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a b s t r a c t

Andesitic rocks have similar compositions to average continental crust and have played a central role in
improving our understanding of the formation and evolution of the continental crust. Here we present
data for andesites from the Jiaqiong area of the Bangong–Nujiang suture zone (BNSZ), Central Tibet.
LA–ICP–MS zircon U–Pb ages demonstrate that these andesites were generated during the Middle
Jurassic (169–164 Ma). The Jiaqiong andesites have variable Mg# (molar 100 � Mg/[Mg + Fe] = 35–63)
values, and Cr (3.02–175 ppm) and Ni (5.70–47.7 ppm) contents. These andesitic rocks are enriched in
light rare earth elements (REEs) ([La/Yb]N = 5.2–14.6) and yield relatively flat heavy REE patterns ([Gd/
Yb]N = 1.4–2.1) with negative Ta, Nb, and Ti anomalies. They also have moderately high initial
87Sr/86Sr (0.7077–0.7092) ratios and variable negative eNd(t) (�11.0 to � 3.3) and zircon eHf(t) (�13.7
to + 2.1) values. These geochemical characteristics suggest that the Jiaqiong andesites were most proba-
bly produced by partial melting of mélange rocks. Combining our data with the regional geology, partic-
ularly that of nearby ophiolites and Jurassic andesitic rocks, we conclude that the formation of these
andesites was triggered by asthenospheric upwelling and hot corner flow caused by the rollback of the
northward-subducting Bangong–Nujiang Tethyan oceanic lithospheric slab during the Middle Jurassic.
The mélanges provided the material for the formation of andesites, and probably make a substantial con-
tribution to the vertical growth of the continental crust in subduction zones.
� 2023 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

The presence of continental crust is unique to Earth among the
terrestrial planets (Hawkesworth and Kemp, 2006; Taylor and
McLennan, 1985). The continental crust is geochemically similar
to subduction-related andesitic rocks, suggesting that the growth
of the continental crust is closely bound to subduction-related pro-
cesses (Barth et al., 2000; Jagoutz et al., 2011; Kelemen and Behn,
2016; Taylor and McLennan 1985). Subduction zones are ideal sites
for the formation and differentiation of continental crust (Moyen
et al., 2017; Rudnick, 1995; Yogodzinski et al., 2010), where new
continental crust can be produced through arc magmatism and
crustal material can be delivered to the deep mantle (Kelemen
and Behn, 2016; Plank and Langmuir, 1993; Tatsumi and Hanyu,
2003; Tatsumi, 2005; Zheng and Zhao, 2017). Arc magmas have
diverse compositions that reflect the complexity of their sources,
which include oceanic sediments, altered oceanic crust, and the
overlying mantle wedge (Hao et al., 2022; Jones et al., 2015;
Marschall and Schumacher, 2012; Rocchi et al., 2015). Andesitic
magmas that erupted above subduction zones at convergent plate
boundaries are thought to have played an important role in the
generation of the continental crust (Gómez-Tuena et al., 2014);
however, the source of these andesitic magmas and details of the
deep processes leading to their eruption are debated.

The Bangong–Nujiang suture zone (BNSZ) is located between
the Lhasa and Qiangtang terranes in central Tibet and represents
the remnants of the Bangong–Nujiang Tethyan Ocean (BNTO;
Fig. 1a; Pan et al., 2012; Yin and Harrison, 2000; Zhang et al.,
2012, 2014a; Zhu et al., 2016). The BNT oceanic lithospheric slab
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Fig. 1. (a) Sketch geological map of Tibet. (b) Geological map of the Bangong–Nujiang suture zone (modified after Zhu et al., 2016). (c) Geological map of the Jiaqiong area.
JSSZ = Jinsha suture zone; NQ = Northern Qiangtang subterrane; LSSZ = Longmu Co–Shuanghu suture zone; SQ = Southern Qiangtang subterrane; BNSZ = Bangong–Nujiang
suture zone; NL = Northern Lhasa subterrane; SNMZ = Shiquan River–Nam Tso mélange zone; CL = Central Lhasa subterrane; LMF = Luobadui–Milashan Fault; SL = Southern
Lhasa subterrane; IYZSZ = Indus–Yarlung Zangbo suture zone.
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was subducted beneath the southern Qiangtang subterrane, lead-
ing to intense arc magmatism along the BNSZ (Zhang et al.,
2012; Zhu et al., 2016). Evidence of a continental arc along the
southern margin of the southern Qiangtang subterrane includes
the Jurassic magmatism in the Gerze area in the west (Li et al.,
2014a, 2014b; Liu et al., 2014; Zhang et al., 2017c), the Kangqiong
area in the middle segment (Li et al., 2016a; Yang et al., 2021b),
and the Baingoin area (Zeng et al., 2016a; Tang et al., 2019) and
Amdo terrane in the east part (Yan et al., 2016a). Owing to the sub-
duction erosion and tectonic activity along the BNTO, large vol-
umes of arc magmatic rocks have been destroyed and recycled
into the deep mantle (Yang et al., 2021b). Fortunately, the Jurassic
9

andesitic rocks are well preserved in the middle–eastern parts of
the southern Qiangtang margin (Fig. 1b, c). However, the petroge-
nesis and geodynamic processes of these andesitic rocks remain
highly debated. Various geodynamic processes have been proposed
to account for the generation of these andesitic rocks, including
slab rollback (Yan et al., 2016a; Zhang et al., 2017b), intra-
oceanic subduction (Tang et al., 2019; Yan and Zhang, 2020;
Zhang et al., 2014a, 2021), and oceanic ridge subduction (Li et al.,
2016a, 2020).

In this study, we report zircon U–Pb ages and Lu–Hf isotopes,
mineral compositions, and whole-rock chemical and Sr–Nd
isotopic compositions of andesites from the Jiaqiong area of the
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middle–eastern parts of the BNSZ. Combining our results with data
from previous studies of the andesitic rocks along the BNSZ, we
discuss the petrogenesis and geodynamic processes of these rocks,
shedding new light on the growth of continental crust and the evo-
lution of continental arcs.
2. Geological setting and petrography

The Tibetan Plateau is located in the eastern part of the Tethyan
Realm (Pan et al., 2012). It consists of four main continental ter-
ranes, from north to south: the Songpan–Ganzi, Qiangtang, Lhasa,
and Himalaya, which are separated by the Jinsha suture zone
(JSSZ), Bangong–Nujiang suture zone (BNSZ), and Indus–Yarlung
Zangbo suture zone (IYZSZ), respectively (Fig. 1a; Pan et al.,
2012; Yin and Harrison, 2000). The Qiangtang terrane is divided
into the northern Qiangtang and southern Qiangtang subterranes
by the Longmu Co–Shuanghu suture zone (LSSZ), which represents
the remains of the main ocean basin of the Paleo-Tethyan Ocean
(Fig. 1a; Fan et al., 2017; Zhai et al., 2016). The Lhasa terrane con-
tains two major tectonic boundaries, the Shiquan River–Nam Tso
Mélange zone (SNMZ) and the Luobadui–Milashan Fault (LMF),
which subdivide this terrane into the northern, central, and south-
ern Lhasa subterranes, respectively (Fig. 1a; Pan et al., 2012; Zhu
et al., 2011, 2013). In central Tibet, the BNSZ marks the boundary
between the southern Qiangtang subterrane to the north and the
northern Lhasa subterrane to the south (Fig. 1b; Zhu et al., 2016),
and consists of scattered ophiolitic fragments, radiolarian cherts,
oceanic island (or seamount), arc volcanic-plutonic rocks, flysch-
like deposits, and accretionary complexes (e.g., Fan et al., 2015,
2021; Wang et al., 2016; Zhang et al., 2021; Zhu et al., 2016). Some
of ophiolitic fragments are considered as the remnants of BNT
oceanic plateaus, corresponding to two major oceanic plateau
eruptive events (i.e. 190–173 Ma and 128–104 Ma) within the
BNTO (Yan and Zhang, 2020; Zhang et al., 2014a). The Early Jurassic
oceanic plateau accreted to the southern Qiangtang margin and
subsequently led to regional orogenesis, ocean-ward retreating,
and intra-oceanic arc magmatism (Yan and Zhang, 2020; Zhang
et al., 2021). The oceanic plateaus are represented by the Early Cre-
taceous Zhonggang ocean island (141–135 Ma; Fan et al., 2021).

The suture zone extends east–west for > 2000 km through the
Bangong Co, Gerze, Dongqiao, Dengqen, and Jiayuqiao areas into
Burma, Thailand, and Malaysia, and it can be subdivided into the
western (Bangong Co–Gerze), the middle (Dongqiao–Amdo), and
the eastern (Dengqen–Nujiang) segments (e.g., Pan et al., 2012;
Yin and Harrison, 2000). In middle–eastern parts of the BNSZ, the
main rock outcrops consist of Paleozoic sedimentary strata, Juras-
sic rock units (sandstones with interstratified volcanic rocks, flysch
sediments, and limestones), Lower Cretaceous volcano-
sedimentary units (volcanic rocks and conglomerates), granitoids,
ophiolitic fragments and Quaternary deposits (Fig. 1c; Hu et al.,
2017; Kapp and DeCelles, 2019; Wang et al., 2016; Zhang et al.,
2014a). The Amdo terrane is an isolated microcontinent bounded
by the Dongqiao–Amdo and Beila–Lanong ophiolite belts (Zhu
et al., 2011), and consists mainly of strongly foliated gneisses,
metasedimentary rocks, and undeformed granitoids (Guynn
et al., 2006, 2012; Zhang et al., 2014b; Zhu et al., 2013). Previous
studies have shown that the ophiolitic fragments in the Baingoin
and Amdo areas were produced during the Early Jurassic (ca.
188 Ma; Liu et al., 2016) and Late Jurassic (ca. 148 Ma; Zhong
et al., 2017), and formed in a fore-arc oceanic setting (Wang
et al., 2016). The Early Cretaceous strata (Duoni and Duoba Forma-
tions) were widely deposited in middle–eastern segments of the
BNSZ, and their provenance data, specifically detrital zircon U–Pb
age spectra, indicate that the collision of Lhasa–Qiangtang terrane
10
took place during late Early Cretaceous (122–113 Ma; Lai et al.,
2019; Zhu et al., 2019). Therefore, the BNTO was not closed
between 148 and 122 Ma, which is consistent with the results from
the remnants of oceanic plateau within the BNSZ (Yan and Zhang,
2020; Zhang et al., 2014a). The volcanic rocks from the Baingoin–
Amdo areas can be divided into two major stages: the Jurassic
(185–150 Ma) and the Early Cretaceous (126–100 Ma). The Early
Cretaceous volcanic rocks unconformably overlie the Jurassic rock
units and are exposed widely in the BNSZ and the northern part of
the Lhasa terrane (e.g., the Qushenla and Duoni Formations, Hu
et al., 2017; Zhu et al., 2016). These rocks are interpreted to have
been derived from the Lhasa–Qiangtang collision (Hu et al., 2017;
Qu et al., 2012) or the Andean-style orogenic collapse related to
the subduction of the NeoTethyan Ocean (Zhang et al., 2012).
Although the Middle–Late Jurassic arc volcanic rocks are less dis-
tributed than the Early Cretaceous volcanic rocks within the BNSZ
(Tang et al., 2019; Yang et al., 2021b; Zeng et al., 2016a), these
rocks have important implications for tectonic evolution of the
BNTO.

Andesite samples investigated in this study were collected from
the Jiaqiong area in the middle–eastern segments of the BNSZ.
These andesites unconformably overlie the Early Devonian and
Late Triassic strata, and are in fault contact with the Jiang Co ophi-
olites and the Muggargangri Group, according to field observations
(Fig. 1c). The rocks are porphyritic with grayish-green to grayish-
black color (Fig. 2a, b), and contain euhedral–subhedral feldspar
(�10 vol%), biotite (�1 vol%) and subhedral-xenomorphic clinopy-
roxene (�5 vol%) phenocrysts (Fig. 2c, d). The groundmass in the
andesitic rocks is composed primarily of feldspar and clinopyrox-
ene microlites and altered glass. Epidote and chlorite are secondary
minerals, and accessory minerals include zircon, apatite, titanite,
and Fe–Ti oxides.

3. Analytical methods and results

LA–ICP–MS zircon U–Pb dating was conducted at the Institute
of Geology and Geophysics, Chinese Academy of Sciences (IGG
CAS). Whole-rock major- and trace-element and Sr–Nd isotope,
mineral chemistry, and zircon Hf isotopic analyses were carried
out at the State Key Laboratory of Isotope Geochemistry, Guangz-
hou Institute of Geochemistry, Chinese Academy of Sciences (SKLa-
BIG GIG CAS). Details of the analytical procedures and results are
presented in the Supplemental Material.

3.1. Zircon U–Pb ages

Seven samples of andesite from the Jiaqiong area were selected
for zircon U–Pb dating (16BG32–2, 16QSL02–1, 17BG05–2,
17BG09–1, 17BG15–2, 17BG17–2, and 17BG18–1). Most zircon
grains from the seven samples are transparent and colorless under
an optical microscope, and they are 100–300 lm in length with
length/width ratios of 1:1 to 3:1. Most of the zircon grains show
concentric oscillatory zoning in cathodoluminescence (CL) images
(Fig. 3), and yield high and variable Th (39–6391 ppm) and U
(85–2118 ppm) contents with Th/U ratios of 0.45–4.89, indicating
a magmatic origin (Hoskin and Schaltegger, 2003). U–Pb concordia
diagrams for the analyzed zircon grains are shown in Fig. 3, and the
U–Pb age data are presented in Table S1.

The studied samples (16BG32–2, 16QSL02–1, 17BG05–2,
17BG09–1, 17BG15–2, 17BG17–2, and 17BG18–1) yield
weighted mean 206Pb/238U ages of 169.2 ± 1.2 Ma, 166.1 ± 0.8 Ma,
166.9 ± 1.6 Ma, 167.0 ± 1.2 Ma, 164.2 ± 1.5 Ma, 168.4 ± 2.1 Ma, and
166.3 ± 1.6 Ma, respectively (Fig. 3), suggesting that the Jiaqiong
volcanic rocks were erupted between 169 and 164 Ma.



Fig. 2. (a–b) Representative field photographs and (c–d) photomicrographs illustrating the petrographic characteristics of the Jiaqiong andesites. Mineral abbreviations:
Cpx = clinopyroxene; Pl = plagioclase.
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3.2. Mineral chemistry

The clinopyroxene (Cpx) crystals in the Jiaqiong andesites are
mostly augite with variable compositions (Wo37.3–42.7En41.2–

45.4Fs13.5–20.7; Table S2; Fig. 4). They have low Al2O3 (1.85–
3.53 wt%), TiO2 (0.29–0.85 wt%) and Na2O (0.21–0.46 wt%) con-
tents, and high Mg# (67.0–76.4) values. The Cpx phenocrysts are
subhedral to euhedral and show oscillatory zoning (Fig. 5).
3.3. Effects of alteration

Petrographical observations and loss on ignition (LOI = 2.39–5.
27 wt%) values suggest that the Jiaqiong andesite samples probably
have experienced varying degrees of alteration. In general, zirco-
nium (Zr) is the most immobile element in low-grade metamor-
phism and alteration process (e.g., Gibson et al., 1982; Wood
et al., 1979). Therefore, correlations between Zr and other elements
can be used to discriminate the mobility of elements during post-
magmatic processes (Polat and Hofmann, 2003). The large ion
lithophile elements (LILEs; e.g., K, Rb, and Ba) of the Jiaqiong ande-
sites show no obvious variation with Zr (Fig. 6a, b), indicating that
they have probably been modified by alteration. The high field
strength elements (HFSEs; e.g., Nb, Ta, P, and Hf; Fig. 6c–f), rare
earth elements (REEs), and Y (Fig. 6g, h) are strongly correlated
with Zr, suggesting that these elements were essentially immobile
during alteration. On a diagram of Zr versus initial 87Sr/86Sr iso-
topic ratios [(87Sr/86Sr)i] (Fig. 6i), the (87Sr/86Sr)i ratios are posi-
tively correlated with Zr, implying that the (87Sr/86Sr)i ratios of
the Jiaqiong andesites probably represent the original isotopic sig-
natures. Thus, immobile elements such as MgO, TiO2, P2O5, HFSEs,
11
REEs, transitional elements (e.g., Cr and Ni), and Sr–Nd isotope
compositions are mainly used in following discussion.

3.4. Whole-rock major and trace element compositions

Major and trace element data for the studied andesite samples
are listed in Table S3. The Jiaqiong andesites have variable SiO2

(52.0–65.9 wt%) and MgO (1.51–4.66 wt%) contents with moderate
Mg# (35–63) values, and low TiO2 (0.53–0.87 wt%), Cr (3.02–
175 ppm), and Ni (5.70–47.7 ppm) contents. On the Zr/TiO2 versus
Nb/Y diagram of Winchester and Floyd (1977), the Jiaqiong ande-
site samples plot in the field for andesitic rocks, with Nb/Y ratios
of 0.23–0.89 (Fig. 7a). On a Th versus Co classification diagram
for altered volcanic rocks (Hastie et al., 2007), the Jiaqiong ande-
sites plot in the high-K calc-alkaline field (Fig. 7b). These rocks
have relatively low and variable total REE contents (84–
196 ppm) and are characterized by moderate enrichment in light
REEs (LREEs), relatively flat heavy REE (HREE) patterns ([La/
Yb]N = 5.15–14.59), and moderate negative Eu anomalies (Eu/Eu*

= EuN=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SmN � GdN

p
= 0.65–0.89; Fig. 8a). On a primitive

mantle-normalized spider diagram, the andesites are slightly
enriched in some incompatible elements (e.g., Th and U) and
strongly depleted in Nb, Ta, Ti, and P (Fig. 8b).

3.5. Whole-rock Sr–Nd isotopic compositions

Whole-rock Sr–Nd isotopic data for the Jiaqiong andesites are
listed in Table S4 and shown in Fig. 9a. Zircon U–Pb weighted mean
ages from this study were used to calculate the initial Sr–Nd
isotopic compositions. The Jiaqiong andesites yield high initial
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87Sr/86Sr ratios (0.7077–0.7092), and negative and variable eNd(t)
(�11.0 to � 3.3) values, with single-stage Nd model ages (TNdDM)
ranging from 1.73 to 1.28 Ga (Fig. 9a and Table S4). The Sr–Nd iso-
topic compositions of the Jiaqiong andesites are similar to those of
the Darutso high-magnesium andesitic rocks (Zeng et al., 2016a)
but differ from those of the Dongqiao Jurassic ophiolites, which
have lower initial 87Sr/86Sr ratios and higher eNd(t) values
(Fig. 9a; Liu et al., 2016; Wang et al., 2016).
13
3.6. Zircon Lu–Hf isotopic compositions

In situ LA–MC–ICP–MS Lu–Hf isotope analyses were conducted
on zircon grains that had been used in dating analyses. Zircon Hf
isotopic data are presented in Table S5. Zircon grains from the Jia-
qiong andesites yield variable initial 176Hf/177Hf values (0.282286–
0.282726) and negative to positive eHf(t) values (�13.7 to + 2.1;
Fig. 9b).
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4. Discussion

4.1. Tectonic setting

Previous studies have proposed that the BNTO was present until
the Late Cretaceous (Cao et al., 2019; Fan et al., 2015, 2021; Hao
et al., 2019; Kapp and DeCelles, 2019; Zhang et al., 2012, 2014a,
2017a, 2017c; Zeng et al., 2016a; Zhu et al., 2016) and that its clo-
sure was diachronous (Fan et al., 2018; Hu et al., 2022; Yan et al.,
2016b). In the middle–eastern parts of the BNSZ, zircon U–Pb ages
of ophiolites indicate that the BNTO was not closed during the Late
Jurassic (ca. 148 Ma) (Liu et al., 2016; Zhong et al., 2017). Volumi-
nous Middle–Late Jurassic magmatic rocks are exposed along the
southern margin of the southern Qiangtang subterrane, and these
rocks are thought to have been generated by subduction of the
BNT oceanic lithosphere (Hu et al., 2020; Li et al., 2014a, 2014b;
Liu et al., 2017; Tang et al., 2019; Zhang et al., 2012, 2017b; Zeng
et al., 2016a). Paleomagnetic data from the Middle Jurassic lime-
stones in the southern Qiangtang subterrane indicate that the
BNTO was still open at that time (Cao et al., 2019). Therefore, all
results suggest an oceanic subduction tectonic setting for the mid-
dle–eastern parts of the BNSZ during the Jurassic.
15
4.2. Magmatic evolution

4.2.1. Crustal assimilation
Volcanic rocks are generally susceptible to contamination dur-

ing their ascent through the continental crust or when they erupt
on the Earth’s surface (e.g., Castillo et al., 1999; Depaolo, 1981).
Thus, the effects of crustal contamination need to be evaluated
before investigating the petrogenesis of the Jiaqiong andesites.
Crustal contamination usually produces strong linear relationships
between fractionation indices (e.g., SiO2, MgO, Nb/La, and Sm/Nd)
and isotopic compositions (e.g., Sr–Nd isotopic compositions)
owing to the large compositional differences between mantle
and crustal materials. The Jiaqiong andesites show no such correla-
tions (Fig. 10a–d), indicating that crustal contamination has played
a minor role in the formation of these rocks. This is also supported
by the absence of inherited zircon grains in the Jiaqiong andesites
(Table S1). Moreover, Sr–Nd mixing models suggest that the assim-
ilation of 30–70 % of the southern Qiangtang lower crust or 30–
50 % upper crustal material would have been required to produce
the isotopic compositions of the Jiaqiong andesites (Fig. 9a); how-
ever, such a high proportion of crustal materials would produce
felsic rocks rather than intermediate rocks. Therefore, we suggest

http://georoc.mpch-mainz.gwdg.de/georoc/
http://georoc.mpch-mainz.gwdg.de/georoc/
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that crustal contamination played a negligible role in the formation
of the Jiaqiong andesites during the magma ascent and
emplacement.

4.2.2. Fractional crystallization versus partial melting
The Jiaqiong andesites yield lower and more variable Mg# (35–

63) values and Cr (3.02–175 ppm) and Ni (5.70–47.7 ppm) con-
tents than primary mantle-derived magmas (Mg# > 70,
Cr > 1000 ppm, Ni > 400–500 ppm; Wilson, 2007). However, frac-
tional crystallization for these rocks can be ruled out given that: (1)
fractional crystallization of basaltic magmas can indeed produce
more evolved magmas (Zheng et al., 2015), but it is unlikely to gen-
erate large amounts of the Jiaqiong andesites due to the absence of
coeval basaltic rocks in study area; (2) the Jiaqiong andesite sam-
ples plot along the trend of partial melting rather than fractional
crystallization trends on La versus La/Sm and La versus La/Yb dia-
grams (Fig. 11a, b); and (3) some elements have large ranges at cer-
tain SiO2 contents or Mg# values, indicating that the primary melts
have highly heterogeneous major-element compositions
(Table S3). We conclude, therefore, that the Jiaqiong andesites
were generated mainly by partial melting and that their heteroge-
neous geochemical compositions were inherited from their magma
sources.

4.3. Petrogenesis of the Jiaqiong andesites

Andesitic rocks may be generated by several processes, includ-
ing (1) partial melting of mafic lower crust (e.g., Cai et al., 2015;
Jung et al., 2002; Petford and Atherton, 1996); (2) mixing between
mantle-derived basaltic and crust-derived felsic magmas (e.g.,
Reubi and Blundy, 2009; Straub et al., 2011; Streck et al., 2007);
(3) fractional crystallization of basaltic magmas (e.g., Lee and
Bachmann, 2014; Pichavant and Macdonald, 2007; Stevenson
et al., 1999); (4) partial melting of mantle wedge that had been
16
metasomatized by slab-derived melts or fluids (e.g., Grove et al.,
2002; Mitchell and Grove, 2015; Shimoda et al., 1998); and (5) par-
tial melting of subducted mélanges (e.g., Codillo et al., 2018; Cruz-
Uribe et al., 2018; Hao et al., 2016, 2022; Marschall and
Schumacher, 2012; Nielsen and Marschall, 2017). The large range
of isotope compositions of the Jiaqiong andesites can be attributed
to either a heterogeneous source region or magma mixing between
basaltic and felsic melts. The majority of Jiaqiong andesite samples
show lower eNd(t) values than crustal compositions of the study
area and are not distributed along Sr–Nd isotope mixing curves
(Fig. 9a), ruling out the possibility of significant magma mixing.
The absence of mafic microgranular enclaves (MMEs) in these
andesites also indicates that magma mixing is not considered as
a plausible mechanism accounting for their formation (e.g.,
Farner et al., 2014). Thus heterogeneous geochemical compositions
of the Jiaqiong andesites were inherited from their magma sources.
Experimental studies have shown that dehydration melting of
basaltic and pelitic crustal rocks produces low-Mg# (generally < 40)
melts regardless of the degree of melting (e.g., Rapp and Watson,
1995). The Jiaqiong andesites have high and variable Mg# values
(43–63, except for one sample with a Mg# of 35), indicating they
were derived mainly from the mantle rather than the crustal mate-
rial. The Jiaqiong andesites have lower MgO and compatible trace
element contents (e.g., Cr and Ni), and more enriched Sr–Nd–Hf
isotopic compositions than mid-ocean ridge basalts (MORB) from
the Bangong–Nujiang Tethyan ophiolites (Fig. 9; Liu et al., 2016;
Wang et al., 2016; Zhong et al., 2017). These andesitic rocks are
also characterized by relative enrichment in LILEs, LREEs and U,
and depletion in HFSEs (e.g., Nb, Ta, Ti, and P) in the primitive
mantle-normalized spider diagrams, indicating a typical arc-like
geochemical affinity (Fig. 8b). Therefore, the subducted oceanic
slab components were probably added to the sub-arc mantle in
the forms of aqueous fluids, sediment-derived melts, or bulk sedi-
ment (Class et al., 2000). Aqueous fluids carry very limited REEs,



10 15 20 25 30 35 40 45 50 55
0

5

10

15

20

25

30

La
/Y

b

La

Fractional crystallization

Parti
al m

eltin
g

10 15 20 25 30 35 40 45 50 55
2

4

6

8

10

12
La

/S
m

La

Parti
al m

eltin
g

Fractional crystallization

Jiaqiong andesites
Jurassic andesitic rocks

(b)(a)

Fig. 11. (a) La/Sm versus La and (b) La/Yb versus La diagrams for the Jiaqiong andesites. Data for the Jurassic andesitic rocks are from Tang et al. (2019).

W.-L. Hu, Q. Wang, J.-H. Yang et al. Gondwana Research 117 (2023) 8–22
Th, and HFSEs (e.g., Hf, Nb, Zr, and Ta) but considerable amounts of
LILEs (e.g., K, Rb, Ba, and Sr) and other fluid-mobile trace elements
(e.g., U and Pb; e.g., Guo et al., 2013). The Jiaqiong andesites have
significantly higher Th/Nb, Th/Nd and Th/La ratios (Fig. 12a–c) than
oceanic basalts from the Bangong–Nujiang Tethyan ophiolite suites
(Liu et al., 2016; Zhong et al., 2017), indicating that slab-derived
fluids did not make a dominant contribution to their magma
sources. On a plot of U/Th versus Th/Nb (Fig. 12a), the Jiaqiong
andesites did not show an enriched tendency of aqueous fluids
or melts, further suggesting the insignificant contribution of aque-
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ous fluids or sediment-derived melts to magmatic sources. The ini-
tial Sr–Nd isotopic compositions of the Jiaqiong andesite samples
plot along the mixing line between those of the subducted bulk
sediments and oceanic basalts (Fig. 12d), indicating that bulk ocea-
nic sediment was probably added to their magma sources. There-
fore, we suggest that bulk sediment—rather than aqueous fluids
or sediment melts—was most probably incorporated into the
source of the Jiaqiong andesites.

The Jiaqiong andesites were not substantially affected by crustal
contamination (Fig. 10), and their geochemical and isotopic signa-
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tures were mainly inherited from source region. These andesites
show variable MgO (1.51–4.66 wt%) contents and eNd(t) (�11.0
to � 3.3) values, indicating that these rocks were derived from a
heterogeneous magma source. This interpretation is further cor-
roborated by the oscillatory zoning in the Cpx phenocrysts from
the Jiaqiong andesites (Fig. 5). Mélange rocks are formed by the
physical mixing of subducted sediments, oceanic crust, and peri-
dotite mantle rocks along the slab-mantle interface (e.g., Cruz-
Uribe et al., 2018; Marschall and Schumacher, 2012). These mixed
material transfer into the mantle wedge via diapirs that rise buoy-
antly from the slab surface, producing arc magmas with diverse
geochemical signatures (e.g., Codillo et al., 2018; Hao et al., 2022;
Nielsen and Marschall, 2017). The range of compositions of the Jia-
qiong andesites may reflect the characteristics of arc magmas that
derived from mélanges (Fig. 12b–d). The Jiaqiong andesitic rocks
are enriched in LILEs and LREEs, and depleted in HFSEs, similar to
those of the mélange rocks (Fig. 8b). In addition, the Jiaqiong ande-
sites show relatively heterogeneous isotopic compositions (Fig. 9a,
b), indicating that these rocks were derived by partial melting of
mélange rocks (Marschall and Schumacher, 2012; Nielsen and
Marschall, 2017). Given the mélange contains both depleted (ocea-
nic basalts and mantle wedge peridotites) and enriched (subducted
sediments) components (Marschall and Schumacher, 2012), we
thus suggest that the Jiaqiong andesites were produced by diapir
partial melting of mélange rocks in a subduction zone.

4.4. Deep geodynamic processes

As indicated above, the Jurassic magmatism along the BNSZ was
caused by the northward subduction of the BNT oceanic litho-
sphere (Cao et al., 2019; Hu et al., 2020; Tang et al., 2019; Yang
et al., 2021b; Zeng et al., 2016a; Zhang et al., 2017b). However,
the detailed deep geodynamic processes responsible for the Middle
Jurassic magmatism remain uncertain. The northward subduction
of the BNT oceanic lithospheric slab beneath the southern Qiang-
tang subterrane at a normal or high dip angle and the subsequent
arc magmatism during the Late Triassic have been revealed by the
sedimentological and geochronological data from a north–south
traverse across the BNSZ (Zeng et al., 2016b). However, the rem-
nants of the Early Jurassic oceanic plateau have been identified
within the BNTO (Zhang et al., 2014a, 2021), suggesting that ocea-
nic slab probably dipped more shallowly or even subducted hori-
zontally during this stage. This process is also supported by the
contemporary arc magmatic gap in the southern Qiangtang subter-
rane (Li et al., 2016b; Yan et al., 2016a). During the Middle–Late
Jurassic, renewed arc magmatism occurred widely along the north-
ern of the BNSZ, probably triggered by the rollback of subducted
oceanic slab, intra-oceanic subduction or oceanic ridge subduction
(Li et al., 2020; Yan et al., 2016a; Yan and Zhang, 2020; Zhang et al.,
2014a). Oceanic ridge subduction generally occurs in a relatively
narrow range in a subduction zone and forms a typical rock suites,
including adakite, high-Mg andesite, Nb-enriched basalt, oceanic
island basalt (OIB) or mid-oceanic ridge basalt (MORB) (Tang
et al., 2010; Wang et al., 2020). The absence of oceanic ridge
subduction-related rock suites in the Jiaqiong–Amdo areas indi-
cates that ridge subduction was unlikely to occur in the middle–
eastern parts of the BNTO. However, the BNTO extends east–west
for>2000 km, and the possibility of oceanic ridge subduction
existed in other segments. Recently, Yan and Zhang (2020) pro-
posed that arc magmatism was induced by intra-oceanic subduc-
tion in the BNTO during the Jurassic based on the Jurassic
boninitic association and plateau lavas in the Zigetangco–Namco
areas. The magmatic rocks from the typical intra-oceanic arc, such
as the Izu-Bonin-Mariana, the Aleutian, and the Lesser Antilles arc,
generally have depleted isotopic compositions (Fig. 9a; Leat and
Larter, 2003). However, the arc magmatic rocks show an enriched
18
Sr–Nd isotopic composition in study area (Fig. 9a, b; Tang et al.,
2019; Zhang et al., 2021; Zeng et al., 2016a, 2016b), suggesting that
these rocks were not generated by intra-oceanic subduction. In
addition, boninite is generally regarded as the hallmark rock of
forearc settings (e.g., Crawford et al., 1989; Li et al., 2013). There-
fore, we suggest that the slab rollback model is more suitable for
interpreting the deep geodynamic processes that led to the forma-
tion of the Jiaqiong andesites in this study, based on the following
lines of evidence: (1) The Dong Co eclogites are the metamorphic
product of the subducted BNT oceanic crust, suggesting a transition
from flat to steep subduction during the Jurassic (Dong et al., 2016;
Zhang et al., 2015, 2017b). During the process, upwelling astheno-
spheric mantle and hot corner flow caused by the slab rollback
could have triggered the nearly simultaneous formation of the
large volume of magmatic rocks, which is in agreement with the
widespread occurrence of the Jurassic arc magmatic rocks along
the BNSZ (Yan et al., 2016a; Zhu et al., 2016). (2) The � 177 Ma
gabbros in the Amdo terrane were generated by the interaction
between upwelling asthenospheric mantle and metasomatized
lithospheric mantle, indicating the existence of a high-
temperature magma source region during the Jurassic (Yan et al.,
2016a). (3) Slab rollback would have induced vigorous mantle cor-
ner flow above the descending slab, leading to the retreat of the
hinge and trenchward migration of the magmatic front
(Gvirtzman and Nur, 1999; Schellart et al., 2006). Yan et al.
(2016a) suggest that the gabbro-diorite-granodiorite associations
from the Amdo terrane were generated by the asthenospheric
upwelling caused by the rollback of the northward subducting
BNTO during the Early–Middle Jurassic (177–174 Ma). In addition,
the Middle–Late Jurassic andesitic rocks (165–158 Ma) were
emplaced in the BNSZ to the south of the Amdo terrane, which
were also formed in a subduction setting (Tang et al., 2019; Yang
et al., 2021a). This southward migration of magmatism in a
north–south section indicates the appearance of slab rollback dur-
ing the Jurassic (Fig. 13). (4) Slab rollback can also lead to the
extension and rifting within the overriding plate (e.g., Cassel
et al., 2018). The Dongqiao ophiolite (188–181 Ma) is a typical
SSZ-type ophiolite and was formed in an intra-oceanic arc–backarc
basin, thus suggesting an extensional setting during the Early
Jurassic (Liu et al., 2016; Wang et al., 2016). All the aforementioned
evidence suggests that the Middle Jurassic Jiaqiong andesitic rocks
were produced by partial melting of mélanges during slab rollback
of the northward-subducting BNT oceanic lithospheric slab
(Fig. 13). The asthenospheric upwelling and hot corner flow that
were triggered by the slab rollback would have considerably
heated and partially melted the physically mixed mélanges to pro-
duce the Jiaqiong andesites within the BNSZ (Hao et al., 2016,
2022; Marschall and Schumacher, 2012).

4.5. Implications for the growth of the continental crust

It has been recognized that the continental crust is generated by
magmatism in subduction zones (e.g., Cawood et al., 2009; Chen
and Zhao, 2017; Hawkesworth et al., 2013; Kelemen and Behn,
2016). Phanerozoic continental crust grew mainly through both
vertical addition by underplated magmas and lateral accretion of
arc complexes and oceanic plateaus in subduction zones (e.g.,
Castro et al., 2013; Spencer et al., 2017; Wyman and Kerrich,
2009). Although the continental crust was consumed by the sub-
duction erosion during subduction of the BNTO, the crustal vertical
growth still had been identified (Hao et al., 2016; Yang et al.,
2021b). Recent studies have shown that Jurassic mantle-derived
andesitic magmas were emplaced in middle-upper crust, which
is consistent with vertical crustal growth by magmatic underplat-
ing (Hu et al., 2020; Tang et al., 2019; Yan et al., 2016a; Yang et al.,
2021a; Zeng et al., 2016a, 2016b). However, the origin of the
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underplated magmas that drove this vertical growth is unknown.
The Jiaqiong andesites in the middle–eastern parts of the BNSZ
have variable SiO2 (52.0–65.9 wt%) and MgO (1.51–4.66 wt%) con-
tents with moderate Mg# (35–63), similar to those of magmas in
subduction-related magmatic arcs in middle–eastern parts of the
southern Qiangtang margin (Fig. 8b; Hu et al., 2020; Tang et al.,
2019; Zeng et al., 2016a, 2016b). Their REE and spider patterns
are also similar to those of the average continental crust (Fig. 8a,
b). The Jiaqiong andesites yield variable MgO, Cr, and Ni contents,
initial 87Sr/86Sr ratios, and eNd(t) values, suggesting that these rocks
were produced by partial melting of mélange rocks. Therefore, we
suggest that the partial melting of mélange diapirs may contribute
to the vertical growth of the continental crust in subduction zones.
5. Conclusions

(1) The Jiaqiong andesites were erupted at 169–164 Ma, and
they are characterized by variable MgO, Cr, and Ni contents,
(87Sr/86Sr)i ratios, and eNd(t) values.

(2) The Jiaqiong andesites were most probably produced by par-
tial melting of mélanges.

(3) The formation of the Jiaqiong andesites was triggered by
asthenospheric upwelling and hot corner flow caused by the
rollback of the northward subducting Bangong–Nujiang Tethyan
oceanic lithospheric slab during the Middle Jurassic.

(4) Partial melting of mélanges provides an important support
for the generation of andesitic magmas and vertical growth of
the continental crust in subduction zones.
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