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ARTICLE INFO ABSTRACT

Keywords: A Late Jurassic-Late Cretaceous magmatic belt extends for > 800 km along the southern margin of the southern
Granodiorite Qiangtang Block (SQB) in central Tibet. However, the Mesozoic tectonic setting of these igneous rocks remains
Petrogenesis uncertain. Here, we report new in situ zircon U-Pb ages and Hf-O isotopes as well as whole-rock major- and
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Bangong-Nujiang Tethyan Ocean
Southern Qiangtang Block

Tibet

trace-element compositions and Sr-Nd isotopes for the Jiacuo granodiorites and dikes in the SQB. Zircon laser
ablation-inductively coupled plasma-mass spectrometry U-Pb dating indicates that these rocks were emplaced
during the Late Jurassic (ca. 153-151 Ma). All of the rocks have high SiO, (64.7-68.4 wt%) and K5O (4.2-5.2 wt
%) contents and are characterized by enrichment in light rare-earth elements ((La/Yb)y = 16-19) and large-ion
lithophile elements, and depletion in high-field-strength elements. The granodiorites and dikes have variable
zircon Hf-O isotope values (ey(t) = —15.7 to —10.1, 880 = +5.32%0 to +7.88%0), but uniform and high
whole-rock initial 87Sr/%6Sr isotopic (0.7079 to 0.7080) and low eya(t) (—7.9 to —7.6) values. We suggest that
these granodiorites were originated by partial melting of ancient mafic lower crust of the SQB. Combining our
new data with the temporal and spatial distributions of Mesozoic magmatic rocks in the SQB, we propose that
Late Jurassic magmatism in the SQB was resulted from northward subduction of the Bangong-Nujiang Tethyan
oceanic slab during this period.

into the evolution of the Tethys Ocean and the formation of the Tibetan
Plateau during the Paleozoic-Mesozoic.

1. Introduction

The Tibetan Plateau has undergone multiple convergence events
between various blocks since the early Paleozoic (Metcalfe et al., 2013;
Zhu et al., 2013). The Qiangtang Block is located in the central Tibetan
Plateau, and paleontological, paleomagnetic, and sedimentary char-
acteristics indicate that this block was originated from the northern
margin of Gondwana, subsequently migrated northward, and finally
accreted to the southern margin of Eurasia (Jin, 2002; Metcalfe et al.,
2002, 2013; Zhu et al., 2013). Multiple magmatic and metamorphic
events caused by subduction-accretion, arc—continent collision, and
continent—continent collision are recorded in the Qiangtang Block (Dan
et al., 2018; Zhai et al., 2011, 2013; Zhang et al., 2012; Zhu et al.,
2016), meaning that investigation of this block should provide insights

The Qiangtang Block has been divided into the southern Qiangtang
Block (SQB) and the northern Qiangtang Block along the
Longmu-Shuanghu Suture (LSS) (Fig. 1a) (Dan et al., 2018a, b; Li et al.,
1995; Zhai et al., 2011; Zhang et al., 2006; Zhang et al., 2016). Late
Mesozoic magmatism in the SQB has attracted much research attention,
partly because of the large number of related metallogenic deposits (Li
et al., 2012, 2013, 2015, 2016b, 2018). However, the origins of these
igneous rocks and the tectonic setting of the SQB during the late Me-
sozoic remain disputed (Hao et al., 2016a, b, 2018; Li et al., 2014b; Ma
et al.,, 2017; Zhang et al., 2014; Zhu et al., 2011, 2016). A magmatic
belt consisting of Late Jurassic and Late Cretaceous granitoids with
minor mafic intrusive rocks, basalt, andesite, and dacite extends
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Fig. 1. (a) Tectonic framework of the Tibetan Plateau (modified from Chung et al., 2005; Yin and Harrison, 2000). Main suture zones between the major blocks:
AKMS - Ayimagen-Kunlun-Mutztagh Suture; JS — Jinsha Suture; BNS — Bangong-Nujiang Suture; IYS — Indus-Yalu Suture. (b) Map of the central Tibetan Plateau
showing the distribution of late Mesozoic igneous rocks in the western SQB. (c) Simplified geologic map showing outcrops of plutons in the Jiacuo area, SQB, central
Tibet. Literature age data are from Hao et al. (2016a), Li et al. (2013, 2014a, b, 2015), and Wu et al. (2016).

for > 800 km along the southern part of the SQB (Geng et al., 2016;
Hao et al., 20164, b, 2018; Li et al., 2012, 2013, 2014a, b, 2015, 20164,
b; Liu et al., 2014a; Wu et al., 2016). This belt has been considered as
the product of northward subduction of the Bangong-Nujiang Tethyan
oceanic plate. The origin of this belt can be constrained from the evo-
lution of the Bangong-Nujiang Tethyan Ocean. There are three main
views on the closure age of this ocean: Middle Jurassic (Ma et al.,
2017), Early Cretaceous (Zhu et al., 2011, 2016), and late Early Cre-
taceous (Hao et al., 2016a, b, 2018; Li et al., 2014b; Zhang et al., 2014).
Some studies have suggested that the Bangong-Nujiang Tethyan Ocean
closed around the Middle Jurassic, based mainly on analyses of sedi-
ments and structures (e.g., Ma et al., 2017). Other studies, on the basis
of Hf isotope data and the spatiotemporal distribution of magmatism in
the northern Lhasa Block, have suggested that the marked change in
zircon eyg(t) values at ca. 110 Ma records tectonomagmatic activity
resulting from slab break-off following closure of the Bangong—Nujiang
Tethyan Ocean (ca. 130-120 Ma) (Zhu et al., 2011, 2016). The most
recent studies have proposed that the Bangong—Nujiang Tethyan Ocean
survived until the late Early Cretaceous on the basis of magmatism,
metallogenesis, deformation, and the presence of ophiolitic mélange in
the Bangong-Nujiang Suture (e.g., Hao et al., 2016a, b, 2018; Li et al.,
2014b; Zhang et al., 2014).

The widely distributed igneous rocks of the SQB provide an op-
portunity to better constrain the evolution of the Bangong-Nujiang
Tethyan Ocean during the late Mesozoic. Here, we present combined
petrological, zircon U-Pb geochronological and Hf-O isotopic, and

whole-rock major- and trace-element and Sr-Nd isotope data for Late
Jurassic granodiorites in the Jiacuo area of the SQB. We infer from the
results that these granodiorites were generated by partial melting of
ancient mafic lower crust of the SQB as a result of northward subduc-
tion of the Bangong-Nujiang Tethyan oceanic plate during the Late
Jurassic.

2. Geological setting and rock types

From north to south, the Tibetan Plateau comprises a series of in-
dependent blocks, namely the Kunlun-Qaidam, Songpan-Ganzi-Hoh
Xil, Qiangtang, Lhasa, and Himalaya blocks, separated by four major
sutures (Fig. 1a) (Chung et al., 2005; Yin and Harrison, 2000). The
Qiangtang Block is located in central Tibet and is bounded by the Jinsha
Suture (JS) to the north and the Bangong-Nujiang Suture (BNS) to the
south (Chung et al., 2005). The Bangong-Nujiang Suture Zone (BNSZ),
which is the boundary between the SQB and the Lhasa block, extends
for 1700 km in central Tibet. The BNSZ is composed of Jurassic—
Cretaceous flysch, mélange, and scattered Early-Middle Jurassic
ophiolitic fragments that represent remnants of the Bangong-Nujiang
ocean (Kapp et al., 2003).

Previous studies have suggested that metasedimentary and meta-
volcanic rocks in the Duguer (Kapp et al., 2000; Pullen et al., 2011),
Gangma Co (Kapp et al., 2000), and Rongma (Zhao et al., 2014) areas in
the SQB represent Precambrian to early Paleozoic continental base-
ment. The SQB comprises Ordovician-Devonian metasedimentary rocks
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Jiacuo
Granodiorite pluton

Jiacuo
Granodiorotic dike

(c) (d)

and sandy limestones, Carboniferous-Permian clastic sedimentary
rocks (including sandstone, shale, and limestone), and interbeds of
conglomerate, volcanic rocks, Triassic limestones, and Jurassic sand-
stones and limestones (Metcalfe, 2013; Zhu et al., 2016).

Late Mesozoic magmatic rocks (169-90 Ma) are widely distributed
in the SQB from the Rutog area in the west to the Dongqiao and Anduo
areas in the east (Geng et al., 2016; Hao et al., 2016a, b; Li et al., 2012,
2013, 2014a, b, 2015, 20164, b; Liu et al., 2014a; Wu et al., 2016; Zhu
et al., 2016). The earliest magmatic rocks, recording northward sub-
duction of Bangong-Nujiang Tethyan oceanic slab under the SQB, are
Jurassic granites of the Larelaxin and Caima plutons (~168 Ma) (Li
et al., 2014b). The Jurassic magmatic rocks are distributed mainly in
the southern margin and central part of the SQB. The northernmost
Jurassic pluton is located ~170 km from the Bangong-Nujiang suture
zone. Some Cretaceous igneous rocks also occur in the SQB. The dis-
tance between the northernmost Cretaceous magmatic rocks and the
Bangong-Nujiang suture zone is about 70 km (Fig. 1b).

The Jiacuo pluton and dikes, which are mainly granodioritic, are
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Fig. 2. Field outcrops and photomicrographs of the
Jiacuo granodioritic rocks. (a) Granodioritic dikes in
eastern Jiacuo and a hand specimen (inset). (b)
Granodioritic pluton in western Jiacuo and hand spe-
cimen (inset). (c) Sample 13GZ40-1 (granodioritic dike)
showing porphyritic texture. The phenocrysts are plagi-
oclase and amphibole, and have been altered. (d-e)
Sample 13GZ77-1 (granodiorite pluton) and (f) sample
13GZ77-2 (granodiorite pluton) showing euhedral am-
phibole and biotite with interstitial subhedral-anhedral
plagioclase. Abbreviations: Pl = plagioclase. Amp =
amphibole, Kfs = K-feldspar, Bi = biotite, Qz = quartz,
Sph = sphene.

intruded into upper Carboniferous and lower Permian strata in the
northernmost part of the late Mesozoic magmatic belt. Granodiorites in
the western part of the pluton contain plagioclase (45-50 vol%), K-
feldspar (~10 vol%), quartz (~20 vol%), and biotite and amphibole
(10-15 vol%) with accessory zircon, apatite, titanite, and Fe-Ti oxides.
Granodiorite dikes in the eastern part of the pluton contain plagioclase
(30-35 vol%), K-feldspar (~10 vol%), quartz (~25 vol%), amphibole
(5-10 vol%), and biotite (~15 vol%) with accessory zircon, apatite,
titanite, and Fe-Ti oxides (Fig. 2).

3. Analytical methods

The least altered samples selected for elemental and isotopic ana-
lysis were split into small chips and then powdered to ~200 mesh size
in an agate mortar after rinsing with distilled water. The whole-rock
major element oxides (wt. %) were analyzed at the State Key
Laboratory of Isotope Geochemistry, Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences (SKLaBIG, GIGCAS) by
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Table 1
Major oxide and trace element concentrations of granodiorites from the Jiacuo pluton and dike, Southern Qiangtang block, Tibet.
Sample 13GZ40-1 13GZ40-2 13GZ77-1 13GZ77-2 13GZ77-3
type granodiorotic dyke granodiorotic dyke granodiorite pluton granodiorite pluton granodiorite pluton
GPS 83.933°E 83.933°E 83.400°E 83.383°E 83.367°E
33.566°N 33.566°N 33.583°N 33.583°N 33.600°N
Age 151.6 Ma 153.3 Ma
Si02 64.8 64.8 67.3 68.4 67.1
TiO2 0.72 0.68 0.50 0.45 0.47
Al203 15.0 14.9 14.7 14.4 14.8
Fe203T 5.43 5.39 4.30 3.92 4.23
MnO 0.08 0.10 0.09 0.10 0.11
MgO 2.33 2.21 1.78 1.62 1.68
CaO 3.27 3.68 3.36 3.16 3.08
Na20 3.49 3.39 3.00 2.97 2.84
K20 4.25 4.23 4.53 4.45 5.20
P205 0.23 0.23 0.17 0.15 0.16
LOI 2.04 2.34 0.48 0.52 0.43
Mg# 48.5 47.4 47.6 47.6 46.7
A/CNK 0.92 0.89 0.92 0.93 0.93
Sc 11.7 11.2 9.47 8.30 8.99
\% 107 102 81.2 70.6 78.8
Cr 299 328 15.8 316 409
Co 11.7 12.8 9.54 9.66 10.6
Ni 25.4 31.8 7.75 27.2 34.7
Mn 602 814 652 726 843
Cu 36.1 35.6 7.15 33.1 44.5
Zn 38.9 49.4 39.5 30.0 35.1
Ga 19.5 18.6 17.6 16.1 16.4
Ge 2.25 2.24 2.06 1.86 1.96
Cs 3.59 4.40 5.83 4.28 5.56
Rb 153 157 214 185 224
Ba 870 1010 504 470 706
Th 17.4 16.8 27.4 20.1 28.6
U 4.11 4.59 3.48 3.31 3.20
Nb 16.6 15.9 20.6 16.7 18.7
Ta 1.51 1.49 2.43 1.94 2.20
La 42.2 40.7 43.8 38.7 38.4
Ce 76.9 73.5 74.9 65.6 67.0
Pb 13.5 13.7 17.4 15.7 17.9
Pr 8.76 8.29 7.87 6.79 7.21
Sr 390 404 415 406 429
Nd 31.8 30.2 27.1 23.7 25.2
Zr 166 191 119 112 144
Hf 4.76 5.36 3.57 3.20 4.05
Sm 5.52 5.21 4.43 3.78 4.16
Eu 1.36 1.29 1.04 0.92 1.00
Gd 4.90 4.60 3.89 3.44 3.65
Tb 0.67 0.65 0.53 0.46 0.50
Dy 3.72 3.55 2.93 2.58 2.83
Y 19.1 18.3 15.8 13.7 15.1
Ho 0.74 0.71 0.60 0.53 0.57
Er 2.01 1.92 1.68 1.45 1.60
Tm 0.29 0.28 0.26 0.22 0.25
Yb 1.88 1.80 1.70 1.47 1.63
Lu 0.30 0.29 0.28 0.24 0.27

standard X-ray fluorescence (XRF) spectrometry with analytical errors
better than 3%. Details of the analytical procedures were described by
Li et al. (2006). Trace elements were analyzed by inductively coupled
plasma mass spectrometry (ICP-MS), using a Perkin—-Elmer Sciex ELAN
6000 instrument at the GIGCAS. Analytical procedures are similar to
those described by Li et al. (2006). Analytical precisions for most ele-
ments are better than 5%. The major and trace element data are listed
in Table 1.

Whole-rock Sr, Nd isotope compositions of selected samples were

performed using a Micromass Isoprobe multi—collector mass spectro-
meter (MC-ICPMS) at the SKLaBIG, GIGCAS. Analytical procedures are
the same as those described by Li et al. (2006). Measured 875r/%5Sr and
143Nd/1**Nd ratios were corrected to ®°Sr/®8Sr = 0.1194 and
146Nd/1**Nd = 0.7219 respectively. During the period of data acqui-
sition, the 87Sr/%6Sr ratios of the NBS987 standard are 0.710262 =+ 5
(20), **Nd/***Nd ratios of the Shin Etsu JNdi-1 standard are
0.512110 * 3 (20). The Sr-Nd isotope data are presented in Table 2.

The conventional heavy liquid and magnetic separation techniques
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Table 2

Whole rock Sr-Nd isotopic compositions of granodiorites from the Jiacuo pluton and dike, Southern Qiangtang block, Tibet.

fsm/Nr:l

1SE eNdy  Tom (Ma)  Tpuz (Ma)

143N d /1N d iy

147Sm/144Nd

Nd

878r/%Sr(m ~ 1SE 878r/%5r )

87Rb/5%Sr

Rb Sr

Age (Ma)

Sample

Rock type

—0.47
—0.47
—0.50
-0.51

1576
1571
1582
1584

1397
1386
1336
1314

—7.66
—-7.62
-7.72
-7.75

0.000007
0.000004
0.000005
0.000005

0.512154
0.512156
0.512144
0.512140

0.1047
0.1039
0.0985
0.0960

31.8

5.52
5.21
4.43
3.78

0.710255
0.710084
0.707901
0.707958

0.000007
0.000008
0.000011
0.000011

0.712696
0.712494
0.711136
0.710819

1.1342
1.1199
1.4845
1.3127

390
404
415
406

153
157
214
185

52

1

13GZ40-1

granodiorotic dike
granodiorotic dike

30.2

152
1
1

13GZ40-2

27.1

53
53

13GZ77-1

granodiorite pluton

23.7

13GZ77-2

granodiorite pluton
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were used for zircons separated from two rock samples. Those zircon
grains were handpicked and sealed in an epoxy resin disk. The JEOL
JXA-8100 Superprobe at SKLaBIG, GIGCAS was used to obtain
Cathodoluminescence (CL) images of zircons in order to characterize
the internal morphology of individual zircons and selecting potential
target sites for U-Pb age and Hf-O isotope analyses.

Zircon U-Pb dating subsequently undertaken using an Agilent
7500a quadruple (Q)-ICPMS and a Neptune multi—collector
(MC)-ICPMS with a 193 nm excimer ArF laser-ablation system (GeoLas
Plus) equipped at the MC-ICPMS laboratory of the Institute of Geology
and Geophysics, Chinese Academy of Sciences (IGGCAS) in Beijing,
China. The analytical procedures were described in detail in Xie et al.
(2008). During the analysis, zircon 91500 was used as the standard
(Wiedenbeck et al., 1995) and the standard silicate glass NIST 610 was
used to correct the machine, with a beam diameter of 32 um. The
ICPMSDataCal software (Liu et al., 2010) was used to calculate the
207ph/296ph and 2°°Pb/?*8U ratios and the methods of the common Pb
corrected according to Andersen (2002). The weighted mean U-Pb ages
and Concordia plots were processed using the Isoplot/Ex v.3.0 program
(Ludwig, 2003). LA-ICP-MS zircon U-Pb isotopic data are presented in
Appendix A.

In situ Hf isotope measurements were conducted on a Neptune Plus
MC-ICP-MS (Thermo Scientific) on the condition of beam size: 45 um,
laser pulse frequency: 6 Hz at the SKLaBIG, GIGCAS. The zircons that
were previously analyzed for U-Pb isotopes were conducted to Lu-Hf
isotopic analyses. The analytical methods are similar to those given in
Zhang et al. (2014). Twenty-one analyses of the Qinghu zircon during
the course of this study yielded a weighted mean of
176Hf/"77Hf = 0.289934 * 0.000019 (2SD), which is consistent
within errors with the reported value in Li et al. (2010).

Zircon oxygen isotopes were measured using the Cameca IMS-1280
SIMS at the SKLaBIG, GIGCAS. The detailed analytical procedures were
similar to those described in Li et al. (2010). The measured oxygen
isotopic data were corrected for instrumental mass fractionation (IMF)
using the Penglai zircon standard (8'®0ygyow = 5.3%o). The internal
precision of a single analysis generally was better than 0.2%o (10) for
the 180/'°0 ratio. The external precision, measured by the reproduci-
bility of repeated analyses of Penglai standard, is 0.42%o (20). Nine
measurements of the Qinghu zircon standard during the course of this
study yielded a weighted mean of §'%0 = 5.3 = 0.2%o (20), which is
consistent within errors with the reported value of 5.3 * 0.3%o in Li
et al. (2010). Zircon Hf-O isotopic data are listed in Table 3.

4. Results
4.1. Zircon U-Pb dating results

Zircons were separated from samples of granodiorite dike (13GZ40-
1) and granodiorite pluton (13GZ77-1) for laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS) dating. Zircons from
the two samples are 80-200 pm long, euhedral to subhedral and pris-
matic, and have aspect ratios of 2:1 to 3:1. Most grains show high Th/U
ratios (0.30-0.63 for 13GZ40-1, 0.40-0.65 for 13GZ77-1) with clear
oscillatory zoning, which are characteristics of igneous zircons
(Belousova et al., 2002).

Seventeen analyses of zircons from the granodiorite dike sample are
concordant and yield a weighted mean 2°°Pb/***U age of
151.6 = 1.1 Ma (1o, MSWD = 0.58) (Fig. 3a). Twenty analyses of
zircons from the granodiorite sample are concordant and yield a
weighted mean 2°°Pb/%*8U age of 153.3 * 1.1 Ma (1o, MSWD = 0.77)
(Fig. 3b). Therefore, the dikes and pluton in the Jiacuo area crystallized
during the Late Jurassic (153-151 Ma).

4.2. Major and trace elements

Granodiorites and dikes in the Jiacuo area have similar SiO,
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Table 3
Zircon Hf-O data of granodiorites from the Jiacuo pluton and dike, Southern Qiangtang block, Tibet.

Analysis T(Ma)  Y°Yb/Y7Hf  Y°Lu/Y7Hf  Y°Hf/Y’Hf 20 Y7SHE/Y7HE;, e 0) eprlt) Tom Ma)  Tpy© (Ma)  frymr o0  2SE

13GZ40-1-01 6.55 0.24
13GZ40-1-02 7.19 0.22
13GZ40-1-03 7.38 0.18
13GZ40-1-04 149 0.02147 0.00088 0.282394 0.000019 0.282392 —-13.4 -10.2 1208 1846 -0.97 6.41 0.26
13GZ40-1-05 149 0.01770 0.00073 0.282396 0.000017 0.282393 —13.3 —10.1 1201 1843 —0.98 5.32 0.37
13GZ40-1-06 153 0.01946 0.00076 0.282375 0.000017 0.282373 —14.0 -10.7 1231 1884 -0.98 7.32 0.23
13GZ40-1-07 7.07 0.29
13GZ40-1-08 153 0.02728 0.00113 0.282387 0.000020 0.282383 —13.6 —10.4 1227 1863 -0.97 6.86 0.39
13GZ40-1-09 155 0.01668 0.00064 0.282431 0.000020 0.282429 —-12.1 -8.7 1149 1758 —0.98 7.08 0.22
13GZ40-1-10 6.83 0.34
13GZ40-1-11 150 0.01651 0.00070 0.282373 0.000019 0.282371 —-14.1 -10.9 1232 1893 —0.98 6.43 0.34
13GZ40-1-12 150 0.01864 0.00083 0.282386 0.000025 0.282384 —-13.6 —-10.4 1217 1864 —-0.97 6.87 0.28
13GZ40-1-13 150 0.01335 0.00063 0.282451 0.000017 0.282449 —-11.4 -8.1 1122 1719 —0.98 6.75 0.22
13GZ40-1-14 152 0.01225 0.00060 0.282391 0.000017 0.282390 —135 -10.3 1203 1853 —0.98 7.88 0.25
13GZ40-1-15 6.51 0.18
13GZ40-1-16 152 0.02005 0.00093 0.282362 0.000021 0.282359 —14.5 -11.4 1255 1921 -0.97 7.50 0.22
13GZ40-1-17 150 0.01400 0.00062 0.282404 0.000016 0.282402 —13.0 -9.8 1186 1823 —0.98 6.92 0.20
13GZ40-1-18 152 0.02519 0.00104 0.282394 0.000020 0.282391 —13.4 —-10.1 1213 1844 -0.97 6.58 0.22
13GZ40-1-19 6.73 0.27
13GZ40-1-20 154 0.01193 0.00057 0.282348 0.000017 0.282346 —15.0 -11.6 1262 1945 —0.98 6.88 0.28
13GZ40-1-21 152 0.02492 0.00105 0.282421 0.000032 0.282418 —-12.4 —-9.2 1176 1786 -0.97 6.65 0.20
13GZ40-1-22 154 0.01881 0.00084 0.282375 0.000022 0.282372 —-14.0 —10.8 1234 1887 —-0.97 7.12 0.32
13GZ40-1-23 152 0.01452 0.00060 0.282361 0.000020 0.282360 —14.5 -11.2 1245 1917 —0.98 7.27 0.22
13GZ40-1-24 153 0.01875 0.00080 0.282389 0.000019 0.282386 —13.6 -10.3 1213 1856 —0.98

13GZ77-1-01 7.45 0.20
13GZ77-1-02 166 0.01961 0.00075 0.282436 0.000015 0.282434 -11.9 —-8.6 1145 1750 —0.98 6.39 0.32
13GZ77-1-03 159 0.01753 0.00081 0.282396 0.000018 0.282394 —13.3 —10.0 1203 1840 —0.98 7.19 0.28
13GZ77-1-04 158 0.02202 0.00084 0.282376 0.000019 0.282374 —-14.0 -10.7 1232 1885 -0.97 6.68 0.33
13GZ77-1-05 156 0.02239 0.00088 0.282397 0.000015 0.282395 -13.3 -9.7 1204 1830 —-0.97 6.50 0.24
13GZ77-1-06 6.89 0.23
13GZ77-1-07 155 0.02688 0.00108 0.282345 0.000015 0.282342 —15.1 -11.7 1283 1952 -0.97 6.66 0.27
13GZ77-1-08 6.61 0.21
13GZ77-1-09 154 0.02698 0.00101 0.282367 0.000016 0.282365 —-14.3 -11.1 1250 1905 -0.97 6.67 0.18
13GZ77-1-10 153 0.02221 0.00087 0.282377 0.000016 0.282375 —-14.0 -10.7 1232 1883 -0.97 6.47 0.24
13Gz77-1-11 153 0.06046 0.00223 0.282411 0.000016 0.282405 —-12.8 -9.5 1228 1812 -0.93 6.32 0.26
13GZ77-1-12 6.24 0.22
13GZ77-1-13 153 0.02478 0.00099 0.282399 0.000016 0.282397 —-13.2 -9.9 1204 1832 -0.97 6.14 0.26
13GZ77-1-14 153 0.02699 0.00114 0.282403 0.000014 0.282400 —13.1 -9.8 1204 1827 -0.97 6.09 0.22
13GZ77-1-15 152 0.01981 0.00080 0.282368 0.000013 0.282365 —-14.3 -11.0 1242 1903 -0.98 6.79 0.28
13GZ77-1-16 152 0.02532 0.00102 0.282368 0.000015 0.282365 —-14.3 -11.0 1249 1903 -0.97 6.28 0.28
13GZ77-1-17 152 0.02246 0.00089 0.282355 0.000015 0.282352 —14.8 —-11.5 1263 1933 -0.97 6.27 0.30
13GZ77-1-18 152 0.02221 0.00088 0.282339 0.000015 0.282337 —15.3 —-12.1 1284 1968 —-0.97 6.01 0.20
13GZ77-1-19 152 0.03591 0.00137 0.282332 0.000017 0.282328 —15.6 —-12.4 1312 1987 —0.96 5.75 0.30
13GZ77-1-20 152 0.02399 0.00099 0.282377 0.000016 0.282374 —-14.0 -10.7 1236 1885 -0.97 5.81 0.24
13Gz77-1-21 152 0.02301 0.00093 0.282371 0.000013 0.282369 —-14.2 -10.9 1242 1896 -0.97 6.19 0.28
13GZ77-1-22 152 0.01648 0.00065 0.282388 0.000013 0.282386 —13.6 -10.3 1209 1858 —0.98

13GZ77-1-23 152 0.02645 0.00104 0.282377 0.000015 0.282374 —14.0 -10.7 1237 1884 -0.97

13GZ77-1-24 151 0.02431 0.00087 0.282293 0.000016 0.282291 —-16.9 —-13.7 1349 2071 -0.97

Corrected formula as follows Chu et al., 2006:

(176Hf/177Hf)i = VIOHFA77HE — 17614 /V77HS * (exT - 1.

eHE(T) = [(7°HE/"""HD sampte(T)/(7°HE /7 HD crur(T) — 11 * 10%.

ALu-Hf) = 1.867 * 107! year 1.

(7CHf/ " Hf)cpur(T) = 0.282772-0.0332 * (e * — 1).

Tom = /A% In{l + [((""° Hf /"77HD) sampte — C7°HE/Y77HDpa)/((C7°Lu/" " H sample — (7°Lu/" HOpad)1}-
T pm CHD = Tom — (TomD) * [(fec — f5)/ (Fee — fom)]-

fLome = [(176L11/177Hﬂsample/(176LU/177Hf)CHUR] -1

(64.7-68.4 wt%), Al,O3 (0.4-0.7 wt%), Fe,03" (3.9-5.4 wt%), and Yb),, = 16-19 and slight negative Eu anomalies (Eu/Eu* = 0.77-0.80).
MgO (1.6-2.3 wt%) contents. They have KO contents of 4.2-5.2 wt% All of the samples are enriched in large-ion lithosphere elements and
and Na,O contents of 2.8-3.5 wt%, yielding K>O/Na,O ratios of depleted in high-field-strength elements, and show positive Th-U and
1.2-1.8. All of the samples are characterized by weakly metaluminous negative Nb-Ta-Ti anomalies in a primitive mantle normalized trace-
features with A/CNK [molar Al,03/(CaO + Na,O + K,0)] ratios of element variation diagram (Fig. 5a, b).

0.89-1.00 (Fig. 4a—e). These rocks are enriched in light rare-earth

elements (LREEs) and depleted in heavy REEs (HREEs), with (La/
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Fig. 3. LA-ICP-MS zircon U-Pb concordia diagrams with representative zircon CL images for the Jiacuo granodioritic rocks. (a) Granodioritic dike; (b) granodiorite.
Red, yellow, and blue circles and numbers denote the analytical spots and results of U-Pb dating, O isotopes, and Hf isotopes, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

4.3. Whole-rock Sr-Nd and zircon Hf-O isotopes

Sr-Nd isotopes were corrected to 150 Ma in accordance with zircon
U-Pb dating results obtained during this study. Granodiorite samples in
the Jiacuo area have uniform Sr-Nd isotope compositions (initial
878r/%6Sr = 0.7079 to 0.7080, eng(t) = — 7.8 to — 7.7), whereas
granodiorite dike samples exhibit higher Sr but similar Nd isotope
compositions (Fig. 6b, initial 37Sr/%6Sr 0.7101 to 0.7102, eng
(t) = —7.7 to —7.6). Granodiorite samples have low LOI (Loss of ig-
nition) contents of 0.4%-0.5%. However, the higher LOI values of
granodiorite dike samples (2.0%-2.3%) indicate that the Sr isotope
compositions of the dikes may have been affected by alteration.
Therefore, only Sr-Nd isotopes of the granodiorites and Nd isotopes of
the dikes are used to discuss the petrogenesis of the Jiacuo granodior-
ites and dikes.

Twenty analyses of the granodiorites yield zircon eyd(t) values of
—15.7 to —10.1 (Fig. 6a), and 18 analyses of the granodioritic dikes
yield zircon epg(t) values of —14.6 to —10.0 (Fig. 6a). Twenty-one
analyses of the granodiorites yield zircon §'80 values of 5.8%o to 7.5%o
(Fig. 7a, mean = 6.5%o0 = 0.4%o), and 23 analyses of the granodioritic
dikes indicate more variable zircon §'%0 values of 5.3%o to 7.9%o
(Fig. 7b, mean = 6.9%o0 * 0.5%o).

5. Discussion
5.1. Petrogenesis of the Jiacuo granodiorites and dikes

The Jiacuo granodiorites and dikes are metaluminous, calc-alkaline,
I-type granitoids, as indicated by the presence of hornblendes (Fig. 2),
A/CNK values of < 1.0 (Fig. 4c; A/CNK = 0.9-1.0), and a negative
correlation between SiO, and P,Os (Fig. 4d). Several models have been
proposed for the petrogenesis of metaluminous, calc-alkaline, I-type
granitoids: (1) partial melting of mafic to intermediate igneous sources,
including lower crust (ancient or newly formed), subducted oceanic

crust, and mélange in the mantle wedge (Altherr et al., 2000; Chappell
and White, 2001; Hao et al., 2016; Li et al., 2007; Petford and Atherton,
1996; Wedepohl, 1991); (2) crustal assimilation and fractional crys-
tallization (AFC) of basaltic magmas (Grove et al., 1997; Wu et al.,
2003; Yang et al., 2015); and (3) mixing between mantle-derived mafic
and crust-derived felsic magmas (Altherr et al., 2000; He et al., 2018;
Yu et al., 2018). We propose that the Jiacuo granodiorites and dikes
could not have been generated by AFC and magma mixing but were
most probably generated by partial melting of ancient crust, as detailed
below.

We suggest that the Jiacuo granodiorites and dikes could not have
been generated by fractional crystallization of mantle-derived basaltic
magmas or mixing between mantle-derived mafic and crust-derived
felsic melts, on the basis of the following lines of evidence. (1)
Granodiorites in the Jiacuo and adjacent areas are predominantly felsic,
and both mafic magma end-member and intermediate rocks are absent
(Fig. 4d-h). (2) They have homogeneous whole-rock Sr—-Nd (initial
878r/868r isotopic ratios = 0.7078-0.7079, eng(t) = —7.9 to —7.6)
and slightly variable zircon Hf isotope compositions (egf(t) = —15.7 to
—10.0) (Fig. 6a-b), which excludes the possibility of crustal AFC pro-
cesses of mantle-derived basaltic magmas or mixing between mantle-
derived mafic and crust-derived felsic melts. (3) No mafic micro-
granular enclaves (MMEs) are found in the Jiacuo granodiorites and
dikes, which further excludes these rocks having been formed by
mixing between mantle-derived mafic and crust-derived felsic melts.

Dehydration melting of basaltic compositions can produce felsic
rocks, as shown by experimental petrology studies (Beard and Lofgren,
1991). Intermediate to felsic melts can be generated by dehydration
melting of tholeiitic amphibolite (Rapp and Watson, 1995; Rushmer,
1991). However, we suggest that the Jiacuo granodiorites could not
have been derived by partial melting of subducted tholeiitic oceanic
crust or mélange on the basis of the following lines of evidence. First,
the Jiacuo granodiorites and dikes have low Na,0/K,O ratios. Petro-
logical experiments have shown that felsic melts produced by
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Fig. 4. (a) TAS classification diagram (Middlemost, 1994). (b) K»O versus SiO, diagram (Peccerillo and Taylor, 1976). (c) A/NK versus A/CNK diagram. (d-h) Harker
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dehydration melting of tholeiitic amphibolites are usually low in K;0
(Na,0/K,0 > 1) (Rapp and Watson, 1995; Rushmer, 1991), whereas
all of the Jiacuo granodiorite samples show Na;O/K,O < 1.0 (Na,O/
K50 0.6-0.8). Second, magmas derived from subducted mélange
usually react with mantle-wedge peridotite during magma ascent, re-
sulting in relatively high MgO contents (Hao et al., 2016b). However,
the Jiacuo granodiorites have lower MgO contents (1.6-2.3 wt%)
compared with those of subducted-mélange-derived magmas
(2.5-4.7 wt%).

The high K,0 contents and low MgO contents and Mg” values of the
Jiacuo granodiorites and dikes are similar to those of lower-crust-de-
rived felsic melts (Li et al., 2014b; Hao et al., 2016b; Wu et al., 2016).
The studied rocks have enriched whole-rock Sr-Nd and zircon Hf-O

isotopic compositions, as well as ancient two-stage Nd (Tapy, 1.6 Ga)
and Hf (Topm, 1.7-2.1 Ga) model ages, indicating that they were de-
rived by partial melting of ancient mafic lower crust rather than newly
formed basaltic lower crust.

5.2. Late Mesozoic geodynamic processes in the southern Qiangtang Block

The closure age of the Bangong-Nujiang Tethyan Ocean is debated,
and the collision of the southern Qiangtang and northern Lhasa blocks
is thought to have occurred during the Middle Jurassic or the Early or
Late Cretaceous (Chen et al., 2017; Geng et al., 2016; Guynn et al.,
2006; Hao et al., 2016a, 2016b; Kapp et al., 2005; Leier et al., 2007; Li
et al., 2018; Ma et al., 2017; Murphy et al., 1997; Otofuji et al., 2007;
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Fig. 6. (a) eyg(t) versus age diagram for late Mesozoic
magmatic rocks in the Jiacuo area. The sub-hor-
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Schneider et al., 2003; Volkmer et al., 2007, 2014; Zhu et al., 2016).
Therefore, the possibility that the southern margin of the SQB was in an
arc setting during the Late Jurassic needs to be further clarified.

We suggest that the southern margin of the SQB belonged to the
stage of arc magmatism rather than to the stage of post-collision during
the Jurassic, according to the following lines of evidence. (1) The
youngest ophiolites indicate that the Bangong-Nujiang Tethyan Ocean
survived at least until the Middle Jurassic. In the Bangong-Nujiang
Suture Zone, the ages of gabbro in ophiolites range from 188 to 162 Ma
(Wang et al., 2016). Previous dating results for cumulate gabbros in
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ophiolite from the Rutog area show ages in the range 169-162 Ma
(161.5 Ma, Liu et al., 2014b; 1650.5 and 169 Ma, Wang et al., 2016).
(2) Late Mesozoic (169-148 Ma) magmatism in the SQB exhibits a
northward migration trend, which can be explained by normal sub-
duction rather than slab break-off (Li et al., 2018). The earliest
(~169 Ma) igneous rocks in the SQB are granites and granodiorites in
the Larelaxin and Labu Co-Rena Co areas (Li et al., 2014b; Liu et al.,
2014a; Wu et al., 2016) and are confined to areas adjacent to the
Bangong-Nujiang suture zone. Subsequently, magmatism started in the
central SQB, including in the Qingcaoshan (~164 Ma; Li et al., 2014a),
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Fig. 7. Histogram of zircon §'®0 values. The gray field shows the §'®0 range for
mantle zircons (Valley et al., 1998).

Xiangian (~161 Ma; Li et al., 2014a), and Jiacuo (~153 Ma; Li et al.,
2014a; this study) areas. (3) Some igneous rock types indicate a geo-
dynamic setting of subduction during the Jurassic. These include ada-
kitic dacites (154 Ma; Li et al., 2016a) that formed by partial melting of
oceanic crust in the SQB, and high-Mg andesites derived from sub-
ducted oceanic crust (162 Ma; Zeng et al., 2016) in the northern Lhasa
Block, both of which indicate an oceanic subduction setting. Early
Cretaceous (110-104 Ma) adakites and associated Nb-enriched basalts
at Gerze may also indicate a subduction setting (Hao et al., 2018). Thus,
these three lines of evidence together indicate that the southern margin
of the SQB was in a continental margin arc setting during the Jurassic.

Two distinct magmatic episodes during the late Mesozoic have been
identified in the SQB from a collation of published zircon ages of plu-
tons (Hao et al., 2016a; Li et al., 2014a; b; Liu et al., 2017). It is difficult
to fully evaluate U-Pb zircon age distributions in cases where the vo-
lumes of different magmatic rocks are uncertain. In consideration of
this, we adopted the areas of the present-day exposures of granitic rocks
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as reflecting the original magma volumes and compiled these data in a
histogram of exposed area of late Mesozoic plutons with their zircon
ages (Fig. 8). The plot shows an obvious gap in magmatism in the SQB
during the late Mesozoic (148-122 Ma). This gap is thought to have
been caused by flat subduction of the Bangong-Nujiang Tethyan
oceanic slab (Geng et al., 2016; Hao et al., 2016a; Li et al., 2018), as
inferred from the features and patterns of magmatism and associated
metallogenesis. Geng et al. (2016) suggested that the low-density and
thickened (> 10 km) subducting Bangong-Nujiang Tethyan oceanic
slab favored the occurrence of low-angle to flat subduction. The earliest
magmatic rocks related to Bangong-Nujiang Tethyan oceanic slab
subduction in the SQB are the Jurassic granites of the Larelaxin and
Caima plutons (~168 Ma; Li et al., 2014b), which are close to the
Bangong-Nujiang suture zone. Subsequently, the subduction-related
magmatism became more widespread and extended farther inland
(Fig. 1). The arc magmatism migrated landward before the magmatic
lull, probably owing to a shallowing in the angle of subduction of the
Bangong-Nujiang Tethyan oceanic slab.

Given the above discussion, we present a model of the tectono-
magmatic evolution of the SQB during the Mesozoic, as follows (Fig. 9).

(1) During the Middle Jurassic (~170 Ma), the Bangong-Nujiang
Tethyan oceanic slab was subducted northward beneath the SQB.
At this time, the magmatic arc was located close to the trench.
Underplating of the lower crust of the SQB by mantle-derived ba-
saltic melts caused dehydration melting of the ancient lower crust.
Quartz diorites and granodiorites (168 Ma) in the Larelaxin and
Labu Co areas were generated by dehydration melting of ancient
lower crust with a minor contribution from mantle-derived mafic
components.

During the Middle to Late Jurassic (168-148 Ma), the magmatism
gradually migrated far away from the trench in the SQB. The gen-
eration of the northernmost Jiacuo granodiorites during the Late
Jurassic (153-152 Ma) probably reflected a shallowing in the sub-
duction angle of the Bangong—Nujiang Tethyan oceanic plate, with
the magma-generating portion of the slab being distant from the
trench. Subsequently, the continuing northward flat subduction of
the Bangong-Nujiang oceanic slab led to a magmatic lull during
148-122 Ma.

(2

—

6. Conclusions

(1) The Jiacuo granodiorites and dikes, which are located in the
northernmost SQB, were emplaced during 153-152 Ma and were
most probably derived by partial melting of ancient mafic lower
crust.

(2) During the Jurassic, the southern margin of the SQB was in a
continental margin arc setting and contained ancient crustal base-
ment.

(3) Late Jurassic magmatism in the SQB most probably resulted from
northward subduction of the Bangong-Nujiang Tethyan oceanic
slab.
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