2019). The petro-
genesis of thesemagmatic rocks constrains the post-collision period in-
volving the Lhasa and Qiangtang terranes. The early stage of Late
Cretaceous magmatism in the SQT is mainly represented by the Biluoco
magnesian andesites (ca. 95 Ma; He et al., 2018) and the Gaize bimodal
basalt–rhyolite suite (97–87 Ma; Liu et al., 2018), which have been
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recognized as a delayed response to slab break-off from the
northward-subducting Bangong–Nujiang oceanic lithosphere at ca.
100 Ma.

5.2.2. Geodynamic processes
The Late Cretaceous was an important geological interval for the Ti-

betan Plateau because it corresponds to the time during which the tec-
tonic regime changed from Lhasa–Qiangtang terrane collision to
Indian–Asian continent assembly. Widespread Late Cretaceous and
Early Paleocene (100–64 Ma) magmatism has been found in both the
Lhasa and Qiangtang terranes (Fig. 1a). However, the nature of the tec-
tonic regime that controlled the generation of the magma remains
unclear.

The BNTOmight have undergonediachronous closure. Closure of the
western and western-central parts of the BNTO could have occurred
after the Late Cretaceous (Hao et al., 2019; Zhang et al., 2012, 2014),
based on the discovery of the later stage of Early Cretaceous oceanic
islands and volcanic rock suites within the BNSZ. Nevertheless, its east-
ern segment might have closed during the later stage of Early Creta-
ceous (Kapp et al., 2007; Zhu et al., 2016). The subsequent Lhasa–
Qiangtang collision, togetherwith the accretion of theMeso-Tethys oce-
anic plateau, could have caused significant crustal thickening (Zhang
et al., 2014). The Amdo andesites (ca. 80 Ma) with high La/Yb ratios,
the 80 Ma Rutog adakitic granite, and 91–88 Ma adakites in the
Zhongcang and Nyima regions reflect the presence of a thickening lith-
osphere beneath central Tibet during the Late Cretaceous (Chen et al.,
2015; Chen et al., 2017; Wang et al., 2014; Yu et al., 2011; Zhao et al.,
2008). This thickening is also supported by sedimentological and struc-
tural studies, which have shown that central Tibet underwent signifi-
cant N–S shortening during the Late Cretaceous (Kapp et al., 2007).
The presence of 80–76 Ma Abushan volcanic rocks, 78–74 Ma
peraluminous A-type granite and metaluminous syenite in the eastern
BNSZ, 68 Ma Munai charnockite, and 73 Ma Chuburi highly differenti-
ated I-type granite is consistent with extension during the later stage
of Late Cretaceous in central Tibet (He et al., 2019; Li et al., 2013; Lu
et al., 2019). The 79–76 Ma DM–NMQ granite porphyries are likely to
have been formed in a post-collisional extensional environment. How-
ever, the nature of the extensional regime continues to be vigorously
debated. In accordance with the inferred crustal thickening during the
early stage of Late Cretaceous, a prevalent model involving lithospheric
delamination has been proposed to explain the extension in the
Qiangtang terrane (He et al., 2019; Li et al., 2013; Lu et al., 2019). Re-
cently, some studies have suggested that the extension could have
been driven by the far-field effects of subduction of the Neo-Tethys oce-
anic crust (Chapman et al., 2018; Wang et al., 2019). Considering the
sudden change in geodynamic setting at the end of the Early Cretaceous
and the development of two Late Cretaceous igneous belts along strike-
slip faults in the easternQiangtang terrane,Wang et al. (2019) proposed
an episode of transtension between the Lhasa and Qiangtang terranes
triggered by Meso-Tethyan slab break-off at around 110 Ma and subse-
quently by the far-field effects of subduction of the Neo-Tethys oceanic
crust during the later stage of Late Cretaceous. Late Cretaceous
magmatism (80–70 Ma) in the central and northern South Pamir ter-
ranes, the western extension of the Qiangtang terrane, was interpreted
as a result of extension associated with roll-back of the Neo-Tethyan
oceanic slab (Chapman et al., 2018).

We suggest that the later stage of Late Cretaceous extension along
the BNSZ could have been related to roll-back of the Neo-Tethyan oce-
anic slab, on the basis of the following evidences. First, the Late Creta-
ceous magmatic rocks in the SQT and NLS are scattered and small in
volume. Second, the Late Cretaceous magmatism is dominated by
intermediate–felsic rocks and lacks mafic rocks. Both of these features
are distinct from the late Mesozoic magmatism in eastern Yangtze,
which is characterized bywidespread adakitic rocks, I- andA-type gran-
ites, and shoshonitic igneous rocks that are considered to have been
formed in an extensional setting as a result of lithospheric delamination
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(Wang et al., 2006a, 2006b). Third, statistical data show that the Late
Cretaceous magmatic rocks trend N–S, from the SQT to the Gangdese
zone, andmost of these rocks are felsic andwere formed at low tomod-
eratemagmatic temperatures (~597 to 917 °C) (Fig. 12a–b),which indi-
cates that their formation could have been controlled by similar kinetic
mechanism. The Neo-Tethyan oceanic slab might have undergone a
model transition from ridge subduction during the early stage of Late
Cretaceous (100–85 Ma; Zhang et al., 2010; Zhu et al., 2013) to slab
roll-back during the later stage of Late Cretaceous and Early Paleocene
(85–62Ma; Chapman et al., 2018; Ma et al., 2013a, 2013b). Responding
to this kinematic regime, theMeso-Tethyan oceanic slabmight have un-
dergone an early stage of post-collisional compression during the early
stage of Late Cretaceous (100–80 Ma) and a later stage of extension
(80–68 Ma). Therefore, the later stage of Late Cretaceous extension
along the BNSZ could have been triggered by the far-field effect of
Neo-Tethyan slab roll-back, which might have caused thermal distur-
bance of the mantle and induced asthenospheric upwelling. This pro-
cess could have triggered the reactivation of the BNSZ and resulted in
the partial melting of juvenile arc lower crust (Fig. 13).

6. Conclusions

(1) Zircon SIMS U–Pb dating indicates that the Duoma–Namuqie
(DM–NMQ) granite porphyries in the southern Qiangtang
subterrane near the Bangong–Nujiang suture zone were
emplaced at 79–76 Ma.

(2) The DM–NMQ granite porphyries were mainly produced by
rapid partial melting of pre-existing juvenile arc crust, which
contributed to intra-crustal differentiation, and involvement of
small to moderate amounts of ancient continental materials in
their magma source accelerated maturation of the continental
crust.

(3) The DM–NMQ granite porphyries were formed in a post-
collisional extensional setting, possibly triggered by the far-
field effects of the subduction of the Neo-Tethyan oceanic crust.
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