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Subduction initiation and sequent evolution of oceanic lithosphere at convergent plate boundaries have
important implications for our understanding of plate tectonics. Using zircon U-Pb and Lu-Hf isotopic
and whole-rock geochemical data of newly identified Baijianshan diorites and Dawanbei and Dabanxi
rhyolites from the center of the North Altun Orogenic Belt, we provide the time constraint for the initial
subduction of the Proto-Tethys Ocean lithosphere and back-arc extension in the northern Altun Moun-
tains. Zircon U-Pb ages show that the Baijianshan diorites emplaced at ~535 Ma and the Dawanbei and
Dabanxi rhyolites erupted at ~495 Ma. The Baijianshan diorites share most features of high-K calc-
alkaline high-Mg andesites, characterized by moderate SiO2 contents (56.34-57.65 wt.%), high MgO
contents (4.72-5.26 wt.%) and Mg# (57-65) values, and LREE and LILE enrichment relative to HREE
and HFSE (Nb/La = 0.46-0.78). Their elemental geochemistry and coupled negative whole-rock ɛNd(t)
(-9.1 to -8.5) and zircon ɛHf(t) (-15.4 to -10.9) values suggest that the diorites were formed by interac-
tion between the subducted sediment-derived melts and peridotites in the mantle wedge. The
Dawanbei and Dabanxi rhyolites are metaluminous to weakly peraluminous, and have high SiO2

(70.07-78.65 wt.%) and Na2O (2.27-5.97 wt.%) contents, and low K2O (0.95-4.72 wt.%) contents. The
rhyolites are enriched in most incompatible trace elements (e.g. Rb, Th, Zr, Hf and REE), and show affin-
ity with A2-type granites. Isotopically, they have whole-rock ɛNd(t) values of -0.7 to -0.2 and zircon ɛHf

(t) values of -2.3 to 6.4. Geochemical and isotopic compositions suggest that these rhyolites were de-
rived through shallow (1-3 kbar) dehydration melting of basaltic rocks. Our analysis together with
the regional geology of the northern Altun Mountains indicates that subduction of the Proto-Tethys
Ocean lithosphere began started at ~535 Ma in the northern Altun Mountains. The juvenile A-type rhy-
olites (~495 Ma) are spatially and temporally associated with the Dawan high-Mg andesites and diorites
(480-495 Ma), indicating that they were likely formed in a back-arc basin that was extending due to
rollback of subducted oceanic lithosphere. The subduction process most likely continued until
~460 Ma and the Proto-Tethys Ocean finally closed at ~440 Ma. As a result, the central Altun terrane,
as well as Tianshuihai-Mazar, Central Qilian, and North Qinling docked to the northern margin of East-
ern Gondwana at ~440 Ma.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Subduction initiation and back-arc extension are important tectonic
processes, and are generally associated with negative buoyancy of oce-
anic lithosphere (Crameri et al., 2020; Stern and Gerya, 2018; Tontini
et al., 2019) and trench retreat (Gueydan et al., 2017; Magni et al.,
haiUniversity, Nanjing 210098,

e).
2017), respectively. The timing of subduction initiation and identifica-
tion of arc and back-arc systems can therefore provide critical informa-
tion for paleo-subduction zone development (e.g. Chen et al., 2014;
Keenan et al., 2016; Song et al., 2013; Xia et al., 2012). In addition, sub-
duction initiation can induce partial melting of the oceanic slab and
overlying sediments, leading to the formation of adakitic rocks and
high-Mg andesites (Defant and Drummond, 1990; Peacock, 1990).
Asthenospheric upwelling caused by slab rollback can produce a wide
variety of magmatic rocks (e.g. adakites, mafic dykes and high-Mg an-
desites), and may also cause a back-arc extension, resulting in the



Fig. 1. (a) Simplified tectonic map of the Indo-Asian collision zone showing major active structures and suture zones (modified after Yin and Harrison, 2000); (b) Geologic and tectonic
map of the Altun orogen; (c) Geologic map of the North Altun Orogenic Belt (modified after Liu et al., 2017).

2 X.-T. Ye et al. / Lithos 376–377 (2020) 105748
generation of back-arc basin basalts (BABB) and A-type granitoids
(Ewart et al., 1998; Shinjo et al., 1999; Sibuet et al., 1987).

TheProto-TethysOceanopenedduring the lateNeoproterozoicdue to
thebreakupofRodiniaandmainlyclosedattheendof theearlySilurian(Li
et al., 2018a;Matteet al., 1996).Abetterunderstandingof theevolutionof
the Proto-Tethys Ocean is important for reconstructing the East Asia con-
tinents in Proto-Tethys realm. Based on the age of ophiolite complex and
rift-related volcanism, recent studies indicated that the Proto-Tethys
Ocean in Qingling-Qilian-Kunlun was developed in the Late
Neoproterozoic (~600-580Ma) (Dong et al., 2011; Song et al., 2013; Xu
et al., 2015), subducted at ~520 Ma (Chen et al., 2014; Liu et al., 2016a;
Meng et al., 2017; Song et al., 2013; Xia et al., 2012) and closed at ~440-
430Ma (Song et al., 2014, 2018; Yang et al., 2018; Zhang et al., 2013).

The North Altun Orogenic Belt (NAOB) is one of the key tec-
tonic units of the Altun Orogen which is an important segment
of the Qinling-Qilian-Kunlun orogenic system. As the northern-
most orogenic collage of the Proto-Tethys domain, the NAOB is a
well-preserved early Paleozoic trench–arc–basin system (Zhang
et al., 2017) that is critical for the understanding of the Proto-
Tethys Ocean evolution (Li et al., 2018a). Although the tectonic
evolution of the NAOB is divided into three stages and it is
known that subduction of oceanic slab occurred during 520–460
Ma (Han et al., 2012; Liu et al., 2016b; Meng et al., 2017; Wu
et al., 2009; Ye et al., 2018; Zheng et al., 2019), the subduction his-
tory remains enigmatic. In particular, the timing of initial subduc-
tion and back-arc extension in NAOB is poorly constrained.
Here we present detailed field observations, ages, and geochemistry
for newly identified high-Mg diorites and A-type rhyolites in the central
NAOB.We use these data to address the petrogenesis of the high-Mg di-
orites and A-type rhyolites, and to elucidate the subduction history of
the Proto-Tethys Ocean.

2. Regional geology

The Altun Orogenic Belt (AOB) is an important section of the Central
China Orogenic Belt that lies between the Tarim to the north and the
Kunlun Mountains and Qaidam to the south (Fig. 1a). The AOB consists
of four E-W trending, subparallel tectonic units from north to south:
(1) the northern Altun Archean complex zone (locally known as the
North Altun terrane or Dunhuang block; Zhang et al., 2014), (2) the
NAOB (previously called the northern Altun oceanic subduction-
collision complex; Liu et al., 2012), (3) the central Altun block (CAB),
and (4) the southern Altun continental subduction-collision complex
zone that contains high- to ultrahigh-pressure and ophiolitic rocks
(Liu et al., 2009) (Fig. 1b).

The NAOB extends ~300 km from east to west. It consists of high-
pressure metamorphic rocks, ophiolites, mafic and felsic igneous
rocks, and volcano-sedimentary sequences (Fig. 1c). The volcano-
sedimentary sequence crops out along the NAOB, and is known as the
Lapeiquan Formation (Group; Xinjiang BGMR, 2006). Previous investi-
gations have suggested that the Lapeiquan Formation is an Ordovician
(Xinjiang BGMR, 2006) or Mesoproterozoic sequence (Xinjiang



Fig. 2. (a) Geologicmap of theDawan area, North Altun Orogenic Belt (modified after Xinjiang BGMR, 2006); Simplified stratigraphic cross section ofmiddle Lapeiquan Formation (b) and
upper Lapeiquan Formation (c). The number and the star show the sample number and the sampling locality, the marked age data are from Han et al. (2012) and Ye et al. (2018).
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BGMR, 1981); however, recent zircon U-Pb ages from rhyolites
(485-495 Ma) indicate a late Cambrian age (Wang et al., 2019; Ye
et al., 2018). The ophiolites occur scarcely between the Lapeiquan
and Hongliugou areas, and consist mainly of serpentinized perido-
tite, cumulates (wehrlite, anorthosite, gabbro, and plagiogranite),
basalts, and silicalites (Yang et al., 2008). The cumulates yield zir-
con U-Pb ages of 520-480 Ma (Gai et al., 2015; Yang et al., 2008),
and the ophiolites are thought to formed in a supra-subduction
zone (Yang et al., 2008). The high-pressure metamorphic rocks
are blueschists and eclogites that were metamorphosed at
510–490 Ma, and occur as tectonic blocks in the subduction–
accretion complex (Zhang et al., 2010). The mafic intrusions yield
ages of 520-460 Ma and are sparsely distributed along the NAOB
(Ye et al., 2018). The granitic rocks in this area can be divided
into two groups, i.e., ~520–470 Ma subduction-related group
(mainly I-type granites) and ~450–410 Ma post-orogenic group
(I- and S-type granites and adakitic rocks) (Han et al., 2012; Liu
et al., 2016b, 2017a; Wu et al., 2009). The assemblage of high-
pressure metamorphic rocks, ophiolites, subduction-accretion
complex, and arc igneous rocks suggest that the NAOB was an
early Paleozoic accretionary orogenic belt (Meng et al., 2017;
Zhang et al., 2017).
3. Petrography

3.1. Baijianshan diorites

The Baijianshan pluton was intruded into the lower member of the
Lapeiquan Formation, and is in fault contact with Carboniferous
sedimentary rocks (Xinjiang BGMR, 2006) (Fig. 2a, 4a). Baijianshan plu-
ton covers an area of ~6 ×1 km2 and consists of homogeneous gray
medium-grained inequigranular diorite (Fig. 4b, f, g). Primary minerals
include plagioclase (45-50 vol.%), amphibole (50-55 vol.%), quartz (1-3
vol.%), andminor clinopyroxene and biotite (< 2 vol.%). Accessory min-
erals include Fe-Ti oxides, zircon and apatite. The diorites have experi-
enced variable degrees of alteration, as shown by the sericitization of
some plagioclases and replacement of hornblende by chlorite and epi-
dote. One sample of the Baijianshan pluton (16BJS04: 39°08′33″ N,
91°50′48″ E) was collected for age dating and four for geochemical
analyses.
3.2. Dawanbei and Dabanxi rhyolites

The lower-greenschist-facies early Paleozoic volcano-
sedimentary Lapeiquan Formation crops out mainly in the
Beiketan, Goukouquan, Dawan (Kaladawan), Baijianshan, and
Lapeiquan regions (Fig. 1c; Xinjiang BGMR, 2006; Ye et al.,
2018). To the north, it is in contact with Precambrian basement
along the North Altyn fault, and to the south, it is in contact
with the Paleogene Gancaigou Formation along a thrust fault
(Fig. 1b, c). The Lapeiquan Formation can be subdivided into
lower, middle and upper members (Fig. 2a). The lower member
(LMLF) consists mainly of meta-volcanic and meta-volcanoclastic
rocks, including trachyandensites, basalts, siltstones and sandy
slate (Xinjiang BGMR, 2006). The middle member (MMLF) is com-
posed mainly of bimodal volcanic rocks (basalts and rhyolites/
rhyodacite) with minor sandstone and sericite-chlorite schists
(Fig. 2b, 3; Xinjiang BGMR, 2006), and the upper member



Fig. 3.Measured section of the middle member and upper member of Lapeiquan Formation (data are from Xinjiang BGMR, 2006)
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(UMLF) consists mainly of clastic rocks, cherts and carbonates,
with minor meta-volcanic rocks (Fig. 2c, 3; Xinjiang BGMR,
2006; Ye et al., 2018). The volcano-sedimentary sequence of
MMLF and UMLF extends for >100 km between the Qiongtag to
Lapeiquan areas. Lower-greenschist-facies metamorphic minerals
like sericite, chlorite, and biotite are commonly observed in most
rocks.
Eight rhyolites for elemental analyses were chosen from the
MMLF (Fig. 2a, b, 4c). Two rhyolite samples (16DBX01: 39°03′
55″N, 91°42′36″E; 16DBX03: 39°04′12″N, 91°42′36″E) for zircon
U–Pb dating and 11 rhyolite samples for geochemical analysis
(Fig. 2a, c, 4d, e) were collected from the UMLF. All rhyolite sam-
ples were from fresh outcrops. We observed flow structures in the
rhyolites from field observations and thin sections (e.g., Fig. 4c, e).



Fig. 4. Field photographs and photomicrographs of the Baijianshan diorties, Dawanbei and Dabanxi rhyolites. (a) The Baijianshan diorites intruded carbonate rocks; Field outcrop of the
Baijianshan diorites (b) and Dawaibei rhyolites from themiddle member of Lapeiquan Formation (c); (d, e) Interbedded layer rhyolites from the upper member of Lapeiquan Formation;
(f, g) Euhedral plagioclase and amphibole in the thin section of theBaijianshan diorites (cross nicols); Phenocrysts andflow structure in the thin section of theDawanbei rhyolites (h, i) and
the Dabanxi rhyolites (j-l) (cross nicols). Abbreviations: Hb, hornblende; Kfs, K-feldspar; Pl, plagioclase; Q, quartz.
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The rhyolites are pink-gray and porphyritic, and contain pheno-
crysts of quartz, perthite, and feldspar (20–25 vol.%) in a fine-
grained groundmass (Fig. 4h–l). The matrix is composed of
equigranular quartz (<0.05 mm; 50–60 vol.%), K-feldspar (15–20
vol.%), and biotite (2–5 vol.%) crystals (Fig. 4h–l).

4. Analytical methods

Zircon was separated first using magnetic and heavy liquid
techniques, then hand-picking under a binocular microscope.
Zircon grains were mounted in epoxy disks, which were polished
to the approximate centers of the zircon grains. Cathodolumin-
escence (CL) images and transmitted light micrographs were
obtained to investigate the internal structures. The three zircon
samples were analyzed using laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS) method at Tianjin Insti-
tute of Geology and Mineral Resources, China Geological Survey
(TIGMR, CGS). The laser beam diameter was set to be ~32 μm
with a frequency of 10 Hz. Zircon 91500 and GJ-1 and glass NIST
610 were used as external standards. The analytical procedures



Table 1
Geochemical compositions of the Baijianshan diorites and Dawanbei and Dabanxi rhyolites.

Site Baijianshan Dawanbei

Rock Diorite Diorite Diorite Diorite Rhyolite Rhyolite Rhyolite Rhyolite

Sample 16BJS04H1 16BJS04H2 16BJS04H3 16BJS04H4 16DWBH1 16DWBH2 16DWBH3 16DWBH4

SiO2 57.65 56.47 56.34 56.39 75.83 72.25 74.17 78.55
TiO2 0.71 0.61 0.98 0.61 0.16 0.17 0.16 0.15
Al2O3 16.33 16.04 16.44 16.15 11.75 14.17 12.26 10.25
Fe2O3

T 5.94 5.93 7.11 5.90 2.10 2.47 2.54 1.94
MnO 0.09 0.09 0.09 0.09 0.04 0.05 0.05 0.03
MgO 5.07 5.61 4.72 5.65 0.36 0.46 0.43 0.32
CaO 4.94 5.68 5.19 5.33 0.98 1.46 1.87 0.75
Na2O 1.95 2.29 2.28 2.28 3.45 5.86 2.97 2.27
K2O 3.91 3.42 3.04 3.36 4.05 1.91 4.22 4.72
P2O5 0.14 0.09 0.19 0.09 0.02 0.02 0.02 0.02
LOI 2.89 3.36 3.20 3.80 0.66 0.65 0.93 0.54
Total 99.6 99.6 99.6 99.7 99.4 99.5 99.6 99.5
Mg# 63 65 57 65 25 27 25 25
Tzr°C 811 ± 21 810 ± 22 800 ± 22 810 ± 19
Sc 14.8 17.1 14.4 16.9 4.57 5.30 4.88 3.97
V 103 109 156 115 1.64 2.94 2.54 1.53
Cr 15.3 40.1 47.1 41.9 2.03 5.00 4.40 6.23
Co 81.5 68.2 84.0 63.6 164 126 174 181
Ni 18.7 25.7 28.3 27.3 7.59 5.68 7.26 10.6
Ga 18.3 17.5 19.7 18.5 14.9 19.4 21.3 12.2
Rb 169 139 117 145 92.9 46.4 96.1 89.2
Sr 182 186 234 217 92.0 182 181 74.4
Y 23.3 34.4 27.7 29.9 47.1 53.9 61.0 42.0
Zr 185 177 263 175 304 332 306 279
Nb 15.8 15.5 15.9 15.2 19.6 21.0 19.8 18.9
Cs 4.96 6.27 3.53 4.93 0.190 0.104 0.196 0.181
Ba 543 585 577 485 1470 679 1720 1830
La 20.2 29.6 34.6 31.9 62.1 71.4 62.5 57.3
Ce 45.0 69.2 70.6 67.8 107 113 111 103
Pr 5.11 8.05 7.76 7.30 12.5 13.5 12.5 11.2
Nd 21.0 33.3 29.8 29.6 45.3 49.3 46.7 42.1
Sm 4.09 6.50 5.96 5.87 8.29 9.28 9.31 8.08
Eu 0.988 1.18 1.31 1.17 0.965 1.22 1.74 0.791
Gd 4.25 6.54 5.87 5.99 8.18 8.66 9.23 8.26
Tb 0.685 1.07 0.880 0.926 1.28 1.44 1.48 1.16
Dy 4.17 6.29 5.20 5.40 7.70 8.82 9.29 7.26
Ho 0.845 1.28 1.06 1.13 1.53 1.79 1.85 1.40
Er 2.49 3.65 3.04 3.36 4.88 5.64 5.88 4.38
Tm 0.356 0.531 0.426 0.477 0.705 0.811 0.780 0.661
Yb 2.41 3.44 2.85 3.10 4.88 5.76 5.90 4.64
Lu 0.358 0.526 0.421 0.462 0.728 0.845 0.842 0.661
Hf 4.63 4.70 6.08 4.68 7.88 8.62 8.16 7.48
Ta 1.28 1.36 1.23 1.30 1.72 1.70 1.70 1.62
Th 5.88 11.5 9.49 11.6 23.5 24.8 23.3 21.4
U 1.96 1.43 1.54 1.81 5.87 7.25 8.19 4.82

Site Dawanbei Dabanxi

Rock Rhyolite Rhyolite Rhyolite Rhyolite Rhyolite Rhyolite Rhyolite Rhyolite

Sample 16DWBH5 16DWBH6 16DWBH7 16DWBH8 16DBX01H1 16DBX01H2 16DBX01H3 16DBX01H4

SiO2 74.70 71.16 70.07 74.44 77.17 78.65 77.33 77.46
TiO2 0.17 0.18 0.17 0.19 0.17 0.14 0.15 0.14
Al2O3 12.38 13.86 14.38 12.59 12.25 11.40 12.03 11.90
Fe2O3

T 2.72 3.25 3.07 2.58 1.44 1.22 1.74 1.64
MnO 0.05 0.07 0.06 0.05 0.03 0.03 0.04 0.03
MgO 0.58 0.51 0.53 0.48 0.55 0.45 0.63 0.62
CaO 1.10 2.60 2.54 1.70 0.26 0.21 0.25 0.23
Na2O 4.25 5.29 5.97 5.06 5.89 5.23 5.76 5.42
K2O 2.79 1.85 1.57 1.69 1.08 1.56 0.95 1.32
P2O5 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
LOI 0.74 0.89 1.18 0.85 0.70 0.55 0.83 0.79
Total 99.5 99.7 99.6 99.7 99.6 99.5 99.7 99.6
Mg# 30 24 25 27 43 42 42 43
Tzr°C 829 ± 21 785 ±24 779 ±24 814 ± 22 813 ± 18 809 ± 18 791 ± 17 807 ± 18
Sc 4.97 4.91 5.32 5.15 2.24 2.77 2.20 2.47
V 2.66 2.99 2.72 2.36 0.543 0.362 0.282 0.793
Cr 6.73 4.83 6.16 5.25 -1.23 -0.755 -1.56 -1.15
Co 152 124 99.5 134 230 236 192 219
Ni 11.3 6.51 5.35 5.29 10.2 8.60 6.87 8.18
Ga 17.2 25.3 22.3 18.7 18.9 19.3 17.9 20.5
Rb 67.5 47.1 44.5 44.1 25.6 30.3 16.3 36.6
Sr 124 286 249 172 61.5 70.9 60.6 57.8
Y 58.4 62.9 60.7 57.8 57.0 75.1 64.4 54.2
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Table 1 (continued)

Site Dawanbei Dabanxi

Rock Rhyolite Rhyolite Rhyolite Rhyolite Rhyolite Rhyolite Rhyolite Rhyolite

Zr 343 325 321 349 266 254 214 244
Nb 22.9 22.2 21.5 23.3 25.0 22.7 17.8 22.6
Cs 0.147 0.127 0.146 0.117 0.286 0.159 0.220 0.247
Ba 1100 683 484 554 523 785 561 701
La 72.2 66.0 62.3 70.5 56.9 47.0 53.4 61.5
Ce 122 120 111 124 87.0 91.9 93.5 93.2
Pr 14.3 13.4 12.3 14.0 11.6 11.3 11.3 12.4
Nd 52.5 50.2 45.2 51.4 48.3 44.3 44.6 47.1
Sm 9.56 9.56 8.52 9.99 9.41 10.4 9.19 8.17
Eu 1.14 1.44 1.32 1.14 0.942 1.04 1.05 0.857
Gd 9.29 9.52 8.75 9.37 10.0 10.9 10.6 8.51
Tb 1.52 1.56 1.42 1.54 1.68 1.93 1.78 1.43
Dy 9.37 9.94 9.39 9.18 10.1 12.1 11.0 8.64
Ho 1.98 2.11 1.94 1.96 2.26 2.63 2.21 2.00
Er 6.00 6.53 6.04 6.00 6.58 7.94 6.85 6.00
Tm 0.899 0.910 0.842 0.901 0.944 1.19 0.944 0.883
Yb 6.27 6.39 6.09 6.32 6.28 7.50 6.11 5.96
Lu 0.932 0.875 0.907 0.903 0.913 1.12 0.883 0.845
Hf 8.70 8.48 8.75 9.03 7.93 7.54 6.10 7.11
Ta 1.82 1.71 1.60 1.79 2.36 2.14 1.66 2.05
Th 26.0 24.8 23.9 26.7 20.2 21.7 16.7 17.9
U 7.01 7.83 7.60 6.92 5.15 5.61 5.47 4.65

Site Dabanxi

Rock Rhyolite Rhyolite Rhyolite Rhyolite Rhyolite Rhyolite Rhyolite

Sample 16DBX01H5 16DBX01H6 16DBX03H1 16DBX03H2 16DBX03H3 16DBX03H4 16DBX03H5
SiO2 76.44 61.19 74.99 77.23 74.49 74.75 78.58
TiO2 0.16 1.34 0.16 0.13 0.16 0.16 0.14
Al2O3 12.23 14.40 12.56 11.68 13.23 12.97 10.57
Fe2O3

T 1.93 8.41 2.69 2.48 2.65 2.56 2.58
MnO 0.04 0.10 0.05 0.05 0.06 0.06 0.06
MgO 0.80 2.57 0.93 0.84 0.72 0.85 0.93
CaO 0.26 3.17 0.51 0.28 0.26 0.34 0.26
Na2O 4.98 5.47 5.82 5.60 5.92 5.40 4.19
K2O 1.73 0.90 1.18 0.98 1.74 2.14 1.63
P2O5 0.02 0.20 0.02 0.02 0.02 0.02 0.02
LOI 0.97 1.98 0.64 0.43 0.43 0.53 0.68
Total 99.6 99.7 99.6 99.7 99.7 99.8 99.6
Mg# 45 41 40 35 40 42 35
Tzr°C 807 ± 17 794 ± 19 788 ± 18 803 ± 19 801 ± 18 799 ± 16 798 ± 18
Sc 1.72 16.6 2.72 2.57 2.88 3.15 2.20
V 0.833 162 3.32 2.00 1.93 3.11 3.39
Cr 5.33 9.43 9.69 11.2 16.7 13.8 11.2
Co 186 89.5 1.64 1.47 1.39 1.46 1.48
Ni 7.78 7.87 2.40 3.31 3.29 4.66 2.59
Ga 20.6 20.0 19.9 18.9 20.8 20.5 19.5
Rb 35.4 23.6 26.2 20.8 41.0 49.8 37.0
Sr 53.1 195 57.8 56.2 67.3 60.2 58.6
Y 56.6 49.6 55.6 57.7 74.0 73.4 62.6
Zr 232 203 240 213 254 247 209
Nb 17.8 14.3 21.6 18.7 23.6 23.2 17.3
Cs 0.237 0.356 0.136 0.112 0.161 0.0993 0.165
Ba 845 301 1010 505 740 942 723
La 41.9 32.7 52.5 49.9 55.3 53.1 64.1
Ce 67.8 65.5 101 99.7 112 101 125
Pr 8.98 7.92 11.9 11.4 13.5 11.9 14.3
Nd 35.8 30.9 44.7 41.8 50.0 47.1 53.2
Sm 6.97 7.06 8.72 8.41 10.6 10.9 9.65
Eu 0.728 1.34 0.892 0.921 1.13 1.22 0.901
Gd 7.91 7.75 8.42 8.63 11.6 11.0 9.15
Tb 1.31 1.27 1.30 1.46 1.95 1.86 1.35
Dy 8.32 7.84 8.44 9.28 12.2 11.5 8.68
Ho 1.86 1.70 1.88 1.96 2.64 2.51 1.96
Er 5.73 5.28 6.31 6.09 8.11 7.66 6.19
Tm 0.828 0.738 0.914 0.901 1.19 1.10 0.944
Yb 5.29 5.11 6.60 6.27 7.87 7.08 6.12
Lu 0.760 0.774 0.956 0.876 1.18 1.06 0.922
Hf 6.31 5.40 7.32 6.89 8.59 7.96 6.10
Ta 1.65 1.31 1.46 1.32 1.71 1.56 1.23
Th 13.1 18.2 20.2 19.2 23.9 22.2 17.9
U 4.13 5.89 5.00 5.12 6.40 5.68 4.70
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Table 2
Nd isotopic compositions of the Baijianshan diorites and Dawanbei and Dabanxi rhyolites.

Sample Rock type Sm(ppm) Nd(ppm) 147Sm/144Nd 143Nd/144Nd (2σ) (143Nd/144Nd)i ɛNd(T) TDM TDM
C

Baijianshan
16BJS04H1 Diorite 4.09 21.0 0.1177 0.511924 (3) 0.511511 -8.5 1944 1948
16BJS04H2 Diorite 6.50 33.3 0.1180 0.511907 (3) 0.511493 -8.9 1976 1977
16BJS04H4 Diorite 5.87 29.6 0.1199 0.511900 (2) 0.511479 -9.1 2026 1998

Dawanbei
16DWBH1 Rhyolite 8.29 45.3 0.1106 0.512348 (6) 0.511989 -0.2 1185 1262
16DWBH6 Rhyolite 9.56 50.2 0.1151 0.512339 (2) 0.511966 -0.7 1253 1285
16DWBH7 Rhyolite 8.52 45.2 0.1140 0.512343 (7) 0.511974 -0.5 1232 1276

Dabanxi
16DBX01H1 Rhyolite 9.41 48.3 0.1178 0.512371 (2) 0.511989 -0.2 1237 1239
16DBX01H3 Rhyolite 9.19 44.6 0.1246 0.512396 (3) 0.511992 -0.2 1288 1213
16DBX03H2 Rhyolite 8.41 41.8 0.1216 0.512370 (4) 0.511976 -0.5 1290 1249
16DBX03H3 Rhyolite 10.6 50.0 0.1282 0.512403 (2) 0.511987 -0.2 1329 1209

Chondrite uniform reservoir (CHUR) values (147Sm/144Nd = 0.1967, 143Nd/144Nd = 0.512638) are used for the calculation. λSm = 6.54 × 10-12 year-1 (Lugmair and Harti, 1978). The
(143Nd/144Nd)i, ɛNd(t) of the 16BJS04, 16DWB and 16DBX were calculated using age of 536 Ma, 495 Ma and 495 Ma, respectively. The two-stage model age (TDMC ) calculations are given
by Jahn et al., 1999.

Fig. 5. Representative CL images of zircon from the Baijianshan diorites (16BJS04), Dawanbei rhyolites (16AB02) from the middle Lapeiquan Formation, and the Dabanxi rhyolites
(16DBX02 and 16DBX03) from the upper Lapeiquan Formation. Analytical spots, ages and ɛHf(t) are shown (see details in the text).
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were given by Geng et al. (2011). ICPMSDataCal and Isoplot/Ex
3.23 were used for data reduction (Liu et al., 2010) and processing
(Ludwig, 2003), respectively. The age data are presented in Ap-
pendix Table I.

Zircon Hf isotopes were measured on a New-Wave-193 nm ArF-
excimer laser ablation system linking to a Thermo Scientific Neptune
multi-collector ICP-MS (LA-MC-ICP-MS) at the TIGMR, CGS. Analyses
utilized a laser repetition rate of 10 Hz, power of 100mJ, and a spot
Fig. 6. Concordia plots of U-Pb zircon data for zircons from the Baijianshan diorites (a) and
Dabanxi rhyolites (b, c).

Fig. 7. Histogram of zircon U-Pb ages for igneous rocks (age data for North Altun are from
Ye et al., 2018; Zheng et al., 2019 and references therein, rth Qilian are from Yang et al.,
2018 and references therein, West Kunlun Orogenic Belt are from Li et al., 2018b; Liu
et al., 2019 and references therein; North Qinling Orogenic Belt are from Liu et al.,
2016a; Zhang et al., 2013).



Fig. 8. (a) SiO2-Na2O + K2O plot (Middlemost, 1994); (b) SiO2-K2O plot (Peccerillo and Taylor, 1976); (c) SiO2 versus MgO diagram; (d) SiO2 versus Mg# diagram; (e) Normative
feldspar classification from O'Connor (1965); (f) A/NK versus A/CNK diagram. A = Al2O3, N = Na2O, K = K2O, C = CaO (all in molar proportion). Data for peridotite melts are from
Stern and Kilian (1996), metabasaltic and eclogite experimental melts (1–4.0 GPa) are from Rapp et al. (1999) and references therein. Data for high-Mg andesites of SW Japan are
from the following references: Shimoda et al. (1998), Tatsumi et al. (2006) and references therein. Data for the Okinawa Trough back-arc rhyolites are from Shinjo and Kato, (2000).
Data for Dawanhigh-Mg andesites (HMAs) are fromYe et al. (2018), arc basalts are fromHao et al. (2013),MORBs are fromWuet al. (2002), OIBs are fromMeng et al., 2010, arc granitoids
are from Liu et al., 2017, Meng et al. (2017), Zheng et al. (2019), post-orogenic granitooids are fromWu et al., 2009), Yu et al., 2018, the Okinawa Trough back-arc basin rhyolites are from
Shinjo and Kato (2000).
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size of 60 μm. Instrumental parameters and data acquisition were simi-
lar to those documented inGeng et al. (2011). ZirconHf isotopic compo-
sitions are listed in Appendix Table II.

Whole-rock major and trace element compositions were deter-
mined by a Rigaku ZSX100e XRF and PerkinElmer ELAN DRC-e ICP–MS
at the State Key Laboratory of Ore Deposit Geochemistry, Institute of
Geochemistry, Chinese Academy of Sciences (CAS), following Li et al.
(2002) and Qi et al. (2000), respectively. The analytical precision was
better than 5% for major elements and 10% for most trace elements,
and the results are reported in Table 1.

Samples for Nd isotopic analysis were dissolved in mixture of HF,
HNO3 and HClO4 in Teflon bombs, then separated using conventional
cation-exchange techniques. The isotopic measurements were per-
formed on a Thermo Scientific Triton thermal ionization mass spec-
trometer (TIMS) at the TIGMR, CGS. Mass fractionation corrections for
Nd isotope ratios assumed a 146Nd/144Nd ratio of 0.7219. The mean
143Nd/144Nd ratio measured for the USGS BCR-2 standard was
0.512645 ± 5 (2σ). Analytical results are listed in Table 2.

5. Results

5.1. U-Pb zircon geochronology

5.1.1. Baijianshan diorites
Sample 16BJS04 contains euhedral zircon grains 80–110 μm in

length, with length-to-width ratios of 1:1 to 2:1. All grains are colorless,
with oscillatory growth zoning in CL images (Fig. 5). 16 zircon grains
were analyzed, which yield variable U (196-800 ppm) and Th (176-
1000 ppm) contents and Th/U ratios of 0.59-1.54 (Appendix Table I).
All analyses yield nearly concordant ages, with a weighted mean
206Pb/238U age of 536 ± 4 Ma (MSWD = 2.0; Fig. 6a). We interpret
this as the crystallization age of the Baijianshan diorite pluton.



Fig. 9. Chondrite-normalized rare earth element (REE) patterns and primitivemantle-normalized trace-element spider diagrams for the Baijianshan diorites (a, b), Dawanbei rhyolites (c,
d) and Dabanxi rhyolites (e, f). Chondrite-normalizing values are from Boynton (1984), primitive mantle-normalizing values are from Sun and McDonough (1989). Data for continental
crust are from Rudnick and Gao, 2003, the Setouchi, Honshu, Ryuku HMAs are from Tatsumi et al. (2006) and references therein, the Okinawa Trough back-arc rhyolites are from Shinjo
and Kato (2000).
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5.1.2. Dawanbei and Dabanxi rhyolites
Zircon grains from samples 16DBX01 and 16DBX03 are clear,

euhedral, with obvious zoning, and are 60–120 μm long with length-
to-width ratios of 1:1–3:1 (Fig. 5). A total of 20 analyses from
16DBX01 yield U and Th contents of 373–2051 ppm and 152–2259
ppm, respectively, with Th/U ratios of 0.36-1.10 (Appendix Table I).
They yield consistent 206Pb/238U ages with a weighted mean age of
495 ± 4 Ma (MSWD = 1.8; Fig. 6b). Zircons from sample 16DBX03
have varying Th (77–398 ppm) and U (244–787 ppm) contents, with
Th/U ratios of 0.31–0.59 (Appendix Table I). All 28 analyses from
16DBX03 defined a good concordia diagram with a weighted mean
206Pb/238U age of 496± 3Ma (MSWD= 0.41; Fig. 6c), which is consis-
tent with sample 16DBX01. Thus, we suggest a crystallization age of
~495 Ma for the rhyolites.

We integrate our new data with previous geochronological data
(Zheng et al., 2019 and references therein) and identifyfivemain phases
of magmatism in the NAOB at ~750 Ma, ~530 Ma, ~520 Ma, ~485-
475 Ma and ~430 Ma (Fig. 7a). These five age peaks are similar to
those found in the North Qilian (Fig. 7b), West Kunlun (Fig. 7c), and
North Qinling (Fig. 7d) Orogenic Belts.

5.2. Whole-rock geochemistry

5.2.1. Baijianshan diorites
The diorite samples yield a narrow range of SiO2 (56.34 to

57.65 wt.%) and Na2O + K2O (5.32 to 5.86 wt.%) contents, and
plot at the boundary between gabbroic diorites and diorites on a
total alkali-silica (TAS) diagram (Fig. 8a; Middlemost, 1994).
They have high MgO contents (4.72-5.26 wt.%) and Mg# values
(57-65), and low Fe2O3

T contents (5.90-6.22 wt.%), and exhibit
high-K calc-alkaline trend on a SiO2-K2O diagram (Fig. 8b). On
SiO2-MgO and SiO2-Mg# diagrams, the samples plot close to the
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high-Mg andesites in the Setouchi Volcanic Belt (SVB), Japan
(Fig. 8d; Tatsumi et al., 2006).

The Baijianshan diorites have total rare earth element (REE)
contents of 112-171 ppm, with enrichment in light REE (LREE)
relative to heavy REE (HREE; LaN/YbN = 5.7-8.2) and moderately
Fig. 10. Zircon age versus whole-rock ɛNd(t) (a) and zircon ɛHf(t) (b) diagram; (c) whole-
rock ɛNd(t) versus zircon ɛHf(t) diagram. The data sources are the same as Fig. 6.
negative Eu anomalies (Eu/Eu⁎ = 0.55-0.72; Fig. 9a). The
Baijianshan diorites are enriched in large ion lithophile elements
(LILE; e.g. Rb and Ba) and depleted in high field strength elements
(HFSE) with significant Nb-Ta troughs (Fig. 9b). In addition, they
have high Y (23.3-34.4 ppm) and low Sr (182-234 ppm) contents,
leading to low Sr/Y ratios (5.4-8.4), distinct from those of adakitic
rocks (Defant and Drummond, 1990).

The Baijianshan diorites contain lower concentrations of Cr
(15.3-47.1 ppm) and Ni (18.7-28.3 ppm) than expected for high-
Mg andesites (e.g. Tatsumi et al., 2006), indicating the diorites
have undergone various degrees of fractionation crystallization.
Decreasing MgO and Mg# contents with increasing SiO2 contents
(Fig. 8c, d) suggest the fractionation of olivine, which is in agree-
ment with the negative correlation of Cr and Ni with SiO2

(Figures not shown). Furthermore, the low Cr and Ni abundances
may also indicate the fractionation crystallization of Cr- and Ni-
bearing minerals (e.g. spinel, Fe-Ni sulfide). The variations in Eu/
Eu⁎ versus Sr, coupled with negative Eu and Sr anomalies
(Fig. 9a, b), indicate extensive fractionation of plagioclase. Besides,
the Baijianshan diorites define an amphibole fractionation trend
on a SiO2 versus Dy/Yb diagram.

5.2.2. Dawanbei and Dabanxi rhyolites
The Dawanbei and Dabanxi rhyolites have SiO2 contents of 70.07-

78.65 wt.%, and most have high Na2O (4.19-5.97 wt.%) contents with
Na2O/K2O ratios of 1.52-6.06, except three samples have lower Na2O
(2.27-3.45 wt.%) contents with Na2O/K2O ratios ranging from 0.48 to
0.82 (Table 1). On the TAS and SiO2-K2O diagrams, most samples plot
in the low-K andmedium-K calc-alkalinefields (Fig. 8a, b). The rhyolites
plot in the trondhjemite field on a normative anorthite–albite–ortho-
clase ternary diagram (Fig. 8e). The Dawanbei and Dabanxi rhyolites
also have low MgO (0.32-0.93 wt.%), TiO2 (0.13-0.19 wt.%) Al2O3

(10.25-14.38 wt.%), and P2O5 (0.02 wt.%) contents, and high Fe2O3
T

(1.22-3.25 wt.%) contents, with low Mg# (24-45). The samples are
metaluminous to weakly peraluminous, with A/CNK values of 0.89-
1.16 (Fig. 8f).

Despite the variation in their major-element contents, the rhy-
olites display coherent normalized REE and trace element pat-
terns. The rhyolites have high total REE contents (176-308 ppm;
Table 1) and show LREE-enriched patterns (LaN/YbN = 4.2-8.6),
pronounced negative Eu anomalies (Eu/Eu* = 0.29-0.58), and rel-
atively flat HREE patterns (GdN/YbN = 1.03-1.44; Fig. 9c, e). The
rhyolites show significant troughs of Nb, Ta, and Sr on primitive-
mantle-normalized trace element diagrams (Fig. 9d, f). Notably,
REE and trace element compositions of the Dawanbei and Dabanxi
rhyolites are similar to those of Okinawa Trough back-arc basin
rhyolites (Table 1; Fig. 9e, f; Shinjo and Kato, 2000).

5.3. Whole-rock Nd isotopic compositions

The Nd isotopic compositions representative rocks are presented in
Table 2. Baijianshan diorite pluton samples have constant 147Sm/144Nd
(0.1177-0.1199) and 143Nd/144Nd (0.511900-0.511924) ratios, corre-
sponding to a narrow range of initial 143Nd/144Nd ratios (0.511479-
0.511511), ɛNd(t) values (-9.1 to -8.5; Fig. 10a), and two-stage model
ages (TDMC ; 1998-1948 Ma). The Nd isotopic compositions of the
Dawanbei and Dabanxi rhyolites are similar to each other: they have
147Sm/144Nd ratios of 0.1106-0.1282 and 143Nd/144Nd ratios of
0.512339-0.512403, with ɛNd(t) values of -0.2 to -0.7 (Fig. 10a) and a
narrow range of TDMC (1285-1209Ma).

5.4. Zircon Lu-Hf isotopes

Zircons grains from the Baijianshan diorites have initial 176Hf/177Hf
ratios of 0.282024-0.282138, which yield a small range of ɛHf(t) values
(-15.4 to -10.9, weight mean = -13.2; Fig. 10b, 11a). The two-stage Hf



Fig. 11. Zircon age versus zircon ɛHf(t) (histograms of zircon ɛHf(t) insert) and histograms of TDMC for the Baijianshan diorites (a, b), Dawanbei rhyolites (c, d) and Dabanxi
rhyolites (e, f).
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model ages (TDMC ) are 2463-2176 Ma, with a weighted mean age of
2314 Ma (Fig. 11b).

The 176Hf/177Hf ratios of zircons from the Dawanbei rhyolites range
from 0.282555 to 0282666, and their 176Lu/177Hf ratios are low
(~0.002). The zircon ɛHf(t) values are 2.6 to 6.4 (Fig. 10b), with a weight
mean of 4.5 (Fig. 11c). The Hf model ages range from 1059 Ma to
1299 Ma (Fig. 11d).

The zircon grains from the Dabanxi rhyolites have 176Hf/177Hf
ratios of 0.282433-0.282581, which correspond to initial
176Hf/177Hf ratios of 0.282397-0.282563 and ɛHf(t) values of -2.3
to +3.4 (weight mean = +1; Fig. 9e, 10b). The Hf model ages
are 1606-1245 Ma (Fig. 11f). On an ɛNd(t) versus ɛHf(t) diagram,
the diorites and rhyolites show broadly coupled whole-rock Nd
and zircon Hf isotopic compositions (Fig. 10c).

6. Discussion

6.1. Petrogenesis of the Baijianshan diorites

The Baijianshan high-Mg diorites have crustal-like trace ele-
ment patterns (Fig. 9b, d) and enriched whole-rock Nd and zircon
Hf isotopic compositions (Fig. 10a, b), indicating contribution of
continental component to their petrogenesis, related to either
source variation or crustal contamination during magma fraction-
ation (e.g. Jahn et al., 1999). However, the following lines of evi-
dence argue against the view of crustal assimilation: (1) the
constant whole-rock Nd and zircon Hf isotopic compositions
(Table 2), (2) the large range of Nb/La ratios but constant Nb/Th
ratios in most samples (Table 1), and (3) the absence of
xenocrystic zircons (e.g. Yang et al., 2019; Fig. 5; Appendix
Table I). The limited extent of crustal contamination means that
the geochemical characteristics of the Baijianshan diorites directly
reflect their source and tectonic environment.

High-Mg andesites and diorites could be generated by a variety
of processes, including partial melting of hydrous peridotite
(Hirose, 1997; Straub et al., 2011; Wang et al., 2014), partial melt-
ing of lower continental crust and interaction with overlying man-
tle through delamination (Gao et al., 2004; Wang et al., 2006),
mixing between mantle-derived mafic and crust-derived felsic
magmas at crustal-level (Qian and Hermann, 2010; Shellnutt and
Zellmer, 2010), and interactions between subducted sediments
or slab melts and peridotite in the mantle wedge (Tatsumi,
2001; Wang et al., 2011).

Experimental studies have demonstrated that partial melting of the
hydrous mantle peridotite at temperatures below 1100 °C at 1 GPa can
produce high-Mg andesitic melt with low FeOT (4.04–5.36 wt.%) and



Fig. 12. (a) Th versus Th/La diagram for the Baijianshan diorites; (b) Primitivemantle-normalized trace-element spider diagrams for the Baijianshan diorites and GLOSS; (c) Plot of Th/Nd
versus 143Nd/144Nd(t); (d) Th/Nb versus U/Th diagrams for the Baijianshan diorites. Data for GLOSS and subducted sediments are from Plank and Langmuir (1998), other data sources are
same as Fig. 6.
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TiO2 (0.55–0.70 wt.%), and high CaO (8.53–9.99 wt.%) and Al2O3

(17.2–21.7 wt.%) contents (Hirose, 1997; Rapp et al., 1999). In this sce-
nario, high-Mg diorites commonly contain dunite xenoliths and high-Fo
olivine xenocrysts (e.g. Qian and Hermann, 2010). The absence of
Fig. 13. (a) 10000×Ga/Al versus Zr and (b) (Zr+Nb+Ce+Y) versus FeO⁎/MgOdiscriminatio
type granites. (c) Y+ Nb versus Rb diagram of Pearce, 1996 showing the Dawanbei and Daban
Nb-Y-Ce triangular diagram of Eby (1992) within the field of A2-type granites. FG-fractionated
WPG-within-plate granites, syn-COLG-syn-collision granites, A1-anorogenic A-type granites, A
olivine xenocrystal and dunite xenoliths, combined with high Al2O3

(16.04-16.44wt.%), lowCaO (4.94-5.68wt.%) and negative ɛNd(t) values
indicate that the Baijianshan diorites were not generated from partial
melting of hydrated peridotite.
ndiagramsofWhalen et al. (1987), indicative of theDawanbei andDabanxi rhyolites areA-
xi rhyolites plot into theWPG field. (d) Plots of Dawanbei and Dabanxi A-type rhyolites in
felsic granites, OGT-unfractionated, VAG-volcanic arc granites, ORG-ocean ridge granites,

2-post-collisional A-type granites.
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The MgO contents and Mg# of the diorites are higher than those of
experimental melts of metabasalt and eclogite at 1.0-4.0 GPa (Fig. 8c,
d; Qian and Hermann, 2013; Rapp and Watson, 1995; Rapp et al.,
1999), suggesting that partial melting of delaminated or eclogitic thick-
ened lower continental crust did not generate the Baijianshan diorites,
despite their crust-like elemental and isotopic signatures. Partial melt-
ing of lower continental crust generally produces adakitic magmas
with high Sr and low Y and Yb contents (Qian and Hermann, 2013;
Wang et al., 2008). In contrast, the Baijianshan diorites have relatively
low Sr (182-234 ppm) and high Y (23.3-34.4 ppm) and Yb (2.41-3.44
ppm) contents. Furthermore, lower continental crust has low U (0.2
ppm) and Th (1.2 ppm) contents (Rudnick and Gao, 2003), unlike the
Baijianshan diorites (U=1.43-1.96 ppm, Th=5.88-11.6 ppm).

The relatively uniformwhole-rock ɛNd(t) and zircon ɛHf(t) composi-
tions (Fig. 10a, b) of the Baijianshan diorites are in contrast with those
expected for hybrid magmas. Moreover, MORB-like basaltic melts as-
similated by crustal melts would require large volumes of continental
crust to achieve the enriched Nd–Hf compositions of the Baijianshan di-
orites, which is impossible given the high MgO contents and Mg# of
these rocks. The absence of any mafic microgranular enclaves (MMEs)
in the Baijianshan diorite pluton also precludes the crustal level
magma mixing model.

The following lines of evidence show that interaction between
subduction-related components and the overlying mantle wedge can
account for the formation of the Baijianshan diorites. (1) The
Baijianshan diorites are high-K calc-alkaline andhave highK2O contents
(Fig. 8a, b) resembling high-Mg andesites in the SVB, which were
formed by the interaction between subducted sediment-derived melts
and peridotites (Tatsumi, 2001; Wang et al., 2011; Yang et al., 2019).
(2) The diorites have a crust-like geochemical signature (Fig. 9a, b),
enriched whole-rock ɛNd(t) and zircon ɛHf(t) values (Fig. 10a, b), and
their coupled Nd-Hf isotopic compositions that overlap with those of
typical marine sediments (Fig. 10c). (3) The Baijianshan diorites have
high Th contents and Th/La ratios, which plot in the subducted sedi-
ments field on a Th/La versus Th diagram (Fig. 12a). In addition, the
Baijianshan diorite composition is similar to that of Global Subducting
Sediment (GLOSS; Fig. 12b; Plank and Langmuir, 1998). The low ɛNd(t)
values andhigh Th/Nd ratios are also consistentwith those of subducted
sediments (Fig. 12c), suggesting amajor contribution by subducted sed-
iments. (4) The Baijianshan diorites have consistently low U/Th
(0.12–0.33) and high Th/Nb (0.37–0.77) ratios, which also support the
involvement of a sediment-derived melts rather than of slab-derived
fluids (Fig. 12d). According to the evidence above, we argue that the
Baijianshan diorites were generated by the melting of subducted sedi-
ments and that the melts interacted with peridotites in the mantle
wedge.

Three competing mechanisms should be taken into account in
explaining the genesis of the Baijianshan high-Mg diorite: (1) mid-
ocean ridge subduction (e.g., Sun et al., 2009; Windley et al., 2007),
(2) slab break-off (e.g., van Hunen and Allen, 2011) or (3) slab roll-
back (Hawkins et al., 1990; Yan et al., 2016). Lack of coeval adakites,
boninites, and HT/LP metamorphic rocks in the NAOB clearly contra-
dicts the mid-ocean ridge subduction model (Kusky et al., 2003). Fur-
thermore, no evidence supports the occurrence of early Cambrian
collision in the NAOB. Instead, the subduction most likely lasted until
~460 Ma in this area (Han et al., 2012; Ye et al., 2018). Thus, the slab
break-off model cannot satisfactorily describe the origin of the
Baijianshan high-Mg diorites. The Dawan high-Mg andesites/diorites
are regarded as the consequence of the slab roll-back, which formed
at ~490 Ma (Meng et al., 2017; Ye et al., 2018). Thus, the much older
(~535 Ma) Baijianshan diorites are unlikely applicable this model.

We propose that the Baijianshan high-Mg diorites were formed by
partial melting of subducted sediments at the early stage, possibly the
initial stage of oceanic subduction. Firstly, the ɛNd(t) and ɛHf(t) values
of the granitoids derived gradually from enrichment to depletion from
early to late (Fig. 8a, b), suggesting continuous increasing of mantle-
derived material (or/and juvenile crust input) during subduction (e.g.
Liu et al., 2017). Secondly, The age of ~535 Ma is earlier than previous
reported subduction-related rocks (520-460 Ma) (Han et al., 2012; Liu
et al., 2016b; Meng et al., 2017; Wu et al., 2009; Ye et al., 2018; Zheng
et al., 2019) ophiolites (480-520 Ma) (Gai et al., 2015; Yang et al.,
2008) and high-pressure and low-temperature (HP/LT) metamorphic
rocks (490-510 Ma) (Zhang et al., 2010) in the NAOB. Therefore, we
suggest that the subduction in the NAOB began at ~535 Ma.
6.2. Petrogenesis of the Dawanbei and Dabanxi rhyolites

Based on the nature of their protolith and the pressure and temper-
ature ofmelting, silicic igneous rocks are generally subdivided into A-, I-
S-, and M-types (Bonin, 2007). Several geochemical approaches have
been made to discriminate between A-type granites and others (Eby,
1992; Whalen et al., 1987), including high Na2O + K2O contents and
Ga/Al and molar Fe/Mg ratios, low CaO content, enriched in HFSE, and
depleted in Sr and Eu (Bonin, 2007; Whalen et al., 1987). On a 10000
× Ga/Al versus Zr diagram, the Dawanbei and Dabanxi rhyolites plot
in the field of A-type granites (Fig. 13a; Whalen et al., 1987). Although
highly fractionated granites can yield high FeOT/MgO ratios, the
Dawanbei and Dabanxi rhyolites plot within the A-type field on the
(Zr + Nb + Ce +Y) versus FeOT/MgO diagram, which is generally
used to distinguish A-type from highly differentiated granites
(Fig. 13b). On theYb+Nbversus Rb diagramof Pearce, 1996, these rhy-
olites plot in theWPG field (Fig. 13c) are classified as A2 subtype accord-
ing to the classification of Eby (1992) (Fig. 13d). The calculated zircon
saturation temperatures of the Dawanbei and Dabanxi rhyolites are
779 °C to 829 °C (Table 1; weighted mean = 803 °C). Therefore, the
A-type signature of the Dawanbei and Dabanxi rhyolites was further
supported by relatively high temperature.

The Dawanbei and Dabanxi rhyolites most have low K2O (0.95-2.79
wt.%) contents with K2O/Na2O ratios of 0.16-0.66 (Table 1). Such low-K
silicic rocks (e.g. trondhjemite and tonalite) could be formed either
through fractional crystallization of basaltic magmas or through partial
melting of basaltic rocks in the crust (e.g. Atherton and Petford, 1993;
Rapp andWatson, 1995; Thy et al., 1990).We rule out fractional crystal-
lization of mafic magma base on the following evidence: (1) the whole-
rock ɛNd(t) values and trace-element ratios (e.g. U/Zr, Nb/Zr, and Th/Zr)
of the Dawanbei and Dabanxi rhyolites are remarkably different from
those of contemporaneous basalts and mafic intrusions (Fig. 10a),
(2) there exists a clear compositional gap between the basalts and the
rhyolites (Fig. 8), and (3) the volume of the rhyolites is far greater
than that of the basalts (Fig. 3).

We favor an alternative explanation for the formation of the
Dawanbei and Dabanxi rhyolites: the partial melting of mafic rocks.
Many melting experiments conducted on mafic rocks at pressures of
1-38 kbar indicate pressure plays a key role in controlling melt compo-
sition (Beard, 1995; Beard and Lofgren, 1991; Qian and Hermann, 2013;
Rapp et al., 1999; Rapp andWatson, 1995; Thy et al., 1990). Partial melt-
ing of basaltic rocks generally produces adakitic magmas at 10-38 kbar
(Qian and Hermann, 2013; Rapp et al., 1999; Rapp and Watson, 1995;
Sen and Dunn, 1994) and high-K silicic melts resembling calc-alkaline
I-type granites at 7-8 kbar (Rapp and Watson, 1995; Sisson et al.,
2005). Dehydration melting of basaltic rocks at shallow crustal levels
(1-3 kbar) yields metaluminous to mildly peraluminous granodioritic
to trondhjemitic melts (Beard and Lofgren, 1991; Thy et al., 1990). We
attribute the high SiO2 andNa2O, and lowK2O contents of the Dawanbei
and Dabanxi rhyolites to low-degree partial melting of a basaltic source,
suggesting the melting temperature was ~900 °C, based on experimen-
tal results (Beard and Lofgren, 1991). Thus, the Dawanbei and Dabanxi
rhyoliteswere likely generated by shallow (1-3 kbar) dehydrationmelt-
ing of basaltic rocks at ~900 °C. Reaching this melting temperature at
such shallow depths requires external heat input; therefore, these A-
type rhyolites were likely generated in an extensional environment,



Fig. 14. A schematic diagram to illustrate the tectonic evolution of the NAOB (see details in text). Abbreviations: TM-Tianshuihai-Mazar terrane, CA-Central Altun, GI-great India, LA-Lhasa
terrane, Q-Qaidam, SC-South China, NC-North China, MG-Mongolia, IC-Indochina.
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where the crust tends to be thin and magmatic advection of heat can
reach shallow crustal levels.

The Dawanbei and Dabanxi rhyolites have pronounced negative Sr,
Eu, and Ti anomalies (Fig. 9c-f). According to experimental studies, the
residuum left after dehydration melting of mafic rocks is plagioclase-
rich (~50%), with apatite, ilmenite, and magnetite (Beard and Lofgren,
1991; Thy et al., 1990); therefore, we suggest that the significant nega-
tive Sr, Eu, and Ti anomalies in the Dawanbei and Dabanxi rhyolites are
related to residual plagioclase and Ti-Fe oxides, respectively.

It is generally accepted that A-type granitoids are genetically related
to non-compressional regimes such as rifting or extensional environ-
ment (Eby, 1992;Whalen et al., 1987). Based on the geochemical subdi-
vision of A-type granites by Eby (1992), the Dawanbei and Dabanxi
rhyolites belong to A2-subtype rocks (Fig. 13d). Their Y/Nb (2.22-3.63)
and Yb/Ta (2.66-4.99) ratios are similar to those of IAB (Table 1). Fur-
thermore, basalts from the bimodal volcanic sequence have high Zr
(77.6-267 ppm), Nb (5.12-12.2 ppm), and Y (26.8-63.5 ppm) contents
and Ti/Y (213-301), Gd/Yb (1.63-2.26) ratios, and low Hf/Ta (6.0-9.1)
ratios (Hao et al., 2013), distinguishes those rocks from MORB, OIB
and IAT, but resembles back-arc basin basalts (BABB) in the Okinawa
Trough. The occurrence of a back-arc basin is compatible with the sedi-
mentary features of the uppermember of Lapeiquan Formation (Fig. 3).
Thus, the bimodal volcanic rocks emplaced during syn-rifting stage and
the marine clastic sequence deposited during post-rifting stage, resem-
bles the evolution history of the Okinawa Trough (Sibuet et al., 1987).
Thus, the Dawanbei and Dabanxi A-type rhyolites were likely formed
in a continental back-arc setting.

6.3. Tectonic implications

The assembly of Gondwana was completed with the closure of the
Mozambique Ocean (650–530 Ma) and the associated amalgamation
of East and West Gondwana during the Pan-African Orogeny (Li et al.,
2018a), which led to the final docking of Antarctica, Australia, and
Southern Africa with previously amalgamated India and East Africa
along the Kuunga (Pinjarra) Orogen (Collins and Pisarevsky, 2005;
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Meert, 2003). From late Neoproterozoic to early Cambrian, Gondwana
was split into several continental blocks primarily by the Proto-Tethys
and Iapetus oceans; the former separated Gondwana from the North
China, South China, Tarim blocks, and several microcontinental blocks
(e.g. Qaidam, Alax, Dunhuang, and etc) and the latter separated Gond-
wana from Laurentia and Baltica. Recent studies of East Asia have indi-
cated that the Tarim, Dunhuang, Alax and North China blocks were
locatednorth of the Proto-Tethys Ocean,while numerous scattered con-
tinental and micro-continental blocks were found south of the Proto-
Tethys Ocean (including the South China, Indochina, Tianshuihai–
Mazar, Central Qilian, North Qinling, Oulongbuluke, and Qaidam blocks;
e.g., Li et al., 2018a).

The Precambrian central Altun terrane lies in south of the NAOB and
shares most features of the Precambrian basement and
Mesoproterozoic to Neoproterozoic magmatic activity to those of the
Yangtze Block (Song et al., 2012; Yu et al., 2013). Moreover, the detrital
zircon U-Pb age spectra of the Altun Group and tectonic events were
comparable with those of the Yangtze Block (Peng et al., 2019; Yu
et al., 2013). Thus, the Central Altun terrane, as well as Central Qilian,
North Qinling, Tianshuihai and Mazar, was microcontinental fragment
that originated from the Yangtze Block at the late Neoproterozoic (Li
et al., 2018a; Zhang et al., 2018). These terranes are most similar to
the East Gondwana in the early Paleozoic, indicating that their history
was closely related to the evolution of the Proto-Tethys Ocean.

The U-Pb age peaks of zircon in magmatic rocks of the NAOB are
closest to those in theNorth Qilian,West Kunlun andNorth QinlingOro-
genic Belt (Fig. 7), indicating that these tectonic domains experienced
an almost identical evolution. The ~530 Ma fore-arc gabbros and
monzogranites in the West Kunlun Orogenic Belt (Yin et al., 2020;
Zhang et al., 2018), the ~520 Ma peraluminous granites and tholeiitic
boninites in the North Qilian Orogenic Belt (Chen et al., 2014; Xia
et al., 2012), and the 524 Ma boninites and boninite-like diabases
along the Shangdan suture zone in the North Qinling Orogenic Belt (Li
et al., 2015) suggest that subduction of the Proto-Tethys Ocean com-
menced at ~520-530 Ma. The ~535 Ma Baijianshan high-Mg diorites
from this study are the earliest known subduction-related magmatic
rocks and most likely mark the beginning of subduction of the Proto-
Tethys Ocean lithosphere in the northern Altun Mountains. In specific,
the initial subduction generally induces fore-arc extension and astheno-
spheric upwelling (Hall et al., 2003; Stern et al., 2012) which led to the
partial melting of the subducted sediments; such sediment-derived
melts would ascent and then interact with the mantle peridotites to
generate the Baijianshan high-Mg diorites (Fig. 14a).

Once subduction starts, it generally progresses from low to high an-
gles. Such a transitionwas common along the Circum-Pacific and Proto-
Tethys tectonic belt, and led to slab rollback and trench retreat, which in
turn result in back-arc extension. This process has been documented in
the North Qilian from 490 to 445 Ma (Song et al., 2013), North Qinling
from 514 to 460Ma (Dong et al., 2011; Liu et al., 2016a), andWest Kun-
lun Orogenic Belt during the early Cambrian (Yin et al., 2020).

The Dawanbei andDabanxi A-type rhyolites, as a part of the bimodal
volcanic sequence of the Lapeiquan Formation, were formed in a conti-
nental back-arc setting. Slab rollback and back-arc extension can ex-
plain the geochemical characteristics of the late Cambrian magmatism
in the NAOB, including the coeval formation of the adakitic rocks
(Meng et al., 2017) and high-Mg andesites and diorites (Meng et al.,
2017; Ye et al., 2018). Slab rollback generally triggers asthenospheric
upwelling to compensate formantle wedgemass loss and progressively
thins the crust and lithospheric mantle. Asthenospheric upwelling pro-
vides heat for melting the continental crust, subducted slab, and overly-
ing sediments, generating granitic magmas (e.g., A- and I-type
granitoids), adakitic rocks, and high-Mg andesites, respectively
(Fig. 14b).

Themafic rocks and granitic rocks demonstrated that the subduction
of the Proto-Tethys Ocean continued until ~460Ma in NAOB (Han et al.,
2012; Ye et al., 2018). The occurrence of S-type granites and low-Mg
adakitic rocks at ~440 Ma implied that the continental collision and
thickening occurred at ~440 Ma (Wu et al., 2009; Yu et al., 2018), lead-
ing to the closure of the Proto-Tethys Ocean along the northern Altun
Mountains. This process was related to the assemblage of the terranes
in the eastern Asia (including Tianshuihai–Mazar, NorthQinling, Central
Qilian, Qaidam, Yangtze, Indochina, Sibumasu, etc) to the northernmar-
gin of Gondwana at ~440–430Ma (Fig. 14c; Li et al., 2018a; Zhang et al.,
2018). This amalgamation event was accompanied by formation of HP-
UHP metamorphic belts (Song et al., 2014, 2018; Yang et al., 2018) and
deposition of Early Devonianmolasses on the abovementioned terranes
(Li et al., 2018a).

7. Conclusions

(1). The Baijianshan high-Mg diorites were emplaced at ~535 Ma.
Their petrography,whole-rock geochemistry, andNd-Hf isotopic
compositions suggest that they were formed by interaction be-
tween subducted sediment-derivedmelts andmantlewedge pe-
ridotites.

(2). The close spatial and temporal relationships and similar geo-
chemistry for the Dawanbei and Dabanxi rhyolites suggest that
they were derived from shallow (1-3 kbar) dehydration melting
of basaltic rocks in a continental back-arc environment.

(3). The Baijianshan high-Mg diorites indicate that the subduction of
the Proto-Tethys Ocean in the northern Altun Mountains began
at ~535 Ma. Slab roll-back triggered asthenospheric upwelling
and induced back-arc extension, leading to the formation of A-
type rhyolites and deposition of clastic marine sequence from
~520 to 480 Ma, and may have produced the trench-arc-back-
arc system. Subduction most likely continued until ~460 Ma
and the Proto-Tethys Ocean finally closed at ~440 Ma along the
northern Altun Mountains.
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